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Both the species strategy and the memory scheme are efficient methods for addressing dynamic optimiza-
tion problems. However, the combination of these two efficient techniques has scarcely been studied.
Thus, this paper focuses on how to hybridize these two methods. In this paper, a new swarm updat-
ing method is proposed to enhance a representative species-based algorithm, i.e., SPSO (Species-based
Particle Swarm Optimization), and the new algorithm is named MSPSO. MSPSO has two characteristics.
First, the number of replaced particles in the current swarm is set adaptively according to the number of
species. To not substantially destroy the exploitation capability of each species, no more than one par-
ticle in each species is replaced by the memory. Second, the retrieved memory particles are categorized
according to their fitness values and their distances to the seed of the closest species. Aimed at enhancing
the search in both promising areas and existing species, each category is processed by different opera-
tions. The MPB, Cyclic MPB and DRPBG are used to test the performance of MSPSO. Experimental results

Keywords:

Dynamic optimization
Particle swarm optimization
Species

Memory

demonstrate that MSPSO is competitive for dynamic optimization problems.
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1. Introduction

Due to the dynamism of real-world optimization problems,
dynamic optimization problems (DOPs) have received extensive
interest in recent years [1,2]. Due to the changes in the landscape,
to solve DOPs, the aim is not only to locate the optima in a specified
environment, but also to track the movement of the optima over
different environments. To achieve this goal, Evolutionary Algo-
rithms (EAs) seem to be feasible candidates. Over the years, using
EAs to cope with DOPs has attracted many researchers, and some
strategies have been developed, e.g., diversity increasing schemes
[3,4], diversity maintaining schemes [5,6], multi-swarm schemes
[7], memory schemes [8], adaptive schemes [9], and predictive
schemes [10].

Because Species-based Particle Swarm Optimizers are often
regarded as multi-swarm (or multi-population) algorithms
[2,11-14], we briefly review the typical Species-based Particle
Swarm Optimizers together with multi-swarm (and multi-
population) algorithms as follows. Many experimental results have
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shown that multi-swarm algorithms seem to be efficient for locat-
ing and tracking multiple optima in DOPs [15-17,11]. The main
idea is to divide the entire search space into multiple sub-spaces
and then exploit these sub-spaces separately. Indeed, in this man-
ner, as mentioned in Ref. [1], multi-population algorithms could
maintain good diversity for further exploitation whenever an envi-
ronmental change is detected and could track the movements of
multiple optima. However, one issue in using multi-swarm algo-
rithms is how to create an appropriate number of sub-swarms,
where different sub-swarms attempt to exploit different sub-
spaces. According to recent studies, Species-based Particle Swarm
Optimization (SPSO) [15,16] demonstrates good performance. At
each step, the swarm in SPSO is re-partitioned, and multiple species
are generated. The partition is based on the distribution of particles,
and the number of species is evolved adaptively. Furthermore, in
SPSO, to prevent particles from crowding in a few known areas, an
allowed maximum size of the species works efficiently.
Memorizing old solutions from past environments for later envi-
ronmental changes is an effective method for DOPs as well. Many
works in the literature have proved the effectiveness of the mem-
ory scheme, especially in problems where the optima reappear. By
retrieving the memory, particles may locate the optima directly
or evolve with a bias toward some optimal areas. However, the
memory scheme may lose its superiority in a drastically chang-
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ing environment. In such cases, as mentioned in Ref. [1], memory
schemes may be inefficient unless they are combined with various
diversity strategies.

Based on the aforementioned description, combining the
multi-swarm strategy and the memory scheme may utilize the
advantages of both. However, combinations of the memory scheme
and the multi-swarm strategy have scarcely been studied. In most
cases, applying the traditional memory-based swarm updating
method to the multi-swarm strategy does not yield ideal results.
First, whenever an environmental change is detected, the number
of replaced particles is difficult to determine. In existing works,
this value is often predefined artificially. For example, a fixed num-
ber of ten is used in Ref. [18]. Second, different memory particles
may play different roles in the new environment, and applying the
same operation to them may be unreasonable. However, as for the
classification and different operations of the retrieved memory, no
literature attempts a further discussion.

In this paper, a new swarm updating method is proposed to solve
the two aforementioned problems. First, the number of replaced
particles is set adaptively according to the number of sub-swarmes.
To not substantially destroy the exploitation capability of each sub-
swarm, no more than one particle is replaced in each sub-swarm.
Second, the retrieved memory particles are classified into different
categories, and each category is processed by different operations.
The proposed swarm updating method is embedded into a repre-
sentative multi-swarm algorithm, i.e., SPSO, and the new algorithm
is named MSPSO. Experimental results demonstrate that MSPSO
is competitive for dynamic optimization problems constructed by
moving peaks, cyclic moving peaks and dynamic rotation peak
benchmark generators.

The rest of this paper is organized as follows. Section 2 describes
the related works on multi-swarm and memory approaches and
their combinations. Section 3 introduces the particle swarm opti-
mization and the Species-based Particle Swarm Optimizer in detail.
Section 4 presents the proposed method. Benchmark problems,
performance measurement, experimental settings, experimental
results and analysis are given in Section 5. Finally, Section 6 briefly
concludes this paper.

2. Related works

Currently, population-based algorithms, including Evolutionary
Algorithms (EAs) and Particle Swarm Optimizations, are consid-
ered to be the most widely used approaches to solve DOPs, and
the multi-swarm scheme and memory scheme are two efficient
strategies for these algorithms. For DOPs, maintaining a high level
of population diversity is a necessity. Many experimental studies
have shown that the multi-swarm scheme is an efficient method
to enhance the diversity. Moreover, many studies have proved that
making use of the memory scheme to save historical solutions from
past environments could be helpful for DOPs. In the following sub-
sections, we will introduce some representative state-of-the-art
algorithms using the multi-swarm scheme, the memory scheme
and their hybrids.

For convenience, in the later text, we do not strictly distinguish
multi-swarm from multi-population, as well as species.

2.1. Multi-swarm and species-based algorithms

As stated in Ref. [9], the maintenance of diversity is important
for dynamic optimization problems. It aids in responding to envi-
ronmental changes quickly and improves the chance of discovering
the solutions. However, diversity loss is a common phenomenon in
DOPs. The most widely used approach to cope with diversity loss is
to use multiple swarms or divide the main swarm into multiple sub-

swarms, with each swarm or sub-swarm exploiting a sub-space in
the landscape.

Branke et al. put forward a method named Self-Organizing
Scouts (SOS) [19], in which a parent population continuously
explores for new peaks, and a number of child populations exploit
promising previously detected areas. In the process of searching, if
the condition to create a child population is satisfied, then a child
population is created and splits off from the parent population. This
general idea scatters particles on different peaks, which is helpful
in the context of a dynamic environment.

Blackwell introduced an algorithm based on the Charged PSO for
dynamic optimization [20]. Due to inter-particle repulsion, CPSO
maintains population diversity and good tracking for optima; thus,
it is well suited to dynamic optimization problems. On the basis of
this idea, CPSO-based multi-swarm algorithms are studied in Ref.
[20].

In Ref. [17], two multi-swarm models were proposed. One of
these, multi-CPSO, is a multi-swarm version of CPSO. The main
ideais to, by constructing interacting multi-swarms, extend the sin-
gle swarm PSO and Charged Particle Swarm Optimization (CPSO)
methods. The other, multi-Quantum Swarm Optimization (multi-
QSO0), uses quantum swarms, which broadens the atomic analogy
in CPSO to a quantum model. These two algorithms start with a pre-
defined number of swarms, and swarms exclude each other in the
evolution. If one attractor is within re of another attractor, then
the swarm with the worse swarm attractor value is reinitialized.
Compared with single-swarm algorithms on the MPB, the results
obtained by these two models are encouraging.

In Ref. [11], a new variant of particle swarm optimization was
proposed, i.e.,, mQSO. The population is composed of a number of
swarms, and each swarm consists of both neutral and quantum par-
ticles. Instead of evolving according to some specified regulations as
neutral particles, quantum particles, randomly distributed around
the best particle of the swarm within radius ro.q, provide the
swarm with a certain level of diversity to track the moving optima.
In addition to operation exclusion between swarms, another oper-
ator is introduced, i.e., anti-convergence, which reinitializes the
worst swarm in the entire search space whenever all the swarms
attain a state of convergence.

For the two algorithms mentioned above, the number of swarms
remains unchanged in the process of searching, and this number
must be predefined. Ideally, this value should be set as the num-
ber of peaks in the search space. However, in most of the cases, the
number of peaks is difficult to obtain. To solve this problem, meth-
ods with a variable or adaptive number of swarms or sub-swarms
are developed. In the following, multi-swarm methods of this type
are introduced.

Parrott and Li presented a new classification technology based
on the conception of species, i.e., SPSO [ 15] with spatially close par-
ticles assigned to a particular species or sub-swarm. Similar to Ref.
[21], particles are similar to each other within the same sub-swarm
and discrepant between sub-swarms. At each step, multiple seeds
are identified by a list of all the particles sorted in descending order
according to their fitness. Once a seed is selected, all the particles
within the species radius of the seed are regarded as members of
the same species. Particles may be assigned to different species in
successive generations. The partition is based on the distribution
of particles, and thus, the number of species changes adaptively.

An improved version of SPSO was developed two years later by
the same authors and called DSPSO [16]. In DSPSO, a parameter
Pmax is introduced to prevent the convergence of particles on a few
known peaks. If the number of particles in a species exceeds Pmax,
only the fittest Ppax particles can be the members of the species,
and redundant individuals with low fitness are re-initialized ran-
domly over the entire search space. In this way, the population is



132 W. Luo et al. / Applied Soft Computing 47 (2016) 130-140

prevented from concentrating on a few regions and, as a result,
spreads over the search space.

In terms of dividing the swarm into multiple groups, a Cluster-
ing Particle Swarm Optimization algorithm (CPSO) [22,23]| has been
proposed for DOPs as well in an attempt to cope with some diffi-
culties of multi-swarm approaches. In the process of generating
sub-swarms, CPSO implements a hierarchical clustering method
on the basis of the Euclidean distance between particles. At each
step, two clusters that have the closest distance among all the clus-
ter pairs are picked to merge if the total number of their particles
is not more than subSize. If no cluster pair meets the condition,
then the clustering procedure exits. Without the influence of a key
parameter as in SPSO, i.e., the species radius, the CPSO may be more
robust. However, with respect to execution time, CPSO is inferior to
SPSO because the procedure of partitioning the population is more
time-consuming in CPSO than in SPSO.

2.2. Memory strategies

The memory strategy is to store all complete or partial good
solutions and re-use them in the future. Many works have
addressed such a strategy.

An associative memory scheme has been developed for PBILs for
DOPs by Yang with some promising preliminary results [24]. This
PBIL-specific explicit memory scheme was further investigated in
Ref. [25]. Within this memory scheme, both the best sample, which
is created by the working probability vector, and the probability
vector are stored in the memory ata certain time. When an environ-
mental change is detected, stored samples need to be re-evaluated.
Then, the probability vector associated with the best sample in the
new environment is retrieved to compete with the current work-
ing probability vector for further iterations. Results show that the
memory scheme is effective for PBILs in dynamic environments.

A memory-based approach for addressing DOPs was proposed
by Yang in Ref. [26], named MIGA, which hybridizes random immi-
grants and memory for GAs. Instead of depending on the detection
of environmental changes, the memory is retrieved in each gen-
eration and hybridized with the random immigrant scheme. For
each generation, the memory is re-evaluated, and immigrants are
generated based on the best memory point via mutation. Then,
the worst individuals in the population are replaced by the immi-
grants. Experiments were carried out on a series of systematically
constructed dynamic problems, and the results showed that the
hybrid approach improves the performance of genetic algorithms
in dynamic environments.

Results obtained in Ref. [26] imply that a combination of mem-
ory and diversity strategies may have good performance. In Ref.
[27], Branke studied some representative memory strategies and
drew some conclusions: (1) if the optima appear frequently, mem-
ory approaches could track the moves of optima quickly; (2) good
solutions can be retrieved if they are saved in the memory; and
(3) if the optima change, even if it is a small change, the mem-
ory strategy may lose its advantage. To cope with this problem,
the memory strategy would be combined with various diversity
methods. According to the previous descriptions, combining the
multi-swarm approach with memory may be feasible. In the fol-
lowing, some combinations of multi-swarm and memory schemes
will be introduced.

2.3. Combinations of multi-swarm and memory schemes

Thus far, for DOPs, how to combine the memory schemes with
the multi-swarm strategies has scarcely been studied. To our best
knowledge, the works in Refs. [28] and [18] focused on the com-
binations of memory schemes and multi-swarm strategies for
dynamic optimization.

In Ref. [28], a Cluster-based Dynamic Differential Evolution
with external Archive (i.e., CDDE_Ar) for global optimization in
dynamic fitness landscapes was proposed. By using the k-means
algorithm [29], the entire population is partitioned into several
clusters according to the spatial locations of the trial solutions. The
clusters are evolved separately using a standard differential evolu-
tion algorithm. Every certain number of iterations, the population
is re-partitioned, and the number of clusters is updated adap-
tively. Whenever a swarm is about to converge, its best solution
is saved to the memory and the swarm is then reinitialized in the
search space. These preserved solutions in the memory are added
to the population whenever an environmental change is detected.
Experiments are carried out on both MPB and GDBG benchmarks.
Compared with several peer algorithms, CDDE_Ar obtains compet-
itive results. Moreover, experimental results show that using the
memory enhances the diversity of the population.

In Ref. [18], Zhu et al. proposed the “large memory” strategy.
As stated in the paper, memory schemes may be inadequate if the
memory size is small because multiple optima obtained by MPAs
(Multi-Population Algorithms) could not be saved entirely. A large
memory scheme (LM)is given to solve the problem, with more solu-
tions from past environments being kept. The pseudo-code of the
memory updating in Ref. [ 18] is shown in Algorithm 1. Based on the
LM, two population updating models are presented, i.e., LM1 and
LM2. In LM1, the best memory particles are retrieved to update the
population whenever an environmental change is detected. In LM2,
memory seeds are selected as replacers. LM2 takes both the fitness
values and spatial distributions of memory particles into consider-
ation. Inboth LM1 and LM2, the replaced particles are picked evenly
from sub-swarms. That is, the worst particles in each sub-swarm,
rather than the worst particles from the entire swarm, are selected
and replaced by the memory. Experiments are carried out on both
the MPB (Moving Peaks Benchmark) and CMPB (Cyclic MPB), and
the results demonstrate LM’s feasibility.

Algorithm 1. Updating the memory in LM.

1 Mark sub-swarms that have meet the requirement of convergence

2 while the number of converged sub-swarms is less than 5 and there
are still some sub-swarms that have not been marked do

3 Mark each sub-swarm that has not been marked until the number of
marked ones equals 5

4 end while

5 for each marked sub-swarm I do

6 if the memory is not full then

7 Put s into the memory, s is the seed of I, set the age of s to 0

8 else

9 Find the closest particle p in the memory to s

10 if distance (p, s) < Update-Distance then

11 Replace p with s, set the age of s to 0

12 else if uniform (0,1)<2/3 then

13 Replace the eldest individual in the memory with s, set the age of s
to0

14 end if

15 end if

16 end for

3. PSO and SPSO
3.1. Particle Swarm Optimization

The initial particle swarm optimization algorithm was proposed
by Eberhart and Kennedy [30]. Social interaction modeled by the
PSO guides the particles moving toward the most promising area
in the landscape. In PSO, each particle i is regarded as a candidate
solution and represented by three parameter vectors at time ¢, i.e.,
the current location x;(t), personal best location p;(t) and velocity
v;(t). Each particle i updates its velocity according to the p;(t) and
g(t), where g(t) is the neighborhood best. During the process of
searching, particles are not allowed to cross the boundary. If not,



W. Luo et al. / Applied Soft Computing 47 (2016) 130-140 133

particles should be pulled back to the search space. To constrain the
maximum velocity in each dimension, a parameter called Viayx is
necessary. In most cases, the variation range of the velocity in each
dimension is set to [—Vmax, Vmax]-

There are many variations of PSO, one of which is called the Con-
striction coefficient PSO (CoPSO) [31] and was proposed by Clerc
and Kennedy. In the method, the velocity and position are updated
according to the following formulas:

Ui (£ 4+ 1) =8 (v; (£) + @1 (p; (£) — %; (£)) + @2 (& (£) — x; (1)) (1)
x,~(t+1)=xi(t)+vi(t+l) (2)
where

P1 =C1T1, @2 =0CI2, C=C1+Cy,

N = 2

- 2-c— (c2—4c)1/2|

In Eq. (1), ¥ is a constriction factor that produces a damping
effect on the amplitude of a particle’s velocity in each dimen-
sion. ¢1 and ¢, are accelerating factors corresponding to the
self-cognitive and social part, respectively. r; and r, are random
numbers distributed uniformly in the interval [0,1]. Both ¢; and ¢,
are accelerating constants, and R is calculated by them.

3.2. Species-based Particle Swarm Optimization

The Species-based PSO (SPSO) was developed by Parrot and Li
[15], in which the entire swarm is partitioned into several species
according to the fitness and spatial locations of the trial solutions. A
parameter 15 is used to define the coverage area of a species, which
denotes the species radius from the center to the boundary. Parti-
cles located in the coverage area of a species are grouped into this
species. A seed is defined as the particle with the best fitness in
a species. Regarding what fitness it refers to between the current
fitness and personal best fitness, different algorithms have differ-
ent settings. At each step, the swarm is re-partitioned, and multiple
seeds are identified by a list of all the particles sorted in descending
order according to their fitness. To prevent the convergence of par-
ticles at a few known optimal areas, a parameter P,y is introduced
in Ref. [16]. If the number of particles in a species exceeds Pmax,
only the fittest Ppax particles are allowed to be the members of the
species. Redundant particles with low fitness will be re-initialized
randomly.

The framework of SPSO is shown in Algorithm 2, and the algo-
rithm for dividing the population into species is shown in Algorithm
3. The set Set_Seed is initially set to null. All the particles are sorted
in descending order according to their fitness. For each particle in
the population, which species it belongs to is checked. Each particle
is added to its corresponding species if the size of this species is less
than Ppax. If a particle does not belong to any species, this particle
is selected as a seed, and a new species is created.

Algorithm 2. The framework of the SPSO [16].

Initialize the swarm with randomly generated particles
Evaluate all the particles in the swarm

Divide the swarm into species (Algorithm 3)

Adjust particles’ locations according to Egs. (1) and (2)
Go back to step 2 unless the termination condition is met

U WN =

Algorithm 3. Dividing the swarm into species in SPSO [16].

1 Set_Seed «— @

2 Sort all the particles in descending order according to the fitness
3 for each particle p do

4 found < false

5 for each seed s in the Set_Seed do

6 if distance (p, s) <rs then

7 found < true

8 if the size of the species that s belongs to is less than Pp.x then
9 Add p to the species that s belongs to

10 else

11 Re-initialize p

12 end if

13 break

14 end if

15 end for

16 if found = false then

17 Add p to Set_Seed, create a new species that p belongs to

18 end if

19 end for

4. The proposed method
4.1. Primary ideas

The primary advantage of multi-swarm algorithms is that they
maintain good diversity, which is beneficial for tracking the tra-
jectory of the optima. Memory schemes, by injecting previous
solutions to the population, may guide particles to evolve toward
favorable directions. By combining the memory scheme with the
multi-swarm strategy, we expect to achieve two purposes: (1) the
parameter that determines the number of replaced particles each
time can be removed; (2) areas that are not covered by any species
in the current swarm could be located by some small size sub-
swarms that are triggered by the memory if there are historical
records associated with those areas in the memory, while existing
sub-swarms could be accelerated by the memory.

To achieve the first purpose, more memory particles should
be retrieved when there are many peaks in the landscape, while
this number should be reduced when there are few peaks. Mean-
while, to not substantially destroy the exploitation capability of
each sub-swarm, the number of replaced particles in each sub-
swarm should not be more than one. Therefore, we think that the
number of replaced particles should be adjusted adaptively accord-
ing to the number of sub-swarms in the swarm. Meanwhile, as
stated in Ref. [18], the replaced particles should be selected evenly
from each sub-swarm. Therefore, when an environmental change is
detected, we think that the total number of replacements should be
no greater than the number of sub-swarms, and the worst particle
in each sub-swarm is replaced.

To achieve the second purpose, we classify the memory individ-
uals into different types according to their fitness and distances to
the seed in the closest sub-swarm. Only when the replacer is better
than the replaced particle is the replacement allowed to be exe-
cuted. If the replacer is far from the seed of its closest sub-swarm,
extra particle(s) should be generated around the replacer. Specifi-
cally, if the replacer is outside any sub-swarms and better than its
closest seed, a small-sized sub-swarm will be generated around the
replacer because it could be in a promising area. Contrarily, if the
replacer is near the seed of its closest sub-swarm, no extra particle
is generated.

Based on the above ideas, a novel algorithm, named MSPSO,
is proposed for DOPs. The details of MSPSO are described in the
following subsections.
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4.2. The framework of MSPSO

The primary contribution of MSPSO is a new swarm updating
algorithm, which is used to update the current population with the
memory. Before the new swarm updating method is introduced, we
first describe the framework of MSPSO, as shown in Algorithm 4.
MSPSO is based on the framework of SPSO in Ref. [16] and the large
memory scheme in Ref. [ 18], and the new swarm updating method
is embedded. If an environmental change is not detected, a gener-
ation of SPSO is executed, i.e., line 9. Otherwise, lines 5-7 should
be executed. First, Algorithm 1 must be implemented to update the
memory. After re-evaluating the population and the memory parti-
clesinline 6, the swarm is updated with the memory, i.e., Algorithm
5. The new swarm updating algorithm will be given in Subsection
4.3.

In Algorithm 1, regarding the identification of converged
species, the method used in Ref. [32] is adopted. That is, if the
personal best fitness of a seed could not be improved in several
successive generations, then this species can be viewed as con-
verged, and the seed should be marked as a particle to be saved.
In this paper, no less than 5 seeds are saved to the memory each
time. If the number of truly converged species is less than 5, then
unmarked seeds are labeled until this number reaches 5.

It should be noted that, when performing Algorithm 1, there is
a small change in our process in that we use a probability of 1/2
rather than 2/3 when replacing the eldest memory particle, i.e.,
lines 12-13 in Algorithm 1.

Algorithm 4. The framework of MSPSO.

Initialize the swarm
Memory «— 0
while stop criteria is not satisfied do
if change is detected then
Update memory (conduct Algorithm 1)
Re-evaluate the population and memory
Update the swarm with memory (conduct Algorithm 5)
else
Execute a generation of SPSO
end if
end while

— = 0N U W =

- O

4.3. The swarm updating strategy

After, and the pseudo-code is describing the framework of
MSPSO in Subsection 4.2, the new swarm updating method will
be introduced in the following given in Algorithm 5.

For convenience, we denote the current swarm and the mem-
ory as Pand M, respectively. Set_Retrieved, which denotes the set of
replacers from the memory, is initially set to null. Species (i) denotes
the species (sub-swarm) whose seed is numbered i. Pis divided into
species by Algorithm 3, and the set of seeds is denoted as Set_Seed.
Particles in Set_Seed and M are sorted in descending order according
to the fitness. For each memory particle mp, the distance to each
seed in Set_Seed is calculated, and then, the closest distance cdis and
the corresponding seed cs are recorded. Then, the memory parti-
cles are grouped into four categories, and different operations are
employed for different types. A detailed description is provided as
follows.

Case 1. If mp is better than cs and cdis is no less than the species
radius s, a new species is established around mp. This new inserted
species includes three particles. First, mp is added. Then, two ran-
domly generated particles are generated around mp, and their
distances to mp are set to a tenth of. ry The replaced three parti-
cles are the worst particles from the three species (the worst one
of each species is replaced). It is noted that the species are sorted
in descending order by seeds.

The reasons for this case are given in the following. In a
dynamic environment, keeping track of the moving peaks is essen-
tial. Because mp is better than the closest seed cs, the probability of
locating the global optima by mp is larger than that for cs. Because
exploiting a promising area by one particle is inadequate, the cre-
ation of extra particles is necessary. To not substantially destroy
the exploitation capabilities of other species, only three particles
are included in the new species.

Case 2. If mp is better than cs, and cdis is less than rs but not
less than 0.5 x r5, mp is added to the current population, and only
one extra particle is generated. This extra particle is randomly gen-
erated around mp, and its distance to mp is set to a tenth of. rg
Therefore, two replacements are conducted in this case.

Here, we decrease the number of extra particles by one com-
pared to Case 1. This is because other particles in the corresponding
species could move to mp in the near future.

Case 3. Ifmp is better than cs and cdis is less than 0.5 x rs, only mp
is added to the current population. Correspondingly, the number of
replacements in this case decreases to one.

Because other particles in the species are close to the replacer,
there is no need to create any extra particles. Moreover, with the
insertion of the replacer, other particles in the same species may
evolve toward a more favorable direction.

Case 4. If mp is not better than cs and cdis is less than, rs a fitness
comparison between the replacer and the particle to be replaced,
wp, has to be executed. If mp is better than wp, mp replaces wp.

Because the replacer is not better than cs, the fitness check is
necessary to not introduce a poor particle to the species.

Inspired by Refs. [33] and [34], the velocities of all the replacers
and newly generated particles are initialized to zero.

Fig. 1 gives an example to illustrate our algorithm. Fig. 1(a) gives
the state before updating. Fig. 1(b) shows the state after updating.
Assume there are five peaks in the search space, numbered 1-5
in Fig. 1(b). However, only four peaks are detected by the current
population, numbered 1-4 in Fig. 1(a). In the figure, @ denotes a
replacer from the memory, A denotes an extra particle generated
around the replacer, and ® denotes a replaced particle in the pop-
ulation. We can see that no more than one particle is replaced in
each species.

Because @ in peak 5 is better than the closest seed, i.e., the seed
in species 2, and its distance to the closest seed is larger than rs,
species 5 is created to exploit this area.

In species 3, @ is better than the closest seed, i.e., the seed in
species 3, and the distance between it to the closest seed is larger
than 0.5 x rg and less than r; thus, only one A is created around &.

In species 2, @ is better than the closest seed, i.e., the seed in
species 2, but the distance between it to the closest seed is less
than 0.5 x rs, so only @ is added to this species.

There is one case that has not been described in this example.
Here, we suppose the replacer is not better than the worst particle
in species 1, so no replacement is conducted in this species.

5. Experimental evaluation
5.1. Benchmark problems

5.1.1. The Moving Peaks Benchmark

The dynamic benchmark problem called the “Moving Peaks”
Benchmark (MPB) was proposed by Branke in Ref. [27] and has
been one of the most widely used dynamic optimization test suites.
It is a real-valued dynamic environment with Np peaks in a D-
dimensional search space, where the height, location and width
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of each peak change at a certain frequency. The change of peak i is
formally denoted as:

W; (t) = W; (t — 1) + width_severity x o 3)
H;(t) = H; (t — 1) + height_severity x o (4)
X (H)=X;(t-1)+v

g e N(0,1)

where H;(t), W;(t) and X;(t) denote the height, width and position of
peaki at time t, respectively, and o is a normal distributed random
number with mean 0 and standard deviation 1. The location of each
peak is moved by a vector v of fixed length s in a random direction.
More details on the MPB can be found in Ref. [27].

Different landscapes can be constructed by defining the shape of
peaks, and the conical peak is a typical one. The form of the conical
function is given as follows:

Algorithm 5. The population-updating algorithm of MSPSO.

1 Execute Algorithm 3, sort seeds in Set_Seed and particles in M in
descending order according to the fitness Set_Retrieved <— @,
changespecies < Set Seed.size()-1
for each memory particle mp in M do
for each seed s in Set_Seed do
Calculate distance (mp, s)
end for

g wWwN

Find the closest distance cdis, the closest seed is named cs
if mp is better than cs and cdis is no less than rs then
if changespecies > 0 then
Set_Retrieved <— Set_Retrieved U mp, replace the worst particle in
species(changespecies) with mp, changespecies <— changespecies-1
10 fori=1— 2do
11 if changespecies > 0 then
12 Generate a new particle newp around mp (its distance to mp
is set to a tenth of 1), replace the worst particle in
species(changespecies) with newp, changespecies «— changespecies-1
13 else

[(oJN-BEN o)}

14 break

15 end if

16 end for

17 else

18 break

19 end if

20 else if mp is better than cs, cdis is less than rs and not less than
0.5 x 15 then

21 if changespecies > 0 then

22 Set_Retrieved < Set_Retrieved U mp, replace the worst particle in
species(changespecies) with mp, changespecies <— changespecies-1

23 if changespecies > 0 then

24 Generate a new particle newp around mp (its distance to mp is

set to a tenth of rg), replace the worst particle in species(changespecies)
with newp, changespecies <— changespecies-1

25 else

26 break

27 end if

28 else

29 break

30 end if

31 else if mp is better than cs and cdis is less than 0.5 x rs then

32 if changespecies > 0 then

33 Set_Retrieved < Set_Retrieved U mp, replace the worst particle in

species(changespecies) with mp, changespecies «<— changespecies-1
34 else

35 break

36 end if

37 else if mp is not better than cs and cdis is less than rs then

38 if changespecies > 0 then

39 if mp is better than the worst particle wp in
species(changespecies) then

40 Set_Retrieve <— Set_Retrieved U mp, replace wp with mp,
changespecies <— changespecies-1

41 end if

42 else

43 break

44 end if

45 end if

46 end for

47 Increase the ages of memory particles by one and set the ages of

memory particles in Set_Retrieved to zero

D

D xa(O-Xia ()| (6)

d=1

F (x,t) = max
i=1...Np

H; () — W; (t) x

where Xj4(t) denotes the d-th dimension of peak i at time t in a D-
dimension space, and x4(t) denotes the d-th dimension of particle
xattime t.

5.1.2. The Cyclic Moving Peaks Benchmark

The CMPB is a special case of the MPB, in which the location of
each peak changes cyclically every [ times. For each peak X;, given
the cyclic length [ and the shifting severity s, a rotation matrix Rand
a corresponding vector vg are generated. The height and width of
each peak change in the same way as in the MPB, while the location
is adjusted in the following manner:

X;(0) = v}, (7)

Xi()=RxXj(t—1)=v, t>0 (8)
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Table 1 Table 2

Basic parameter settings of the MPB and CMPB. Basic parameter settings of the DRPBG.
Parameters Value Parameters Value
Change frequency 50,000 Change frequency 50,000
Number of peaks (Np) 10 Number of peaks (Np) 10
Number of changes 100 Number of changes 60
height_severity 7.0 height_severity 5.0
width_severity 1.0 width_severity 0.5
shift_severity(s) 1.0 noise_severity 0.8
Peak shape Cone Number of dimensions (D) 5
Number of dimensions (D) 5 S e[-5,5]
S €[0,100] H <[10,100]
H €[30,70] w €[1,10]
w €[1,12] I 50
1 50 P 12

Suppose that F(x) is a test function in the real space, and that O
is the optimum. In a cyclic changing environment, a transformed
form of F(x) can be represented as follows:

F (x,t)=F(x—v(t)+0) 9
where
v(t)=R" xv(0), t>0 (10)

The generation of R, ¥(0) and some other details are explained
in Refs. [18,35].

The default parameter settings used in the MPB and CMPB are
listed in Table 1. The environment changes every 5000 fitness eval-
uations, and there are 100 changes in total. The changing severity
of the height and width are set to 7.0 and 1.0, respectively. The
default number of peaks and shifting severity are set to 10 and 1.0,
respectively. Moreover, S, H, W, and I represent the variation range
of the search space, variation range of the height, variation range
of the width and initial height of each peak, respectively.

5.1.3. The GDBG system and the DRPBG

For the purpose of constructing dynamic problems for real,
binary and combinational spaces, a generalized dynamic bench-
mark generator (GDBG) was proposed by Li et al. [36] and used
for the CEC 2009 competition on dynamic optimization [37]. Later
in the year 2012, it was updated to a new version and used as
the benchmark generator for the IEEE WCCI-2012 competition on
evolutionary computation for dynamic optimization problems [38].

There are six change types of the system control parameters in
the earlier GDBG [36], i.e., small step (Ty), large step (T,), random
(T3), chaotic (Ty4), recurrent (T5) and recurrent with noise (Tg ). In the
real space, a rotation method is introduced to the GDBG instead of
shifting the positions of peaks as in the MPB. The dynamism of the
GDBG is implemented by tuning the control parameters. It can be
described as follows:

pt+1)=0(t)® AP (11)

where @ is the system control parameter, and A@ is the deviation
from the current control parameter which is determined by the
specified change type. Thus, the new environment at time t+1 can
be expressed as follows, and fis the cost function.

fx,0,t+1)=f(x,0(t)d Av, t) (12)

Two different real DBGs are constructed using different methods
in the system: the dynamic rotation peak benchmark genera-
tor (DRPBG) and the dynamic composition benchmark generator
(DCBG). In this experiment, the DRPBG is used.

The fitness function of the DRPBG (i.e., F; in the GDBG [38]) with
D-dimension and Np peaks is defined as:

D
(%4 (1) = Xia (£))
F(x,t)= m Hit)/ | 1+ wW;(t)x d) " Fid i)
(0= max | Hi(©)/ | 1+Wi(0) d§=] 5

The basic parameter settings of the DRPBG in Ref. [38] are given
in Table 2, where P denotes the change period in T5 and Tg. More-
over, a new factor change_ratio is introduced in Ref. [38], which
controls the changing ratio of peaks in the dynamism. We use the
same settings as the original literature, and the parameters for all
peaks, including the locations, the widths, and the heights, are all
the same.

5.2. Performance measurement

To fairly compare the algorithms involved in this paper, as in
many other papers, we use the offline error, which is named the
best error before change in Ref. [1], as the performance measure. It
is calculated as the average of the minimum fitness errors and is
obtained by the algorithm at the end of each period just before a
new environmental change is introduced. The form of the offline
error is as follows:

T

1 .
€offline—error = T g (optimumy — fbest;) (14)
t=1

where T is the number of environments, optimumy is the optimum
in the t-th environment in theory, and fbest; is the best solution
obtained by the algorithm just before the t-th change occurs.

5.3. Experimental settings

InEq.(1),the accelerating constants c¢; and c; are both set to 2.05.
Parameter Vi is set to the size of the variation range of the search
space. In Algorithm 1, Update-Distance is set to 0.8. In Algorithm
3, Py is set to 10. The size of the swarm and the capacity of the
memory are set to 100 and 500, respectively. The species radius is
set to 30 for the MPB and CMPB. For the DRPBG, the species radius
is set to 3.5 and 7.0 for the 5-D and 10-D space, respectively. The
heights of the peaks in the MPB and CMPB change uniformly in the
range [30,70] (different with formula (4)).

The experiment is carried out in four groups. To test the validity
and feasibility of the viewpoints proposed in this paper, MSPSO is
tested on the MPB and CMPB in the first two groups and compared
with SPSO and/or its variants. In the third group, MSPSO is imple-
mented on T; —Tg of the DRPBG with the parameter settings in
Table 2 and [37], and compared with other algorithms. The chang-
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Fig. 2. Comparisons of the number of replaced particles on the MPB with different
numbers of peaks.

ing ratio change_ratio is set to 1.0. In the last part, an influence test
on the memory size is implemented.

5.4. Experimental results and analysis

5.4.1. The number of replaced particles

The LM2 algorithm in Ref. [15] is adopted for comparisons. The
number of replaced particles in the LM2 algorithm is denoted by
numexport, and this number is set to 10. In Fig. 2, the proposed algo-
rithm in this paper is denoted as “adaptive,” and the LM2 algorithm
is denoted as “numexport=10."

Fig. 2 shows that the proposed adaptive method performs much
better when the number of peaks (N,) is larger than 10. Further-
more, the difference between the two curves becomes larger with
the increase of Np. Thus, the proposed adaptive method not only
leads to the number of replaced particles evolving adaptively, but
also produces smaller offline errors.

5.4.2. Comparisons over the MPB and CMPB

In this subsection, we compare the performance of MSPSO with
that of several other variants of SPSO on both the MPB and CMPB.

The results on the MPB are presented in Tables 3 and 4. The
results show that MSPSO has the best performance in almost all the
cases. The results also show that MSPSO performs much better than
the other three algorithms with the increase of shifting severity
(i.e., s) or the number of peaks (i.e., Np). That is, MSPSO has a more
stable performance than the compared algorithms with different
numbers of peaks and different shifting severities.

The experimental results on the CMPB with different shifting
severities are provided in Tables 5-8. In Tables 5-7, most of the
best results are obtained by MSPSO. In Table 5, MSPSO is slightly
worse than LM1SPSO for the cases (s, I, n)=(1, 20, 10) and (1, 20,
20). Table 8 shows that, for the cases with a large shifting severity,
MSPSO has the best performance for all the cases.

According to the results in Tables 3-8 above, to compare the
performance differences between MSPSO and the other three algo-
rithms, Wilcoxon signed ranks test is performed and the results
are provided in Table 9. Table 9 shows that MSPSO has a significant
improvement over SPSO, LM1SPSO and LM2SPSO on both the MPB
and CMPB with a significance level o = 0.05.

Overall, MSPSO is competitive for dynamic optimization prob-
lems on both the MPB and CMPB. Compared with SPSO and two

offline errors with Np=10
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Fig. 3. Comparisons of different memory sizes on the MPB with different shifting
severities.

variants of SPSO, MSPSO is significantly better than them in most
of the cases. Moreover, the advantage of MSPSO is more noticeable
with the increase of s and Np.

5.4.3. Comparisons over the DRPBG

This experiment aims to study the performance of the proposed
method in comparison with several other algorithms on the DRPBG.
On the DRPBG with the parameter settings in Table 2, the compared
algorithms include CPSOR [39] and MLSDO [40].

When the DRPBG is adopted with the parameter settings in Ref.
[37], theinvolved algorithms include jDE [41], DASA [42],CPSO [22],
dopt-aiNet [43] and EP [44], and the results of these algorithms are
from the corresponding references.

Table 10 shows that MSPSO obtains better results than CPSOR
and MLSDO for the cases T;-Ts. For the cases T4 and Tg, MSPSO is
better than CPSOR and worse than MLSDO.

Table 11 provides the comparative results of our method MSPSO
with five other algorithms on the DRPBG with settings in Ref. [37].
From the table, we can see that, in the 10-D search space with 10
peaks, MSPSO has better performance than other algorithms in the
cases of T1-T3, Ts and Tg. When the number of peaks (i.e., Np) is set
to 50, MSPSO has better performance than the others only in the
cases of T, and Tg. Among the remainder of the cases, jDE or CPSO
obtain the best results. Furthermore, the result of the MSPSO on the
case of Np =100 is provided as well.

The results show that the proposed algorithm is suitable for
addressing DOPs with not only shifting changes (i.e., the MPB) but
also rotating changes (i.e., the DRPBG).

5.4.4. The memory size

The comparisons of different memory sizes on the MPB with
different shifting severities (s) are shown in Fig. 3. The number of
peaks (Np) is set to 10. Fig. 3 shows that, when the memory size is
set to 500, MSPSO obtains the largest offline errors (i.e., performs
worst) in most of the cases, and differences among the other five
curves are relatively small.

The comparisons of different memory sizes on the MPB with dif-
ferent numbers of peaks (Np) are presented in Fig. 4. The shifting
severity (s) is set to 1.0. Fig. 4 shows that, for a fixed N, the offline
errors tend to decrease with the increase of the memory size when
Np >10. That is, for those six values of the memory size, the algo-
rithm has the worst performance when the memory size is set to 10
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Table 3
Comparisons on the MPB with different numbers of peaks.

Algorithms  Number of peaks (N,)

1 2 5 7 10 20 30 40 50 100

SPSO 050+009 0.71+105 067+044 070+034 107+032 239+035 281+035 3.03+038 326+044 3.59+041
LM1SPSO 0.54 £ 0.05 058 +£0.05 0.58+0.11 0.61 £0.13  0.70 £ 0.15 1.78 £0.14 223 +0.13 249+0.15 261+012 2.86+0.17
LM2SPSO 0.57 £0.06 056 +0.10 060+0.17 063+0.17 066+0.14 1.73+0.12 225+017 244+0.17 255+0.15 2.81+0.12

MSPSO 049 £0.04 050+£003 055+008 0.59+0.11 0.70 £ 0.13 1.38 £ 0.13 1.81+£0.16 199+ 0.14 2.07+0.10 2.28 +0.10
Table 4
Comparisons on the MPB with different shifting severities.
Algorithms Shifting severity (s)
1.0 2.0 3.0 4.0 5.0 6.0
SPSO 1.07£0.32 1.45+0.30 1.90+0.34 2.38+£0.45 2.65+0.38 3.09 £0.41
LM1SPSO 0.70 +£0.15 1.234+0.13 1.624+0.18 2.05+0.17 2.45+0.19 2.90+0.18
LM2SPSO 0.66 £0.14 1.19+0.15 1.60+0.16 1.99+0.13 2.47 £0.18 2.86+£0.18
MSPSO 0.70+£0.13 1.07 £0.10 1.414+0.11 1.72+0.12 1.994+0.13 2.28+£0.19
Table 5
Comparisons on the CMPB. The shifting severity (s)=1.0. Parameter N, is the number of peaks, and [ is the change period.
Algorithms (s,1,Np)
(1,5,5) (1,5,10) (1,5,20) (1,5,40) (1,20,5) (1,20,10) (1,20,20) (1,20,40)
SPSO 0.65+0.30 0.91+0.36 1.85+0.33 2.64+0.33 0.73+0.37 0.90+0.26 2.11+0.33 2.88+0.46
LM1SPSO 0.08+0.03 0.14+0.06 0.77+£0.19 1.15+0.16 0.14+0.19 0.24+0.14 0.99+0.06 1.56+0.07
LM2SPSO 0.07 +£0.02 0.17+0.10 0.81+0.18 1.37+0.19 0.14+0.13 0.31+0.09 1.07+0.14 1.63+0.17
MSPSO 0.06+0.03 0.13+0.05 0.54+0.10 1.07+£0.13 0.10+0.04 0.25+0.09 0.99+0.14 1.55+0.19
Table 6
Comparisons on the CMPB. The shifting severity (s)=2.0. Parameter N, is the number of peaks, and [ is the change period.
Algorithms (s,LNp)
(2,5,5) (2,5,10) (2,5,20) (2,5,40) (2,20,5) (2,20,10) (2,20,20) (2,20,40)
SPSO 0.94+0.29 1.2240.29 246+0.33 3.23+0.51 0.99+0.29 1.47+0.34 2.59+0.36 3.394+0.34
LM1SPSO 0.08 +£0.01 0.19+0.07 0.79+0.15 1.17+0.13 0.20+0.14 0.42+0.12 1.13+0.14 1.71+0.17
LM2SPSO 0.09+0.03 0.21+£0.12 0.86+0.14 1.324+0.14 0.24+0.07 0.36+0.19 1.2240.11 1.79+0.18
MSPSO 0.07+0.03 0.18+0.10 0.67 +£0.12 1.18+£0.13 0.15+0.06 0.36+0.10 1.15+0.16 1.66+0.13
Table 7
Comparisons on the CMPB. The shifting severity (s)=5.0. Parameter N, is the number of peaks, and [ is the change period.
Algorithms (s,1,Np)
(5,5,5) (5,5,10) (5,5,20) (5,5,40) (5,20,5) (5,20,10) (5,20,20) (5,20,40)
SPSO 2.08 +£0.61 2.49+0.36 3.75+0.39 4.594+0.41 2.254+0.39 3.02+0.48 4.15+0.38 4.514+0.37
LM1SPSO 0.104+0.03 0.26+0.08 0.65+0.09 1.12+0.10 0.46 +0.09 0.84+0.08 1.51+0.29 2.05+0.15
LM2SPSO 0.14+0.07 0.26+0.09 0.77+0.10 1.16+0.11 0.41+0.08 0.77 +£0.09 1.49+0.15 2.09+0.12
MSPSO 0.08 £0.04 0.20+0.09 0.72+0.12 1.10+£0.13 0.31+0.19 0.64+0.18 1.34+0.13 1.84+0.10
Table 8
Comparisons on the CMPB. The shifting severity (s)=10.0. Parameter N, is the number of peaks, and I is the change period.
Algorithms (s, I, Np)
(10,5,5) (10,5,10) (10,5,20) (10,5,40) (10,20,5) (10,20,10) (10,20,20) (10,20,40)
SPSO 3.794+0.59 4,71 4+0.50 5.25+0.43 5.344+0.41 4.62+0.63 5.54+0.52 5.79+0.40 5.37+0.41
LM1SPSO 0.15+0.04 0.33+0.06 0.74+0.10 1.17+£0.10 0.86 +0.09 1.51+0.08 2.35+0.28 2.78+0.24
LM2SPSO 0.15+0.04 0.33+£0.09 0.73+0.09 1.174+0.09 0.82+0.11 1.52+0.10 2.31+0.24 2.77+£0.19
MSPSO 0.124+0.08 0.28+0.12 0.66+0.10 1.03+£0.12 0.59+0.26 1.20+£0.19 1.92+0.19 2274013
Table 9

The results of the Wilcoxon signed ranks test on the MPB and CMPB. MSPSO has a significant improvement over SPSO, LM1SPSO and LM2SPSO with a significance level
a=0.05.

Comparison MPB CMPB

p-value Detected difference p-value Detected difference
MSPSO-SPSO 0.000 a=0.05 0.000 a=0.05
MSPSO-LM1SPSO 0.001 o =0.05 0.000 a=0.05

MSPSO-LM2SPSO 0.001 a=0.05 0.000 a=0.05
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Table 10
Comparisons on the DRPBG with the parameter settings in Table 2 and change_ratio=1.0.
Algorithms Change type
T] Tz T3 T4 T5 Ts
CPSOR 2.82+4.15 1.13+1.37 1.92 +0.60 0.09 +0.26 0.00+0.01 0.25+0.80
MLSDO 0.583 +1.315 1.129+1.110 1.736 +0.623 0.003 + 0.006 0.046 + 0.025 0.013 + 0.007
MSPSO 0.002 + 0.002 0.447 +0.313 0.113 +0.026 0.0334+0.019 0.411+0.074 0.131 + 0.089
Table 11
Comparisons on the DRPBG with the parameter settings in Ref. [37]. Parameter N, represents the number of peaks.
Dimension Np Algorithms Change type
Tl Tz T3 T4 T5 TG
10 10 JDE 0.03+0.44 3.59+7.84 3.00+7.13 0.02+0.29 2.18+4.39 1.15+5.73
DASA 0.18+1.25 4.18+9.07 6.37+10.70 0.48 +1.95 2.54+4.80 2.34+8.66
CPSO 0.04+0.43 2.72+6.52 4.13+8.99 0.09+0.79 1.87 +4.49 1.06 +4.81
dopt-aiNet 0.14+1.01 5.87+10.28 4.25+8.18 5.36+8.94 4.44+5.55 9.94+15.82
EP 5.71+9.68 10.66 +13.85 10.87+13.50 1.50+3.00 8.30+13.23 8.23+13.10
MSPSO 0.00+0.00 0.01+0.05 0.03+0.02 0.44+0.13 0.23+0.22 0.58+0.31
10 50 JDE 0.17+0.76 4.09+6.45 4.29+6.75 0.09+0.25 0.95+1.77 1.77 +5.83
DASA 0.44+1.39 4.86+7.00 8.42+9.56 0.51+1.09 1.18+2.18 2.07+5.97
CPSO 0.26+0.94 3.28 +5.30 6.32+7.44 0.13+0.39 0.85+1.78 1.48 +4.39
dopt-aiNet 0.36+0.93 4.75+6.76 5.25+6.68 2.66+5.98 2.86+4.16 6.83+11.88
EP 5.74+6.84 13.29+12.94 15.90+13.37 1.4142.45 227+4.24 3.16+5.60
MSPSO 2.56+1.61 1.43+0.32 5.83+1.60 0.82+0.14 2.52+1.67 1.10+0.44
100 MSPSO 3.25+2.08 1.59+0.60 4.65+0.75 0.40+0.15 3.81+2.32 2.06+0.63
offline errors with severity=1.0 the memory, many fitness evaluations are wasted on them. As a
35 . . . . . . . . - ; result, the benefit of the memory is damped. By contrast, a large
h memory size would be helpful if there are many peaks in the search
3k L space because more historical solutions can be kept.
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Fig. 4. Comparisons of different memory sizes on the MPB with different numbers
of peaks.

and has the best performance when the memory size is set to 500.
It is difficult to say which one is better when Np <10 because the
changes of the curves are unstable. Another phenomenon is that
the rising tendency of the curve is rather slow with the increase of
Np when the memory size is set to 500.

By comparing Fig. 3 and Fig. 4, a noticeable difference that can
be observed is that the difference between each of the two curves
in Fig. 4 is clearer than that in Fig. 3. Thus, we can obtain another
conclusion that the optimal setting of the memory size is more
influenced by the number of peaks than by the shifting severity.

Overall, if there are few peaks in the search space, a large
memory size is not a wise choice. This is because there are many
redundant or useless records in the memory. When re-evaluating

their hybrids have scarcely been studied. In most cases, employ-
ing the traditional population updating methods to enhance the
performance of the multi-swarm algorithms by the memory may
not yield ideal results. Aimed at the two aforementioned prob-
lems, a new swarm updating method is proposed in this paper
and embedded into the typical species-based algorithm SPSO. The
number of replaced particles, instead of being predefined, is set
adaptively according to the number of species. This may alleviate
the impact generated by the unsuitable assignment. To not substan-
tially destroy the exploitation capability of each species, no more
than one particle is replaced by the memory in each species. The
retrieved memory particles are grouped into four categories and
processed by different strategies.

To demonstrate the validity and feasibility of the new method,
the proposed algorithm MSPSO is compared with SPSO and its vari-
ants on both the MPB and CMPB. Moreover, MSPSO is tested on
the DRPBG and compared with other algorithms. The experimental
results show that MSPSO is competitive.

The effect of the memory size on the performance of the algo-
rithm is tested in different dynamic scenarios. The experimental
results indicate that the optimal setting of the memory size is
largely influenced by the number of peaks in the search space. If
there are few peaks, a small memory size would be favorable. When
the number of peaks becomes larger, a large memory size would
be better. How to set the memory size adaptively is a topic of our
future work.
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In the future, the memory scheme will be combined with other
multi-swarm methods and other PSO algorithms, e.g., works pro-
posed in Refs. [45] and [46].
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