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1. Introduction

Over the last two decades, numerous algorithms with inspi-
ration from the nature have been proposed for solving various
optimization problems. Some of the most popular are Genetic Algo-
rithm (GA) [1-5], Differential Evolution Algorithm (DE) [6-10],
Particle Swarm Optimization (PSO) [11-14], and Artificial Bee
Colony (ABC) [15-19]. Optimization algorithms have advantages
and disadvantages compared to each other and may show different
performances when solving discrete and continuous problems.

There are two conflicting criteria when assessing two algo-
rithms: convergence rate versus quality of the final solution. Fast
convergence speed may result in premature convergence and
entrapment in local optima. On the other hand, favoring quality of
solutions may results in more extensive search of the search space
and consequently slower convergence. To address these two issues,
the researchers improve the current algorithms or propose new
techniques. In this paper, a new optimization algorithm called Ions
Motion Optimization (IMO) is proposed as a competitive algorithm
in this field.

The IMO algorithm is a population-based algorithm inspired
from properties of ions in nature. Our main objectives when design-
ing this algorithm are to require IMO to have the least number
of tuning parameters, low computational complexity, fast conver-
gence, and high local optima avoidance. The main inspirations of
the IMO algorithm are two different ions: anion (a negative charged
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particle)and cation (a positive charged particle). The IMO algorithm
divides the population of candidate solutions to two sets of negative
charged ions and positive charged ions, and improve them accord-
ing to the important characteristics of the ions “ions with the same
charges repel each other, but with opposite charges attract each other”
[20].

In liquid state, the ions have greater freedom of motion com-
pared to the solid phase (crystal) where high attraction forces
between prevent ions from moving around freely. In fact, ions face
minor motion and mostly vibrate in their position in solid phase.
The IMO algorithm also mimics these two phases to perform diver-
sification and intensification during optimization. The rest of the
paper is organized as follows:

Section 2 provides the literature review of the recent meta-
heuristics algorithms. Section 3 proposes the IMO algorithm. The
results and discussion of the test functions are provided in Sec-
tion 4. Eventually, Section 5 concludes the works and opens some
avenues for future studies.

2. Literature review

Stochastic optimization techniques refer to the set of
approaches that generate random solutions for an optimization
problem. Based on the mechanism of the algorithm, the random
solutions are combined in order to improve the oval quality of
the initial solutions. This process is iterated until the satisfaction
of a termination condition. A taxonomy of stochastic optimization
algorithms here is based on the number of random solutions gen-
erated in each iteration. An algorithm may create single or multiple
random solutions in every iteration.
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Simulated Annealing (SA) [21] is an example of the algorithms
with single solution in every iteration. The optimization starts with
one solution and it is improved over the course of iterations. The
solution tends to randomly change its position based on a cooling
factor. The higher cooling factor, the more sudden random changes
in the solution. The cooling factor is increased over the iterations
which results in convergence of the solution around an optimum.
The limitation of such algorithm is that they are very likely to be
trapped in local optima although the computational complexity is
low.

Population-based algorithms belong to the stochastic optimiza-
tion techniques with multiple solutions in each iteration. The
optimization process starts with creating a set of random solu-
tions (population). These solutions are then merged to create a new
population. In order to guarantee improvement of the whole popu-
lation, best solutions are usually selected for improving the quality
of the solutions with poor quality. Obviously, the main advan-
tage of these approaches is high local optima avoidance since a
population is employed to search the search space. However, the
computational complexity of the population-based algorithms is
much higher than algorithms with single candidate solution.

The population-based algorithms themselves can be divided
to three groups based on inspiration: swarm-inspired, evolution-
inspired, and physics-inspired algorithms [22]. The swarm-based
algorithms mostly mimic the social and individual behavior of
swarm, herds, schools, or groups of creatures in nature. The PSO
algorithm is the most popular swarm-inspired algorithm in this
class, which imitate the collective behavior of birds. In this algo-
rithm, candidate solutions are able to save and retrieve the best
solutions they obtained so far as well as the best solution achieved
by the whole swam. The convergence is guaranteed by moving
toward the best positions obtained so far and the guidance by the
best solution of the swarm.

Another well-known swarm-inspired algorithm is Ant Colony
Optimization (ACO) proposed by Dorigo [23]. As its name suggests,
this algorithm simulates the social and collective behavior of an
ant colony. The main inspiration of this algorithm is the mecha-
nism that ants utilize pheromone to find the shortest path from
nest to foods. At every iteration, search agents of ACO record the
history of solutions and qualities in order to fill out a pheromone
matrix and eventually improve other solutions. The Artificial Bee
Colony (ABC) [15-19] is a similar method that mimics the social
life style of bees in a bee colony. In this algorithm, the search
agents are divided into different groups to explore (scout bees)
and exploit (onlooker and employed) the search space. Some of the
other algorithms in this class are Bat Algorithm proposed by Yang
[24], Glowworm Swarm Optimization (GSO) proposed by Krish-
nanand and Ghose [25], Multi-swarm optimization [26], Gray Wolf
Optimizer [22], Artificial Fish-Swarm Algorithm (AFSA) [27], Firefly
Algorithm (FA) [28], Cuckoo Search (CS) [29], Krill Herd (KH) [30],
and Heart Algorithm [31].

The second class of algorithms is evolution-inspired algo-
rithm. Such algorithms mostly simulate evolutionary phenomena
in nature. Similar to other population-based algorithm, the opti-
mization process starts with a set of random solutions. Then,
three main operators evolve the initial population: selection, re-
production, and mutation. The selection operator is responsible
for choosing proper individuals based on their fitness values. The
re-production operator combines the selected individuals by the
selection operator. Eventually, the mutation operator randomly
changes the re-produced new individuals in order to maintain
diversity of the whole population. The most well-known algorithm
in this class is GA [32]. This algorithm considers candidate solutions
as chromosomes and the parameters as genes. In every generation,
the chromosomes with higher fitness values have higher chance to
crossover with other chromosomes. Therefore, the overall fitness

of all chromosomes is increased over the course of iterations. Some
of the other algorithms in this class are Differential Evolution (DE)
[33], Evolution Strategy (ES) [34], Genetic Programming (GP) [35],
and Biogeography-based Optimizer (BBO) [36].

The last class of algorithms is physics-based algorithms where
the main inspiration mostly originates from physical rules and
phenomena in nature. Similar to the other two classes, optimization
is done by a group of candidate solutions called search agents. The
key difference here is that the search agents are moved/combined
based on physics-inspired concepts. For instance, Magnetic Opti-
mization Algorithm (MOA) [36] simulates the electromagnetic
forces between electromagnetic particles to move the search agents
around the search space. Since the electromagnetic force is propor-
tional to the fitness of particles, search agents tend to be attracted
toward the fittest particles. Therefore, the search agents of this
algorithm are improved by moving toward the best solutions. A
similar algorithm to MOA is Gravitational Search Algorithm (GSA)
[37]. The GSA algorithm considers the search agent as masses that
attract each other based on the gravitational forces between them,
which are again proportional to their fitness functions. Regarding
to the movement of masses, Newtonian law of motion is also uti-
lized by the GSA algorithm. Some of the other algorithms in this
class are Ray Optimization (RO) [38], States of Matter Search (SMS)
[39], Big-Bang Big-Crunch (BBBC) [40], Black Hole (BH) [41], Artifi-
cial Chemical Reaction Optimization Algorithm (ACROA) [42], and
Kinetic Gas Molecules Optimizer [43].

All the algorithms in three classes have their own advantages
and disadvantages. According to no-free-lunch theorem [44], none
of them is able to solve all optimization problems. Regardless of
differences in the mechanisms of population-based algorithms in
this field, the common is the division of the search process to two
main milestones: diversification versus intensification. Diversifi-
cation refers to the milestone where candidate solutions tend to
be merged more frequently and find promising areas of the search
space. In other words, candidate solutions face sudden changes in
diversification milestone in order to explore the search space as
broad as possible. Contradictory, candidate solutions are prone to
very little changes in the intensification milestone. In fact, intensifi-
cation milestone promotes convergence toward the best solutions
obtained in the diversification milestone. As discussed in Section
1, these two phases are in conflict. Favoring diversification result
in higher local optima avoidance, whereas emphasizing intensi-
fication yields to faster convergence rate. The following section
proposes a new physics-based algorithm with two specific mile-
stones for diversification and intensification.

3. Ions motion optimization (IMO) algorithm

This section first discusses the inspirations of the IMO algorithm.
The mathematical model and the algorithm are then presented.

3.1. Inspirations

The word “ion” is a Greek term. English physician Michael Fara-
day introduced this term in 1834. Generally speaking, charged
particles are called ion and can be divided to two types:

e Anion: ions with negative (—) charge.
e Cation: ions with positive (+) charge.

The conceptual model of anions and cations are illustrated in
Fig. 1.

The main inspiration of the IMO algorithm is the fact that ions
with similar charges tend to repel, whereas ions with opposite
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Fig. 1. Conceptual models and anion, cation, attraction force, and repulsion force.

charges attract each other [20]. The attraction and repulsion forces
between anions and cations are also depicted in Fig. 1.

The candidate solutions for a given optimization problem in IMO
algorithm are divided into two groups anions (negative ions) and
cations (positive ions). The ions represent candidate solutions for
a particular problem and attraction/repulsion forces move the ions
around the search space. We require IMO algorithm'’s ions to move
toward best ions with opposite charges. The ions are evaluated
based on their fitness, so the fitness of ions is proportional to the
value of the objective function. Needless to say, anions move toward
the best cation, whereas cations move toward the best anion. Their
amount of movement depends on the attraction/repulsion forces
between them. The size of this force specifies momentum of each
ion.

So far, the movement of ions in IMO algorithm can guarantee
the improvement of all ions over the course of iterations. However,
there are no mechanisms for diversification and intensification. In
order to require the ions to diversify and intensify, we assume that
the ions can be in two completely different phases: liquid versus
solid.

3.2. Liquid phase (diversification)

lons in liquid have more freedom to move. In addition, attraction
forces among ions with opposite charges are more than repulsion
force among ions with similar charges [20]. We require IMO to
ignore repulsion forces in this phase in order to explore the search
space. We assume that the only factor for computing attraction
force is the distance between ions, so the mathematical model is
proposed as follows:

1
ARy = T oa/an; G-
= — (32)
L= 1 +e—0.1/CD,~J .

whereAD; ; = |A;j — Cbest;|,CD; ; = |D;; — Abest;|, iis the ion index,
Jjindicates dimension, AD;; 1s the distance of i-th anion from the best
cation in j-th dimension, CD;; calculates the distance of i-th cation
from the best anion in j-th dimension, AF;; is the resultant attraction
force of anions, and CF;; indicates the resultant attraction force of
cations.

According to Egs. (3.1) and (3.2), forces between ions are
inversely proportional to the distances between them. The greater
distance, the lower attraction force. In other words, when the ions’
distance becomes greater from the best ion with opposite charge,
a lower attraction force is applied to them. According to Eq. (3.1),
the attraction force varies between 0.5 and 1.

After calculating the force, the position of anions and cations are
updated as follows:

Ai,j = A,"j +AF,‘J' X (Cbestj 7Ai,j) (3.3)

G Ci,j + CFi,j X (Abest] — C,‘,j) (3.4)

J=

where i is the ion index and j indicates the dimension index.

According to the Egs. (3.3) and (3.4), only force element deter-
mines momentum of each ion toward the best ion with opposite
charge. Cbest; and Abest; indicates the best cation and anion respec-
tively.

As may be inferred from the mathematical models, there is no
random component involved liquid phase. Since the movements
are proportional to distances, however, the ions diversity around
the search space. Fig. 2 shows a conceptual model of ions motion
in the liquid phase.

Since ions tend to be attracted to other ions with opposite
charges, exploration can be guaranteed. With increasing the num-
ber of iterations, more ions interact and converge toward the best
ions with opposite charges and the diversity/exploration are grad-
ually decreased. This is what exactly happens in nature when ions
re-form a crystal from a liquid. The search agents of IMO also enter
the crystal phase, meaning that they eventually converge toward a
solution in the search space.

3.3. Crystal phase (intensification)

In crystal phase, ions have been converged at an optimal point
and convergence has occurred. Due to the unknown shape of search
spaces, however, the convergence could be occurred toward local
optima. Therefore, we propose a mechanism to exit the trapped
ions from local optima in case of local optima entrapment in this
phase.

In nature, the anions and cations in ionic crystal are arranged
to maximize their attractions. When an external force is applied
to the same charges in the solid phase, the produced repulsions
force crack the solid apart [20]. We mathematically model this phe-
nomenon in order to resolve local optima entrapment as follows:

if (CbestFit >= CworstFit/2 and AbestFit >= AworstFit/2)
if rand() > 0.5
A =A; + @ x (Chest — 1)

else
A,' = A,' + @1 X (Cbest)

endif
if rand () > 0.5

Ci =C; + P, x (Abest — 1) (3.5)
else

CG=GCG+ @D, x (Abest)
endif

if rand() < 0.05
Re — initialized A; and C;

endif
endif

where @7 and @, are random numbers in [-1, 1] and rand() is a
function that returns a random number in [0, 1].

According to above pseudo codes, there is a condition for tran-
siting from liquid state to solid state where the average fitness
of worst ions should be equal or smaller than the best ions’ fit-
ness. If this condition satisfied, anions and cations are randomly
re-spanned around the best cation and anion respectively. Please
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Fig. 2. Ions motion toward best ions in liquid phase.

note that the parameter @ is a random number between 1 and
—1. The parameters CworstFit and CbestFit are the fitness of the
worst and the best cation respectively. In addition, AworstFit and
AbestFit are the fitness of the worst and the best anion. In order to
increase the diversity, eventually, a number of anions and cations
are re-initialized with low probability. It also should be noticed that
although it was possible to merge the first two if-else statements
in (3.5), we deliberately split these two conditions to provide the
following four cases:

¢ Both first if-else statements were satisfied:

A; =A; + D1 x (Chest — 1)
C,-:C,-+€D2 x(Abest—l)

e The first if-else statement was satisfied but the second one was
not:

A,‘ :A,‘—Q—@] X (Cbest—l)
G=G+ Dy x (Abest)

The first if-else statement was not satisfied but the second one
was:

A=A+ @ x (Chest)
Ci =G+ &, x (Abest — 1)

Both first if-else statements were not satisfied:

Ai = A,‘ + @Pq x (Cbest)
C; = C; + @, x (Abest)

In contrast, combining the first two if-else statements results in
only two possible situations:

e Combined if-else statements was satisfied:

A,‘ :Ai+(p1 X (Cbest—l)
Ci =C; + P, x (Abest — 1)

e Combined if-else statements was not satisfied:

A,‘ = A,‘ + P x (Cbest)
C; = C; + @5 x (Abest)

It may see that splitting these two conditions provide a diverse
behavior for the proposed algorithm, which is fruitful for resolving
local optima stagnations.

Fig. 3 illustrates the distribution of ions in crystal phase. This
phase maintains the diversity of ions during optimization. After this

Local Optimum

Fig. 3. lons motion around an optimum in the crystal phase.

phase, the ions again enter the liquid phase and star exploration
of the search space. The general steps of the IMO algorithm are
presented in Fig. 4.

It may be seen in Fig. 4 that the IMO algorithm begins opti-
mization with creating a set of random solutions. Note that all
the random solutions at the beginning or during optimization are
generated using r(ub; — Ib;) +1b; equation where r is random num-
ber generated with uniform distribution in the interval [0, 1], Ib;
shows the lower bound of the ith variable, and ub; indicates the
upper bound of the ith variable. At this stage, the ions are randomly
and equally divided into two groups: anions and cations. Then, the

Initialize population
Anions and Cations
i
Liquid phase Al

Fitness evaluation

}

Determine best and worst
Anions and Cations

|

Calculate force

l

Location update of Anions
and Cations

No

Solid phase

Mean fitness of No
worst ions is
equal or smaller

with the best ions

Termination
criteria
satisfied

Distribute Anions and
Cations around best ions

Display best
solution

Fig. 4. General steps of the IMO algorithm.
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corresponding fitness of all ions are calculated. According to calcu-
lated fitness values, the best and worst anions are chosen and saved
in proper variables. The attraction forces and position are updated
by Eqs (3.1), (3.2), (3.3) and (3.4) respectively. At every iteration, if
the condition of crystal phase is met, the ions go the crystal phase.
The ions keep going to liquid and solid phases until the satisfaction
of an end criterion. Eventually, the best ion is reported as the best
approximation of the global optimum.

It may be inferred from the optimization steps that the operation
of the IMO algorithm starts with creating a set of random solutions
for a given problem. The problem here can be a test problem or real
problem. The IMO algorithm keeps changing the parameters of the
problem and monitors the outputs. The main operation steps of
the IMO algorithm occurs when deciding about the way of com-
bining the solutions with respect their corresponding calculated
outputs by the problem. The flowchart in Fig. 4 clearly shows that
the modification of solutions is done in two phases discussed in
details above.

It is worth mentioning here that the problem representation
for the proposed algorithm is very simple and straightforward. We
designed the IMO algorithm in such a way to accept all the inputs
as a single vector. Therefore, any optimization problem can be for-
mulated as a minimization problem (without loss of generality) for
the proposed IMO algorithm as follows:

Minimize : F(X) (3.6)

Subjectto: Ibj<x;<ub; i=1,2,...,n (3.7)
where X = [x1, ..., xn], F is the objective function, n is number of
parameters (variables of the problem), Ib; shows the lower bound
of the ith variable, and ub; indicates the upper bound of the ith

variable.

Output
(objective)

— -

—

Problem as a
Inputs (parameters) % black box /

—
——

o)
=
S

o i }

[— ™ Optimum

Fig. 5. IMO considers optimization problems as black boxes and finds their opti-
mum.

As may be inferred from Eqs. (3.6) and (3.7) that problem repre-
sentationisindependent of the structure of the proposed algorithm.
In other words, a designer does not necessarily have to know about
the structure of the IMO algorithm, yet the problem formulation
is the key step for utilizing the IMO algorithm. Once the problem
is formulated by identifying and defining the parameters, range of
parameters, and objective function, a designer is able to employ the
IMO algorithm to determine the global optimum of the problem.

The independency of the problem and IMO is due to consider-
ing problem as black boxes as shown in Fig. 5. This means that this
algorithm only provides a set of solutions for the given problem
and observes the corresponding outputs. Based on the inputs and

Table 1
Benchmark functions used in experiments.
F  Function Function definition Range Optimum
d
fi  Sphere flx)= E x? [-100,100] ©
i=1
d-1
f> Rosenbrock f(x)= E [100(x;, 1 —xiz)2 + (x; — 1)2] [-30, 30] 0
i=1
d d
f;  schwefel  f(x)= E il + H\xi\ [-10, 10] 0
i=1 i=1
d
2
fs  Step fx)= E ( Lxl + O.SJ) [-100,100] ©
i=1
d d 2 d 4
fs  Zakharov  f(x)= E X2+ E 0.5ix; | + E 0.5ix; [-5,10] 0
i=1 i=1 i=1
d/4
o Powell fx)= § [(Xai -3 + 10%4i 2)* + 5(xai-1 = Xai) + (Rai 2 — 2Xai1)" + 10(xai_3 + Xa1)*] [-4,5] 0
i=1
f7 Griewank [-600,600] O
d
fs  Ackley 1 E cos(cx;) | +a+exp(1) [-32,32] 0
i=1
fo  Rastrigin f(x)=10d + E [x? — 10 cos(27x;)] [-5.12,5.12] ©
i=1
d-1
fio Levy F(x) = sin®(zwwy ) + E (w; — 1)*[1 +10sin®(w; + 1)] + (wg — 1)*[1 + sin®(2rwy)], where w; = 1 + x”41,furalli:1,..4.d [-10,10] 0

i=1
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Table 2
The initial parameters of algorithms.
Algorithm Tuning parameter Value
PSO [6] Topology Fully connected
Cognitive constant (C;) 1.8
Social constant (C;) 1.8
Inertia constant (w) 0.6
GA[16] Type Real coded
Selection Roulette wheel
Crossover Single point (probability =0.8)
Mutation Uniform (probability =0.01)
DE [46] Differential variation 0.5
Crossover rate 0.9
ABC [16] Limit SN*D

outputs, the proposed algorithm makes decision as to how to
change the inputs to improve the change of improving the can-
didate solutions and consequently obtain better output.

In order to better understand the behavior of the proposed IMO
algorithm, some comments on the novel concepts and ideas as well
as their effects on the performance of the proposed algorithms are
as follows:

e The proposed method of interaction between the search agents
(ions) of the IMO algorithm using attraction and repulsion forces
are novel, which assist the search agent to move around the
search space and explore diverse regions of search spaces.
Egs.(3.1)and (3.2) have been adapted in the field of evolutionary
optimization for the first time, which assist the search agents of
IMO to update their positions with respect to the best solutions
obtained so far.

Conditions in (3.5) allow search agents to change their locations

randomly and abruptly without considering attraction and repul-

sion forces applied. This mechanism is useful for resolving local
optima stagnation during optimization.

e The proposed equations for simulating liquid phase cause con-
vergence of search agents toward the recent best solutions found
so far. This approach guarantees the convergence of the IMO algo-
rithm toward the best solutions during optimization.

¢ The proposed equations and conditions for simulating the crystal
phase are useful for resolving local optima stagnation. The liquid
phase may cause the search agents to be trapped in local solu-
tions quickly. However, the crystal phase resolves such cases by
relocating the search agents around the search space suddenly
and stochastically.

4. Results and discussion

To examine the performance of optimization algorithms, bench-
marks functions are usually employed. In this paper, 10 test
functions are employed to examine the efficiency and performance

Table 4
Mean run time obtained by ABC and IMO algorithm.
F Alg. ABC IMO
Dim Time (s)
h 30 3.2905 0.3664
fo 30 27.884 0.4783
fs 30 6.3781 0.4225
fa 30 1.7662 0.2178
fs 10 48.5488 0.4081
fe 24 34.3237 0.5764
f7 30 6.0277 0.3751
fs 30 6.7684 0.3651
fo 30 5.1436 0.3279
fio 30 5.2936 0.4078
Table 5
Results obtained by IMO algorithm.
F Dim Best-v Mean-v SD Iter Time (s)
fi 500 0 0 0 171 1.764
1000 0 0 0 175 3.1584
5000 0 0 0 180 18.512
fo 500 0 0 0 144 1.54
1000 0 0 0 151 2.8715
5000 0 0 0 149 16.1764
fs 500 0 0 0 147 1.4664
1000 0 0 0 144 2.5782
5000 0 0 0 145 15.1603
fa 500 0 0 0 12 0.3366
1000 0 0 0 13 0.4553
5000 0 0 0 12 1.7235
fs 500 0 0 0 170 1.8483
1000 0 0 0 174 3.3797
5000 0 0 0 168 18.2349
fs 500 0 0 0 122 2.9622
1000 0 0 0 125 5.7987
5000 0 0 0 126 28.3783
fz 500 0 0 0 55 0.86
1000 0 0 0 61 1.5755
5000 0 0 0 65 8.721
fs 500 8.88E-16 8.88E—-16  2.07883E-31 1000 8.9322
1000 8.88E-16 8.88E—-16  2.07883E-31 1000 17.5463
5000 8.88E-16 8.88E-16  2.07883E-31 1000 105.1334
fo 500 0 0 0 48 0.6778
1000 0 0 0 54 1.2031
5000 0 0 0 52 5.8387
fio 500 1.50E-32  1.50E-32  2.88496E—-48 1000 25.1106
1000 1.50E-32  1.50E-32  2.88496E-48 1000 49.298
5000 1.50E-32  1.50E-32  2.88496E-48 1000 239.9475

Population size was 50 and maximum iteration was 1000 for each run that runs
were repeated 30 times per test function.

Table 3

Results obtained by GA PSO, ABC, and IMO algorithms.
F Alg. GA PSO DE ABC IMO

Dim Mean SD Mean SD Mean SD Mean SD Mean SD

fi 30 1.11E+03 7.42E+01 0 0 0 0 0 0 0 0
fo 30 1.96E+05 3.85E+04 1.51E+01 2.42E+01 1.82E+01 5.04E+00 8.88E—-02 7.74E-02 0 0
fi 30 1.10E+01 1.39E+00 0 0 0 0 0 0 0 0
fa 30 1.17E+03 7.66E+01 0 0 0 0 0 0 0 0
fs 10 1.34E-02 4.53E-03 0 0 0 0 2.48E-04 1.83E-04 0 0
fe 24 9.70E+00 1.55E+00 1.10E-04 1.60E-04 2.17E-07 1.36E-7 3.13E-03 5.03E-04 0 0
f7 30 1.06E+01 1.16E+00 1.74E-02 2.08E-02 1.48E-03 2.96E-03 0 0 0 0
fs 30 1.47E+01 1.78E-01 1.65E-01 4.94E-01 0 0 0 0 0 0
fo 30 5.29E+01 4.56E+00 4.40E+01 1.17E+01 1.17E+01 2.54E+00 0 0 0 0
fio 30 N/A N/A N/A N/A N/A N/A 0 0 0 0
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of the IMO algorithm. The mathematical formulation, domain of
parameters, and optima are presented in Table 1. The functions
of f1 to fz are unimodal, whereas f; to fjg are multimodal. Uni-
modal functions have only one local minimum, while multimodal
functions have multiple local minima [45]. We compare the perfor-
mance of the proposed algorithm with other algorithms in Table 3.
The comparison criteria are average and standard deviation of the
best solutions obtained over 30 independent runs. We also compare
the runtime of the IMO algorithm with ABC algorithm in Table 4.

4.1. Experiments settings

The main tuning parameters of the algorithms are population
size and the maximum number of iterations. In this work, we set
the size of the population to 50 for all algorithms. The maximum
numbers of iterations are also equal to 10,000 for GA, PSO, DE, and
ABC, and 1000 for IMO. Other initial parameters of the algorithms
are provided in Table 2.

We solve each test function by the algorithms 30 times and
report the statistical results in Tables 3 and 4.

4.2. Results

As may be seen in Table 3, the IMO algorithm is compared to
PSO, DE, ABC, and GA. Please note that the value less than 2710 is
considered as 0. Table 3 shows that the IMO has the best mean and
standard deviation among other algorithms. The convergence of the
IMO algorithm toward the optima during 30 runs is quite evident
according to the results. Meanwhile, the maximum iteration is 1000
for IMO algorithm and 10,000 for the other algorithms, evidencing
the fast convergence for this algorithm.

Table 4 provides average runtime of the IMO algorithm com-
pared with ABC algorithm. It should be noted that the end criterion

in this experiment is considered as the optimum value less than
10-12, The results show the average run time of IMO algorithm is
significantly lower than that of ABC algorithm.

Other experimental results in this section are provided in
Table 5. We increase the dimension of the test functions in order to
benchmark the performance of the IMO algorithm when solving
extremely high-dimensional problems. The considered dimen-
sions are 500, 1000, and 5000 dimensions. The results show that
IMO shows very good performance and fast runtime for high
dimensional problems as well. To further investigate convergence
behavior of this algorithm, the convergence curves of the IMO algo-
rithm when solving high-dimensional problems are also illustrated
in Fig. 6. The convergence curves show that IMO show steady con-
vergence over the course of iterations.

To sum up, the results show that the proposed algorithm is able
to show highly superior performance on test functions. The results
of unimodal test functions proved that this algorithm has very fast
convergence rate. This is due to the proposed liquid phase where
the ions tend to be attracted toward the best anion and cation.
This results in quick convergence toward promising regions of the
search spaces. The results of the multimodal test functions also evi-
dence superior local optima avoidance of the IMO algorithm. This
is because of the crystal phase where the ions are obliged to exit
from the local optima by the repulsion forces.

5. Conclusion

In this paper a novel population-based meta-heuristic inspired
from ions was proposed. Two phases were designed in order to
explore and exploit the search space. The ions in IMO algorithm
were required to continuously transit from liquid phase to crystal
phase to find the optimum. Ten standard test functions as well as
three real problems were employed to benchmark the performance
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of the proposed method. The results showed that IMO provides
highly competitive results compared to the well-known algorithms
in this field. The findings showed that the crystal phase assists IMO
to resolve local optima entrapment. In addition, the liquid phase
can guarantee convergence of the ions toward an optimum in the
search space. The proposed algorithm also were not equipped by
any tuning parameters and designed in a way to automatically
adapt itself to the search spaces. According to this comprehensive
study, we offer this algorithm to the researchers in this field and
other fields. For future work, we recommend improving the perfor-
mance of the proposed algorithm using chaotic maps, evolutionary
operators such as mutation and crossover, and hybridizing with
other algorithms. Another research direction is to modify the pro-
posed algorithm to be able to handle multiple objectives for solving
multi-objective problems.
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