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Abstract

This article proposes a new approach in solving optimization
(issues) problems in which two known optimization algorithm
of particle swarm algorithm (PSO) and differential evolution
(DE) a cooperate. The proposed approach uses a coalition or
cooperation model in the game theory to improve the DE and
PSO algorithms. This is done in an attempt to keep a balance
between the exploration and exploitation capabilities by
preventing population stagnation and avoiding the local
optimum. The DE and PSO algorithms are two players in the
state space, which play cooperative games together using the
Nash bargaining theory to find the best solution. To evaluate the
performance of the proposed algorithm, 25 benchmark
functions are used in terms of the CEC2005 structure. The
proposed algorithm is then compared with the classical DE and
PSO algorithms and the hybrid algorithms recently proposed.
The results indicated that the proposed hybrid algorithm

outperformed the classical algorithms and other hybrid models.

Keywords: Cooperative Game Theory, Nash Bargaining Theory, Differential Evolution, Particle

Swarm Optimization.

Highlights

e  The game-theoretic environment fosters competition between algorithms, significantly enhancing their

search capabilities.

e  The Nash bargaining solution provides the best outcome for both algorithms, leveraging their Pareto

optimality property.

e  The exchange of profits from the game encourages the exploration of new areas in the search space,
increasing diversity and preventing convergence to local optima.
e  The Nash bargaining theorem ensures a balance between exploration and exploitation in the proposed

method.
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1. Introduction

Optimization has emerged as a critical issue in various fields, attracting significant research attention in recent
years due to its wide-ranging applications in resource allocation [1], scheduling [2], decision-making [3], and
more. However, many optimization problems, particularly in engineering, are inherently complex and cannot be
solved using conventional methods such as mathematical programming. As a result, numerous metaheuristic
methods, inspired by natural phenomena, have been proposed and are rapidly expanding across various branches
of engineering. Some of the recently developed metaheuristic algorithms include Chicken Swarm Optimization
(CSO) [4], Sine Cosine Algorithm (SCA) [5], Grey Wolf Optimization (GWO) [6], Fruit Fly Optimization
Algorithm (FOA) [7], Cat Swarm Optimization (CSO) [8], Bird Swarm Algorithm (BSA) [9], Bat Optimization
Algorithm (BOA) [10], Differential Evolution (DE) [11], Crow Search Algorithm (CSA) [12], and Particle Swarm
Optimization (PSO) [13].

Despite their widespread and effective application, the DE and PSO algorithms have inherent limitations that can
hinder their performance. A key challenge is achieving a precise balance between the two conflicting objectives
of exploration (diversification) and exploitation (intensification) [18]. To address these limitations, various
strategies have been proposed, one of the most effective being hybridization [19]. Hybrid algorithms, a growing
field in intelligent systems, aim to combine the strengths of different approaches to mitigate their weaknesses [18].
This paper introduces a novel approach to solving optimization problems by combining the DE and PSO
algorithms. The core idea is to use a coalition or cooperation model from game theory, specifically the Nash
bargaining theory, to enable the DE and PSO algorithms to engage in cooperative games. In this framework, the
two algorithms work together to achieve the best balance in the game, which corresponds to the optimal solution
in the state space. During each round, after a specific number of iterations, the DE and PSO algorithms enter the
game environment and cooperate, exchanging the profits earned from the game.

In any cooperative scenario, the goal is to maximize individual profits. The Nash bargaining solution represents
an agreed-upon bargaining outcome that maximizes the product of individual utilities. A key feature of the Nash
bargaining solution is its Pareto optimality property. According to the Pareto optimality principle, no alternative
allocation can improve the outcome for all players simultaneously [20]. In other words, the Nash bargaining
solution is a Pareto-optimal outcome for cooperative games. Therefore, the profit derived from Nash bargaining
serves as the best solution for both the PSO and DE algorithms, owing to its Pareto optimality.

2. Innovation and contributions
Although the DE and PSO algorithms have been successfully applied to a wide range of optimization problems,
both suffer from limitations that reduce their effectiveness. To address these shortcomings, the proposed algorithm
combines and facilitates cooperation between the DE and PSO algorithms. This cooperation is achieved through
a coalition or cooperation model in game theory. Specifically, this paper introduces the GPSO/GDE algorithm, a
game-theoretic combination of the DE and PSO algorithms, designed to enhance search capabilities.
In this framework, after a specific number of iterations, the DE and PSO algorithms enter a game environment
and engage in cooperative games using the Nash bargaining theory. The goal is to achieve the best balance in the
game, which corresponds to the optimal solution in the state space.
The primary objective of this paper is to leverage the strengths of both algorithms to maintain a balance between
exploration and exploitation, thereby preventing population stagnation and avoiding convergence to local optima.
The key contributions of this article are summarized as follows:
» The game-theoretic environment fosters competition between the algorithms, significantly enhancing their
search capabilities.
» The Nash bargaining solution provides the best outcome for both algorithms due to its Pareto optimality
property.
» The exchange of profits from the game encourages the exploration of new areas in the search space,
increasing diversity and preventing convergence to local optima.
» The Nash bargaining theorem ensures a balance between exploration and exploitation in the proposed
method.

3. Materials and Methods
In the proposed method, PSO algorithm is considered as the first player and DE algorithm is considered as the

second player. Figure 1 illustrates the flowchart which presents the proposed method. As it can be seen in the
proposed method flowchart, the initial population of each player is independently evaluated using the objective
function. After the evaluation of all the solutions for the first and second players, the best solution in the first
player and the second player is chosen. These two better solutions are compared with each other so that the best
solution is selected as the disagreement point (v,, v,) in the first round of the game. Since the game has the same
conditions for both players and is symmetric, the values v; = v, are equal in the first round.
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In each round, the first and second players each run N times independently, and in each iteration, the best solution
and its evaluation value are stored for the first player in the set M; and for the second player in the set M
respectively. This means that N elite solutions are stored in the sets M; and M, for each iteration.

After N times of iteration, both players enter the game environment and according to the following equation, the
Nash bargaining theorem is applied to the feasible set F and the disagreement point(vy,v,). The unique
answer f (F,v) = (x1,x5) is selected as the best answer, which is the result of cooperation between two players.
In the above equation, according to the condition of the bargaining theory, if (x4, x,)is chosen from the feasible
set F is better than the disagreement point (v;, v,), then it is considered as a unique answer (xj,x3) = (X1, X3),
otherwise, the disagreement point is selected as the unique answer (xj, x3) = (v, V). The unique answer (X3, x3)
is the best answer for both players due to the Pareto optimality property.

x1 is the game profit for the first player which is taken as the base vector in the DE mutation operator for the next
iteration round and causes a change in the DE mutation operator. x; is the game profit for the second player which
is used as the lead particle in PSO to update the particle velocity vector in the next iteration round and changes
the direction of particles' motion. Also we should state that v; = x; as the disagreement point for the first player
and v, = x{ as the disagreement point for the second player are updated. In fact, the unique answer (xj,x;) of
this round of Nash bargaining is valued as the disagreement point (v;, v,) for the next round of Nash bargaining.
In general, the condition of the Nash bargaining theorem helps to maintain the balance between the ability to
explore and exploit in the proposed algorithm. In fact, selecting (x;, x,) from the feasible set F' leads to exploring
and searching the problem space thoroughly to find an optimal solution. Also, choosing the disagreement point
(v1, v,) leads to extracting better solutions. The exchange of profits earned from the game between the algorithms

leads to exploring new areas in the search environment, increasing diversity, and avoiding the local optimum.

4. Results and Discussion

In summary, the proposed GPSO/GDE algorithm demonstrates superior performance and robustness compared to
other algorithms in terms of search capability and scalability for solving optimization problems. This advantage
stems from the algorithm's use of the Nash bargaining solution to combine the DE and PSO optimization
algorithms. The Nash bargaining solution is unique, adhering to five key principles: Pareto optimality, individual
rationality, linear invariance, independence of irrelevant alternatives, and symmetry. Additionally, the Nash
bargaining theory aims to maximize the profit for both players, maintain a balance between exploration and
exploitation, avoid local optima, and enhance diversity in the proposed algorithm.

While the proposed algorithm incurs a higher computational cost compared to other algorithms due to the
independent execution of the DE and PSO algorithms, the significant improvement in results and overall
superiority justify this additional cost.

5. Conclusion

This paper introduced a hybrid algorithm combining the DE and PSO algorithms to address optimization
problems. Although both DE and PSO have been widely used for optimization, they suffer from limitations that
hinder their performance. For instance, the PSO algorithm is prone to premature convergence and may become
trapped in local optima when solving complex problems. Similarly, the DE algorithm heavily depends on the trial
vector generation strategy and the values of its parameters.

To overcome these challenges, the proposed GPSO/GDE algorithm leverages the combination and cooperation of
the DE and PSO algorithms, facilitated by the Nash bargaining theory. This approach maximizes the profits for
both players, maintains a balance between exploration and exploitation, avoids local optima, and enhances
diversity. The game-theoretic environment fosters competition between the algorithms, significantly improving
their search capabilities.

Experimental results demonstrate that the GPSO/GDE algorithm outperforms both the classical DE and PSO
algorithms and other hybrid algorithms in terms of standard deviation and mean error.
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Table 1. Simulation parameter

Parameter Value
D: Dimension 10,30,50
P: Population size D*6
MaxlIter: Maximum number of iterations 10000
MaxFES: Maximum number of function 200000
evaluations
N: The number of iteration 10,20,30
W: Inertial weight 0.7298
cl=c2: Constant training coefficients 1.49445
F:Scaling factor 0.5
CR: Crossover rate 0.9
DE Strategy DE/rand/1/bin

1 Unimodal functions

2 basic multimodal functions

3 Expanded functions

4 Hybrid composition functions
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Algorithm 1: GPSO/GDE

Initialize the parameters: P, N, D, (LB, UB), MaxlIter, MaxFES, w, c,, c;, F and CR;
/* GPSO: PSO algorithm as the first player */
/* GDE: DE algorithm as the second player */
POP;: The initial population GPSO with size (P * D) is randomly initialized in the range (LB, UB);
POP:: The initial population GDE with size (P * D) is randomly initialized in the range (LB, UB);
Evaluate the fitness of the POP; and obtain p;pest and Pgpests
Evaluate the fitness of the POP, and obtain the best solution Sp,.;
FES=FES+2P;
If (pg‘bes() is better than (Speg)
v, = pg,best; vV = pg,best;
Else
V1 = Spests V2 = Spests
End If
1t=0;
While Tt<= MaxIter or FES<= MaxFES
/* GPSO algorithm */
For k=1 to N do
Fori=1toPdo /* for each particle in the POP, */
Update particle velocity using Eq. (1);
Update particle position using Eq. (8);
Evaluate the fitness function of the new particle;

FES=FES+1;
Update pi,best and pg,best;
End For
M,; = min(pop,); /* choose the best particle in POP; */
End For

/* GDE algorithm */
For k=1 to N do
Fori=1to P do /* for each particle in the POP, */
Select uniform randomly i # i; # i, # i3;
Generate mutation vector u; using Eq. (7);
Generate the trial vector x| using Eq. (4);
Evaluate the fitness function of the trial vector X;;
FES=FES+1;
If f(x;{) is better than f(x;)
X=X
End If;
End For;
M, = min(pop;) /¥ choose the best individual in POP, */
End For;
Cooperative by Algorithm 2;
It=It+1;
End while;
X, 1s selected as the best value for the GPSO algorithm and x; is selected as the best value for the GDE

Algorithm 2: cooperative

Input: M, M, vy, V5

/* Game environment */

F = M, # M,; /*F is equal to the Cartesian product of the evaluation values of the best solutions (M and Mz)*/
For each (x;, x2) € F do

(x1,x3) = argmax((x, — v,)(x; — v,))

End For

If v, is dominated x;{ and v, is dominatedx; /*Condition of Nash bargaining theory™*/
X] = Vq; X5 = Vy;

End if

pg,best = xé: Xil = x{;

Vi = X3V = Xq;

O“tPUt: Pgbest> Xi;» V1, V23

GPSO/GDE 5,651 o8 anis o\ S
Figure 1. Flowchart of the GPSO/GDE algorithm
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Table 2. The results of experiments on parameter N with different values

Mean sD Mean sD
Fi D n=10 n=20 n=30 n=10 n=20 n=30 Fi D n=10 n=20 n=30 n=10 n=20 n=30
10 0.00E+00 0.00E+00 0.00E+00 0.00E-+D 0.00E-+HID 0.00E+H)D 10 2.82EH)0 2. 44EH0 2 45EHD 9.59E-02 1.26E-01 2.54E-01
F1 30 379E-14 0.00E+00 1.89E-14 3.28E-14 0.00E+00 3.28E-14 F14 300 1.29EH)1 1.28E+01 1.27TE+01 1 29E-01 1 41E01 6.56E-01
50 568E-14 5.68E-14 5.68E-14 0.00E+DD 0.00E-+00 0.00E+00D S0 2.28EHDI 2.21EH)1 2.21EH0I 1.52E-01 2.33E01 S8IE-01
10 0.00E+00 | .89E-14 0.00E+00 0.00E+)D 3.28E-14 0.00E+O0D 10 2. 16EH)2 1.73E+H)2 5.60EH)I 1. T6E+02 1 .96E+02 4 91E+01
F2 30 5.26E-08 5.6TE-09 9.59E-10 2.31E-08 2.62E-09 1.23E-09 F15 300 3.33E+H02 3.00E+02 3.00E+H02 1.15E+02 1.00E+02 1.00E+02
50 1.35E+01 8.35E+00 6.1 8E+00 9.93EH0 6.76EH0 4.86EH0 500 307EHI2 3.15EH2 4.05EHR 9.65E+01 8.97E+01 2.25E+01
10 2.58E+04 1.37E+04 2.03E+04 1.66EHM 1.40E+HM4 5. T1EH3 10 1.09E+H2 1.05EH2 1.1SEHR2 9.88E+00 4. 89E+00 2.89E+01
F3 30 T7.A3E+05 6. 46E+05 8.B3E+05 1.16EH)S 1.49E+H)5 8.24E+05 Fi6 30  290E+02 1.8OE+02 2. 38EH2 9.65E+01 5.05E+01 JA2E+01
50 5.08BE+06 6.19E+06 526E+06 2.13E+06 2.37E+H6 1.59EH)6 S0 2.57E+D2 3.02E+H02 2.65EH)2 T.I8E+DO 3.54E+01 4.00E+01
10 0.00E+00 1.89E-14 0.00E+00 0.00E+HDD 3.28E-14 0.00E+HOD 10 LISE+D2 1.I19E+H)2 112EHR2 4. 83E+00 2.08E+01 1.06E+01
F4 30 367TE-02 I.36E-01 1 A9E-01 2.23E-02 1.O9E-02 1LITE-01 F17 30 2.16EH)2 2.2TEH)2 2.58EHI2 4 A6E4+00 1.T6E+01 T.10E+01
30 1L.11E+03 I .39E+03 2.00E+03 5.03E+H)2 5.98E+)2 8.22EH)2 s 276EHD2 3.08EH)2 2.98EH2 4. 76E+00D 5.93E+01 4.58E+01
10 0.00E+00 0.00E+00 0.00E+00 0.00E-+)D 0.00E-+D0 0.00E+OD 10 4.67EH2 T.01E+H)2 4.6TEH)2 2 89E+02 1.71E+02 2 89E+02
Fs 30 1.77EH03 2.28E+03 3.37E+03 9.05EH)2 1.19E+03 2.30EH)2 F18 30 9.06E+02 9.05E+H)2 9.05E+02 1.08E-01 4.14E-01 9.28E-02
50 4.89E+03 6.03E+03 6.36E+03 7.25E+02 7.56E+02 1.83E+03 30 9.29E+D2 9.27E+02 9.25E+H)2 4. 52E+00 409E+00 1.17E+00
10 1.31E-01 1.84E-01 1.63E-01 1.35E-01 1.58E-01 1.57E-01 10 6.33E+H2 3.00E+02 8.00E+H02 2.89E+02 0.00E+00 2.92E-05
F6 30 6.04E+01 4 25E+01 4.92E+01 2.84E+01 2.31E+01 230E+01 F19 300 9.05E+02 8.7TEH2Z 9.05EH2 4 40E-01 5.02E+01 6.54E-01
30 T9I1E+02 1. 14E+03 1. 20E+03 3.28E+H)2 2.95E+)2 8.37TEHI S0 930EHD2 0.28E+H)2 9.25EH)2 563E-01 T24E+00 2.72E4+00
10 127E+03 1. 27E+03 1.27E+03 0.00E+DD 0.00E+00 I.14E-13 1y 6,33EH)2 8.00E+02 3.00E+02 2.89E+02 6.99E-06 0.00E+00
F7 30 4.70E+03 4.TOEA03 4. TOE+03 5.04E-12 1. 44E-12 6.43E-13 F20 30 9.05E+H)2 9.05E+)2 9.05E+H)2 207E-01 3.53E01 6. T8E-02
50 620E+03 6.20E+03 6.20E+03 4.41E-12 5.28E-09 2.59E-11 500 9.27EHI2 9.23E+H02 9.27TEH2 T.50E-01 2.J0E+00 2.8TE+0D
10 2.03E+01 2.03E+01 2.03E+01 4.81E-02 5.T1E-02 8.28E-02 10 6.18E+HD2 8.09E+H2 6. 17EHR 3.90E+02 2.81E+02 3.90E+02
F8 30 2.09E+01 2.09E+01 2.09E+01 4.37E-02 9.88E-03 3.13E-02 F21 30 5.00E+02 5.00E+H02 6.00EHR2 1.33E-13 1.33E-13 1.73E+02
S0 2.11E+0 2.1 1E+01 2.1 1E+01 5.03E-02 2.77E-02 1.24E-02 50 B48EHI2 9. 50EH)2 6. TREH)2 J02E+02 1 30E+02 3.09E+02
10 6.63E+00 6.63E+00 3.98E+00 5.48E+00 1.52E+H)0 9.95E-01 10 B.07EHI2 7.53E+H02 8.00EH)2 9.60E+01 3.93E+00 0.00E+00
F9 30 3.83E+01 5.21E+01 5.80E+01 1.99E+HDD 946E+00 231EH)I F22 30 973EH2 9.63E+02 9 40E+H)2 3.62E+01 6.8TEAD0 6.1 5E+00
50 9.98E+01 1.OTE+02 9.95E+01 2.21E+)1 3.51E+01 9A9EHD S0 9.85EH)2 1.O0EHD3 9.84EH2 8.80E+00 J18E+01 8. TIE+0D0D
10 2.00E+01 1. 36E+01 1.76E+01 2.90E+00 2. 50E+00 4. 14EHD 10 6.13EH2 7.24EH)2 6. 13EH)2 9 34E+01 2 84E+02 0.34E+01
F10 30 581E+01 5.1 TE+01 7.65E+01 1.75E+H) 2.25EH)M 1.20EH)1 F13 30 534E+02 5.34EH02 5.34E+02 1.96E-12 4.00E-06 2.53E-07
50 1.53E+02 1.22E+02 1 40E+02 1.26E+02 3.67EHM 2.2TEH) 50 T.O01EHD2 T.18EH)2 TA41EH2 2. J0E+02 2.5TE+02 2A5E+02
10 3.85E+00 5.12E+00 4 83E+00 1.7T1EH)O 1.OSE+D0 1.49EHO 1y 2.00EHI2 3.00EH)2 2.00E+H2 0.00EA+00 1.73E+02 0.00E+00
F11 30  1.82E+01 2.12E+01 245E+01 3. 13E+00 2.15E+00 3. 18E+H0 F24 30 2.00E+02 2.00EH2 2.00E+H2 1.81E-12 0.00E+00 0.00E+00
50 3.66E+01 4 A9E+01 4 31E+01 2.6TE+00 4.24E+00 3.86E+00 50 4.89EH)2 T.38EH)2 1.01E+H)3 4 A48E+02 4.61E+02 1.04E+01
10 346E+02 1.52E+02 2.05E+02 3.58E+02 6.13E+01 1.49E+02 10 8. 18E+D2 8. 18EH)2 8.17TEH2 1.77E+00 9.6TE01 1 ASE+00
F12 30 1.79E+05 I .S0E+05 1.23E+05 6.7T1EHM4 5.51E+04 8.85E+04 F25 30 995EH)2 9.99E+)2 9 99E+H)2 6.82E+00 5. 13E+00 1 .23E+00
50 1.08E+06 1.09E+06 1.15E+06 1.71EH)S 1.85EH)S 1.27EH)5 50 1.23EHD3 1.23EH)3 1.24EH)3 1.08E+01 4,03E+00 6.09E+00
10 581E-01 5.82E-01 7.50E-01 1LOTE-01 9.99E-02 3.78E-01
F13 30 3.88E+00 3 .86E+00 4 99E+00 1. 10EHM) 8.41E-01 1.89EHIO
S0 628E+00 7.3TE+D0 1.25E+01 1.12E+H)0 8.35E-01 3ATEHO
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Table 3. The results of experiments with the classical DE and PSO algorithms and the GPSO and GDE algorithms in the proposed method

Mean 5D Mean sD
Fi D GPSO PSO GDE DE GPSO PSO GDE DE Fi D PSO GDE DE GPSO PSO GDE DE
10 O.00EH00 6.00E-06  0.00EH0  000E+00  0.00E400  1I8E-05  0.00E+00  0.00E-H0 10 J34EH0 3.24E+00  325E+00  3.03E-01 243E-01 4.20E-01 2.74E-01
Fl 30 4.66E-13 1.69E-01 7.96E-14 1.14E-14  9.15E-13 8.80E-02  3.11E-14 2.54E-14  Fl14 30 1L.23E+01  1.24E4H01  1.24E4H01  9.84E-01 1.94E-01 3.67E-01 5.15E-01
30 1.75E-04  561E+00  1.59E-13 5.89E-08 1.57E-04  291EH0  4.76E-14  2.00E-08 S0 222EHI1 2.26E+01  230E+01 5.63E-01 2.46E-01 3.48E-01 1.26E-01
10 0.00E+00  3.83E-04  6.82E-14  6.J0E+03  0.00EH)0  425E-04  623E-14  339E+03 10 4.28E+02  4.85EH)2  T.88EH)2  1.58EH2  631E4+01  T44EHO1 1.02E+02
F2 30 4.69E-02  429E+01  3.75E-13 6.30E+03  3.01E-02 165E+01  3.011E-14  398EH)3  FI5 30 6.44E4+02  4.12E+02  B.94EH2  3.77EHIL 1 23E+02  S.8EH01 1.03E+02
S0 5.98EHI2  1.09E+03  6.61EH0 6.72E4+03  L43EH2  225EH2 BTIEH)]  2.82ZEH)3 50 5.53EH2  4.09E402  B26EHIZ  5.26E+01  1.86E4H02  6.21EHI  5.58E+01
10 LODE+OS  1.02ZE+05  249EH)3  14T7E+07  BI3TEH04  SOIEHM  424E+H03  1.55E+07 10 1.23E+02  146E+02  3.73EH02  [48EHIL  1.38E+01  2.01E+01  1.34E+02
F3 30 1L49E+06  823E+06  6.10EHS  121E4+07  6.21EH05  433EH6  350EH)S  607E+H6  Fle 30 211EH2 - 2.50E+02  3.00E+02  1.68EH)2  633E+01  1.38EH02  1.79E+01
30 T62EH6  351E+07  6.17EH06  113E+H07  1L53EHI6  122EH07  229EH06  4.02E+06 S0 391EHZ  1.34E+02 3.56E+02  1.24EH)2  562E+01  361EH1 1.33E+02
10 O.00E+H0  938E-02  1.02E-13 2.84E+02  0.00EH0  6.38E-02 1.O9E-13  229EH)2 10 L91E+)2  1.41EH02  359E+H02  B.27E+01  128E+02  1.39EH)1  225E+02
F4 30 L69EHI2Z  1.77E+03  2.85E-01 401E+01  1.24E+02  1.00EH)3  6.10E-01 298E+01  F17 30 2.66EH02  32TEH2  323EH)2  1.38EH)2 381E+01  1.96EH)2  8.36E+01
S0 1.28E+04  2.03E+04  1L44EH4  6.01E+04  420E+03  4.79E+H03  838E+03  1.08E+HM S0 3.68EH02  2.76EHI2  3.73EHD2 1 41EH02 T21E+01  LLSTEH)2  [.14E+02
10 0.00E+00 5.68E-02  7.28BE-13 0.00E+00  0.00E4H00  7.73E-02 1.63E-12  0.00E+H0 10 T.93EH2  937EH2  LOIE+)3  9.00EH00  292E+02  B.96EH)I  1.09E+02
F5 30 J.50EH)3  99T7E+03  210EH03  138E402  4.68EH02  124EH)3  1.05E+03  1.59EH02  FI§ 30 9.14EH)2  9.21E4H02  948EH02  4.37EHD0  1.75E4H00  2.68EHIL  3.64E+01
30 T.58EHI3  1.7BE+04  S99E+03  93BE+03  1LB4EHIZ  275EH03  1.06EH3  BOSEH2 S0 9.64EHI2  9.32E+02  9.83E+02  1.58EHI1 T7.51E+01 9.06EHO0 348E+0]
10 5.84E+00  1.75E+02  7.97E-01 6.78E+00  6.30EH00  1.63EH)2  [.78EHI0  6.58EH10 10 9.32EH02  8.25EH)2  1.OGE+D3  3.10EH02  830E+01  2.70EH)2  1.82E+02
F6 30 9.33EH1  1.54E+03  LS9EHO0  2.93E401  6.88E4H01  265EH)3  208E+00  265EH01 FI9 30 8.18EH)2  9.08E402  L.OIEHD3  2.01E+01  2.00E+02  2.72EHI0  6.26E+01
S0 1.33E+02  4.08E+03  1.OSEHI0  463E+01  842E+01  4.18E+03  232E+00  3.87E-01 S0 9.70EH2  930EH02  1.02EH03  2.18EH)I  3.51E+01 7.98EH00  SA46E+01
10 1L2TEH03  1.27E+03  L.2TEH)3  1.96E+03  1.97E-13  0.00E400  9.86E-02  2.78E+02 10 9.95EH)2 9. 79E4H02  LL19EHO3  1.28EH02  2.45E401 1LOGE+HD2 4 8TE+01
F7 30 471EH3  470E4+03  4.70EHI3  5.03E+03  BOOE4HO0  000E+M0  643E-13 205EH2 F20 30 9.21EH2  9.09E+02  LOZEHD3  5.5TEHI0 2.08E+01  1LOSEH0  1.61E+01
30 6.27EH3  622E4+03  6.20EH)3  628E+03  2.00EH01 38BE+01 2.3E-12 649EHII S0 LOSEHD3  937EH2  1L04EH03  5.54E+00  1.0O0OE+02  1.33EHI1  1.85E+01
10 202EH)1  203E+01  2.03E+01  204E+01  5.23E-02  2.04E-02 6.52E-02  364E-02 10 9.64EH)2  9.22E+02 1.31E+03  2.62EH)2  2.8BE+02  356EH2 5.55E401
F8 30 2.09E4H01  2.00E4+01  2.09E+01  210E+01  8.56E-02  345E-02  329E-02  598E-02  F21 30 546EH02  6.19EH02  1.18EH)3  2.89EH)2  B.08E+0I  2.66EH02  4.07TE+0]
S0 210E401  2U02E+01  2012EH01 2U02E+01  551E-02 328E-02  3.85E-02  3.83E-02 S0 9.34E402  1.02EH03  1L.OIE+)3  3.07EH02  376E+02  9.68EHI0  [.15E+02
10 L33EH01  1.81E+01  1.53E+01  3.50E+01  240E+00 1 47E+H01  S583EH00  1.35EH) 10 T.O03EH2  8.12EH)2  1L.OIE+)3 2. 82EH01  226E+02  3.68EH)I [ 42E+02
F9 30 LOOE+D2  1.7E+02  745EH)1  8§44E+01 LT9E+01  254E+401  209EH01  1.O2E+01  F22 30 9.15EH)2  943E402  L.OIEHD3  4.53E+01  2.88E+01 LOIEHO] 4 43E+01
30 L99E+H)2  268E+02  149EH2  166E+02  1L54E+01  275EH) 390EHI1  340E+H01 S0 9.68EHI2  1.OIE+03  LOSE+D3  231EH)1 245E+01  322EH01  2.09E+01
10 283EH)1  2.88E+01  237EHOL T7.94E400  7.33EH0 9.T73EH0 1.O3EH01 2A3EH0 10 9.52EH)2  9.01E4H02  1.32EH03  2.61EH)2  3.65E+02  3.30EH)2Z  2.11E+01
Flo 30 L39E+H02  207E+02  931E4H01 192E+02  290E+01  4.79EH)1  243EH)1  393E+H00  F23 30 T51EH2  6.66E+H02  116E+03  2.85EH)2  287E+02  1.22EH02  6.10E+01
S0 233EH02  470E+02  1.68EHI2Z  4.06E+02  6.23EH)I 624EH01  S5T7T7EHI1 1.38E+01 S0 LOSE+H)3  1.02E+03 1.14E+03  1.58E+02  283E+02 3.76EH)0  7.56E+01
10 4.TIEH0  634E+00 424EH00  4.60E+00  1.53EH)0  5.53E-01 1.86EHI0  T7.79E-01 10 3.62EH2  6.83EH)2  LLIIEH)3  1.64EH02  1.53E+02 4 17EH2 [ 44E+02
FI1 30 LL62ZEHO1  3.08E+01  1.68E+01  3.75E+01  4.61E+00  280EH00  229EH00  9.84E-01 F24 30 212EH02 B.I9EH)2  LLI4E+03  5.37E-10  2U02E+00  346EH)2  1.06E+02
S0 J78EHIL SB6EH01 345EHD1 T33E+01 4.64EH0  344EH0 2.70EH0  [L8SEH0 50 1L23E+03  1.0TEHD3  1.22EH03  4.40EH)1  333E+01 1LOSE+02  2.90E+01
10 JATEHZ  1.82E+04  2.95E+03  1.29E+04  6.93EH)2  8.58E4H03  238EH03  2.80E+)3 10 LLO2ZE+03  1.OIE+D3  1.32EH03  2.29EH)I 267E+02  2.62E+02  1.11E+02
F12 30 4. 19E+04  1.55E+05  S541EH)S  5.14E+05  6.95E+04  486E+04  279EH)S  6.55E+HM F25 30 LLO9E+03  1.08E+D3  1.2T7EH03  143EH)Z  1.04E+02  8.B4E+01  2A4TE+OI
30 4.63EH5  BOSEHDS  3.14EH6  35T7E+06  2.90EHDS  B6E+HM  951EHDS 23TEHIS S0 L30E+HD3  1.26EH03  1.29E4H03  1.61E+01  1O9E+01  2.54EH)1 1.87E+01
10 7.59E-01 8.77E-01 7.36E-01 3.07E401 2.14E-01 330E-01 1.35E-01 5.19E-02
F13 30 J.O08EHI0 TOH9E4H00  4TIEHO0  T.OTE+00  LISEHIO  320EHM0  T26E-01  4.56E-01
S0 645600 1.90E+01  9.85EH)0  221E+01  140EH)0  3.85E+00  244E+00 1 46E+00
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Figure2: The convergence curves of the PSO, DE, GPSO, and GDE algorithms for dimension 50
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M EPSODE MPSO PSOJADE DEPSO GPSO GDE
W Fi D Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
w 10 7.24E+02 84T7E+H02 249E+02 3 92E+01 1.29E+03 6.27EH)2  3.54E-09 5.97E-09  0.00E+00 0.00E+00 0.00E+00 0.00E+00
F1 30 131E+03 5.00E+H02 945E+03 4.69E+03 1.99E+04 2.19E+H03  7.34E-02 1.50E-02 4.66E-13 9.15E-13 7.96E-14 3.11E-14
pm. 50 399E+04 3.01E+04 2.09E+04 491E+03 530E+H04 2.65E+H03  3.33EH00 439E-01 1.75E-04 1.57E-04 1.59E-13 4.76E-14
.mj 10 195E+02 123E+02 261E+02 227E+02 1.55E+03 2.61E+H02  1.06E-01 6.28E-02  0.00E+00 0.00E+00 6.82E-14 6.23E-14
. F2 30 939E+03 8.52E+03 4.10E+H04 2.10E+04 2.75E+04 3.35E+03 1.17E+03  1.28E+02 4.69E-02 3.01E-02 3.75E-13 3.11E-14
w, 50 839E+04 358EH04  9.15E+04 1.12E+04 9 25E+H04 1.21E+04  159E+04 1.01E+03 S.98E+02 143E+02 6.61E+01 8.71E+01
/u. 10 1.56E+06 2.15E+06 520E+H06 2.18E+06 2.72E+06 1.83E+06 3.53E+H05  3.24E+05 1.00E+05 837EH)4  2.49E+03  4.24E+03
3 F3 30 6.17EH07 396EH07 9.33EH07 1.33E+H07 1.83E408 328E+H07 1.82E+H06 5 34E+05 1.49E+06 6.21E+05 6.10E+05 3.50E+05
J g 50 229E+H08 224EH08 6.87EH08 4.68E+H08  1.00E4H09 2.72EH07  4.67E+06  198EH06  T7.62EHA 1.53E+06 6.17E+06 2 29E+06
IM.M m 10 593E+03 B8.01EH03 959E+02 4.60E+02 1.72E+03 6.06E+H02  593E-01 4 84E-01 0.00E+00 0.00E+H00  1.02E-13 1.09E-13
W w, W F4 30 577E+04 1.04E+03 S5 44EH4  953E+03  2.79E+04 460E+H03 2.82E+03 1.46E+03 1.69E+02 1.24E+02 2.85E-01 6.10E-01
S D e 50 1.35E+05 3.14E+04 1.29E+H05 331E+04 1.03E+05 1.54E+04 2.64E+04 420E+03 1.28E+04 4 20E+03 1.44E+04 8.38E+03
IM M m 10 578E+03 594E+03 135E+02 4.11E+01 5.61E+03 5.78E+H2  4.51E-01 3 86E-01 0.00E+00 0.00E+H)0  7.28E-13 1.63E-12
D po F5 30 127E+04 105E+03 1.80E+04 140E+04 1.86E+04 1.16E+03 355E+03 3 40E+02 3.50E+03 4.68E+H02 2,10E+03 1.05E+03
w M) m 50 156E+04 388E+03 1.78E+04 2.65E+03 3.00E+04 T55E+02  T7.04E+03 3.84E+02 7.58EH03 1.84E+03 599E+03 1.06E+03
3 w £ 10 297E+07 S5.07EH07 2.66EH06  1.52E+06 2.76E+07 2.34E+07  4.98E+H00  3.93E+00 5.84EH00 6.30E+H00 7.97E-01 1.78E+00
o g & Feo 30 594E+08 1.01E+09 7.15E+H08 S5.77E+08 3.58E+09 T.53E+H08  8.25E+H02  1.05E+03 9.33E+01 6.88E+01 1.59E+00 2.18E+00
@ = m. 50 534E+H09 S899EH09 3 20EH09  2.02EH09 1.44E+10 T.66E+H08  3.53E+H03  1.17E4+03  1.33E+02 8 42E+H01  1.05E+00 2 32E+00
W &.u, & 10 127E+03  463E-01 127EH03 354E-01 127E+H03 2.23E-05 1.27E+03 1.04E-01 1.27E+03 1.97E-13 1.27E+03  9.86E-02
al 3 m F7 30 471E+03 1.70E+01 S527E+H03 994E+02 4.72E+03 1.19E+01 4.70E+03 1.44E-08 4.71E+03 8.00E+H00 4.70E+03  6.43E-13
o K] M 50 6.28E+03 125E+H02 6.91E+03 1.08E+03 6.29E+03 3.55E+01  6.20E+03 2.00E-05 6.27EH03 2.00E+H01 6.20E+03 2.13E-12
c\/m 2 m 10 2.01E+01 2.07E-01 2.02E+01 3.80E-02 2.03E+01 9 88E-02 2.03E+01 5.55E-02 2.02E+01 5.23E-02 2.03E+01 6.52E-02
3 M £ F8 30 2.06E+01 391E01 2.10EH01 6.42E-02 2.09E+01 8.78E-02 2.10E+01 323E-02 2.09EH01 8.56E-02 2.09E+01 3.29E-02
a._\ M 50 2.08E+01 1.80E-01 2.11E+01 224E-02  2.12E+01 1.74E-02 2.12E+01 2.35E-02 2.10E+H01 551E-02 2.12E+01 3 85E-02
> g 10 322E+01 491EH00 744E+01 561E+H00 3 45E+01 5.73E+H00 1.18E-08 1.03E-08 133EH01 240E+H00  1.53E+01  5.83E+00
F ro 30 1.72E+02 360E+01 4.83E+02 1.99E+01 2.89E+02 1.07E+01 3.43E+00 148E+00 1.00E+02 1.79E+01 745E+01 2.09E+01
50 424E+H02 1.08EH02 582EH02  35T7E+H01 6.05E402 1.88E+01 1.72E+02  7.52E+01 1.99E+02 1.54E+01 1.49E+02 3. 90E+01
10 454E+01 346E+01 1.04E+02 224E+01 481EH01 277EHO  1.43E+01 548EH00 2 .83EH01 733E+H0 237E+01  1.03E+01
F10 30 292E+02 B829E+H01 4.13E+02 485E+01 395E+02 5.88EH00  2.02EH02 9 36EH00 1.39E+02 290EH)1 931E+01 243E+H01
50 579E+02 1.79E+02 7.17E+H02 6.21E+01 S8.07E+02 3.26E+01  4.07E+02  927E+00 2.33E+02 6.23E+H1 1.68E+02 5 77E+01
10 9.16E+00 234E+00 8.75E+00 1.08E+00 8.11E+00 4 68E-01 4.20E+00 9.10E-01 4.71E+00 1.53E+00 4.24E+00 1.86E+00
Fil 30 3.11E+01 201E+00 4.03E+01 1.11E+00 4.00E+01 897E-01 193E+01 3 70E+00 1.62E+01 461E+H00 1.68E+01 2.29E+00
50 637E+01 S599E+00 7.31E+01 6.58E-01 7.33E+01 1.36E+00 7.06E+01  2.85E+00 3.78E+01 4 64E+H00 3.45E+01 2. 70E+00
10 361E+03 290EH03 2.16E+04 S500E+03 220E+04 390E+H03 T7.16EH03  B.96EH02 3.17E+02 6.93E+H02 295E+03 238E+H03
F12 30 431E+05 443E+05 1.02EH06 6.48E+04 9.84E+05 5.28E+H04 6. 77EHDS  1.36E+H05  4.19E+04 6.96E+H04 S541EH05  2.79E+05
50 159E+06 120E+06 532E+H06 1.58E+05 5.32E+06 1.45E+H05 3 44E+H06 6.01E+05 4.63E+05 290EH)5  3.14E+H06  9.51E+05
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