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Abstract

:

Diversity maintenance is crucial for particle swarm optimizer’s (PSO) performance. However, the update mechanism for particles in the conventional PSO is poor in the performance of diversity maintenance, which usually results in a premature convergence or a stagnation of exploration in the searching space. To help particle swarm optimization enhance the ability in diversity maintenance, many works have proposed to adjust the distances among particles. However, such operators will result in a situation where the diversity maintenance and fitness evaluation are conducted in the same distance-based space. Therefore, it also brings a new challenge in trade-off between convergence speed and diversity preserving. In this paper, a novel PSO is proposed that employs competitive strategy and entropy measurement to manage convergence operator and diversity maintenance respectively. The proposed algorithm was applied to the large-scale optimization benchmark suite on CEC 2013 and the results demonstrate the proposed algorithm is feasible and competitive to address large scale optimization problems.
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1. Introduction


Swarm intelligence plays a very active role in optimization areas. As a powerful tool in swarm optimizers, particles swarm optimizer (PSO) has been widely and successfully applied to many different areas, including electronics [1], communication technique [2], energy forecasting [3], job-shop scheduling [4], economic dispatch problems [5], and many others [6]. In the design PSO, each particle has two properties that are velocity and position, respectively. For each generation in the algorithm, particles’ properties update according to the mechanisms presented in Equations (1) and (2).


Vi(t+1)=ωVi(t)+c1R1(Pi,pbest(t)−Pi(t))










+c2R2(Pgbest(t)−Pi(t))



(1)






Pi(t+1)=Pi(t)+Vi(t+1)



(2)




where Vi(t) and Pi(t) are used to represent the velocity and position of the ith particle in the tth generation. ω∈[0,1] is an inertia weight and c1,c2∈[0,1] are acceleration coefficients. R1,R2∈[0,1]n are two random vectors, where n is the dimension of the problem. Pi,pbest(t) is the best position where the ith particle ever arrived, while Pgbest is the current global best position found by the whole swarm so far.



According to the update mechanism of PSO, the current global best particle Pgbest attracts the whole swarm. However, if Pgbest is a local optimal position, it is very difficult for the whole swarm to get rid of it. Therefore, for PSO, it is a notorious problem that the algorithm lacks competitive ability in diversity maintenance, which usually causes a premature convergence or a stagnation in convergence. To overcome this issue, many works are proposed in current decades, which are presented in Section 2 in detail. However, since diversity maintenance and fitness evaluation are conducted in the same distance-based space, it is difficult to distinguish the role of an operator in exploration and exploitation, respectively. It is also a big challenge to explicitly balance the two abilities. Hence, in current research, the proposed methods usually encounter problems, such as structure design, parameter tuning and so on. To overcome the problem, in this paper, on one the hand, we propose a novel method to maintain swarm diversity by an entropy measurement, while, on the other hand, a competitive strategy is employed for swarm convergence. Since entropy is a frequency measurement, while competitive strategy is based on the Euclidean space, the proposed method eliminates the coupling in traditional way to balance exploration and exploitation.



The rest of this paper is organized as follows. In Section 2, the related work to enhance PSO’s ability in diversity maintenance is introduced. In Section 3, we propose a novel algorithm named entropy-assisted PSO, which considers convergence and diversity maintenance simultaneously and independently. The experiments on the proposed algorithm are presented in Section 4. We also select several peer algorithms in the comparisons to validate the optimization ability. The conclusions and future works are proposed in Section 5.




2. Related Work


Considering that the standard PSO has the weakness in diversity maintenance, many researchers focused on this topic to improve PSO. By mimicking genetic algorithms, mutation operators are adopted in PSO’s design. In [7,8,9], the authors applied different kinds of mutation operators including Gaussian mutation operator, wavelet mutation operator and so forth to swarm optimizers. In this way, the elements in a particle will be changed according to probabilities and therefore the particle’s position changes. However, the change will causes a break down of the convergence process, which is harmful to algorithm’s performance. To address the issue, some researchers predefined a threshold to activate mutation operator, which means that mutation operator does not always work, but only happens when the swarm diversity worsens. In [10], a distance-based limit is predefined to activate mutation operator so that the method preserves swarm diversity. A similar idea is adopted in [9], where a Gauss mutation operator is employed. However, as mentioned in [11], for the design of mutation operator, it is difficult to well preset a suitable mutation rate. A large value of mutation rate will result in a loss for the swarm in convergence, while a small value of mutation rate is helpless to preserve swarm diversity.



Besides mutation operator, several other strategies will be activated when the swarm diversity is worse than a predefined limit. Since many distance-indicators, such variance of particles’ positions, are employed to evaluate swarm diversity, a natural idea is to increase the distances among particles. In [12], the authors defined a criticality to evaluate the current state of swarm diversity is suitable or not. A crowded swarm has a high value of criticality, while a sparse swarm’s criticality is small. A relocating strategy will be activated to disperse the swarm if the criticality is larger than a preset limit. Inspired from the electrostatics, in [13,14], the authors endowed particles with a new property named charging status. For any two charged particles, an electrostatic reaction is launched to regulate their velocities and therefore the charged particles will not be too close. Nevertheless, in the threshold-based design, it is a big challenge to preset the suitable threshold for different optimization problems. In addition, even in one optimization process, the weights of exploitation and exploration are different, it is very difficult to suitably regulate the threshold.



To avoid presetting a threshold, many researchers proposed adaptive way to maintain swarm diversity. The focus is on the parameters setting in PSO’s update mechanism. For PSO, there are three components involved in velocity update. The first is inertia component which plays the role to retain each particle’s own property [15,16]. As shown in Equation (1), the value of ω is used to control the weight of this component. A large value of ω helps swarm explore the searching space, while a small value of ω assists a swarm on the exploitation. To help a swarm shift the role from exploration to exploitation, an adaptive strategy is proposed in [15]; by the authors’ experience, the value of omega decreasing from 0.9 to 0.4 is helpful for a swarm to properly explore and exploit the searching space. For the cognitive component and social component, which are the second term and third term in Equation (1), they focused more on exploration and exploitation, respectively. To provide an adaptive way to tune their weights, Hu et al constructed several mathematical functions empirically [16,17], which can dynamically regulate the weights of the two components. Besides parameter setting, researchers also provided novel structures for swarm searching. A common way is multi-swarm strategy, which means a whole swarm is divided into several sub-swarms. Each sub-swarm has different roles. On the one hand, to increase the diversity of exemplars, niching strategies are proposed. The particles in the same niche are considered as similar ones, and no information sharing occurs between similar particles. In this way, the searching efficiency is improved. However, the strategy provides a sensitive parameter, e.g. niching radius, in algorithm design. To address this problem, Li used a localized ring topology to propose a parameter-free niching strategy, which improves algorithm design [18]. On the other hand, in multi-swarm strategy, sub-swarms have different tasks. In [19], the authors defined a frequency to switch exploitation and exploration for different sub-swarms, which assists the whole swarm converge and maintain diversity in different optimization phases.



However, in the current research, the diversity measurement and management are conducted in distance-based space, where fitness evaluations are also done. In this way, both particles’ quality evaluation and diversity assessment have a heavy coupling. It is very hard to tell the focus on exploitation and exploration of a learning operator. Hence, the algorithms’ performances are very sensitive to the design of algorithm’s structure and the parameters tuning, which brings a big challenge for users’ implementation. To address the issues, in this paper, the contributions are listed as follows. First, we propose a novel way to measure population diversity by entropy, which is from the view of frequency. Second, based on the maximum entropy principle, we propose a novel idea in diversity management. In this way, the exploitation and exploration are conducted independently and simultaneously, which eliminates the coupling the convergence and diversity maintenance and provides a flexible algorithm’s structure for users in real implementations.




3. Algorithm


Iin traditional PSO, both diversity maintenance operator and fitness evaluation operator are conducted in distance-based measurement space. This will result in a heavy coupling in particles’ update for exploitation and exploration, which brings a big challenge in balance the weights of the two abilities. To overcome this problem, in this paper, we propose a novel idea to improve PSO which is termed entropy-assisted particle swarm optimization (EAPSO). In the proposed algorithm, we consider both diversity maintenance and fitness evaluation independently and simultaneously. Diversity maintenance and fitness evaluation are conducted by frequency-based space and distance-based space, respectively. To reduce the computation load in large scale optimization problem, in this paper, we only consider the phonotypic diversity, which is depicted by fitness domain, rather than genetic diversity. In each generation, the fitness domain is divided into several segments. We account the number of particles in each segment, as shown in Figure 1.



The maximum fitness and minimal fitness are set as the fitness landscape boundaries. For the landscape, it is uniformly divided into several segments. For each segment, we account for the number of particles, namely number of fitness values. For the entropy calculation, we use the following formulas, which are inspired by Shannon entropy.


H=−∑impilogpi



(3)




where H is used to depict the entropy of a swarm and pi is the probability that fitness values are located in the ith segment, which can be obtained by Equation (4).


pi=numim



(4)




where m is the swarm size, and numi is the number of fitness values that appear in the ith segment. Inspired by the maximum entropy principle, the value of H is maximized if and only if pi=pj, where i,j∈[1,n]. Hence, to gain a large value of entropy, the fitness values are supposed to be distributed uniformly in all segments. To pursue this goal, we define a novel measurement to select global best particle, which considers fitness and entropy simultaneously. All particles are evaluated by Equation (5).


Qi=αfitnessrank+βentropyrank



(5)




where fitnessrank is the fitness value rank of a particle, while entropyrank is the entropy value of a particle. α and β are employed to manage the weights of the two ranks. However, in real applications, the tuning on two parameters will increase the difficulty. Considering that the two parameters are used to adjust the weights of exploration and exploitation respectively, in real applications, we fix the value of one of them, while tuning the other one. In this paper, we set the weight of β as 1, and therefore, by regulating the value of α, the weights of exploration and exploitation can be adjusted. To calculate the value of fitnessrank, all particles are ranked according to their fitness values. For a particle’s entropyrank, it is defined as the segment rank where the particle is. A segment has a top rank if there is few particles in the segment, while a segment ranks behind if there are crowded particles in the segment. According to Equation (5), a small value of Qi means a good performance of particle i.



In the proposed algorithm, we propose a novel learning mechanism as shown in Equation (6). We randomly and uniformly divide a swarm into several groups. Namely, the numbers of particles in each group are equal. The particle with high quality of Q in a group is considered as an exemplar, which means that the exemplars are selected according to both fitness evaluation and entropy selection. In this paper, we abandon the historical information, but only use the information of the current swarm, which reduces the spacing complexity of the algorithm. The update mechanism of the proposed algorithm is given in Equation (6).


Vi(t+1)=ωVi(t)+r1∗c1∗(Plw(t)−Pll(t))+r2∗c2∗(Pg−Pll(t))



(6)






Pll(t+1)=Pll(t)+Vi(t+1)



(7)




where Vi is the velocity of the ith particle, ω is the inertia parameter, Plw is the position of the local winner in a group, Plw is the position of local loser in the same group, Pg is the current best position found, c1 and c2 are the cognitive coefficient and social coefficient respectively, r1 and r2 are random values that belong to [0,1], and t is used to present the index of generation. On the one hand, the fitness is evaluated according to the objective function. On the other hand, the divergence situation of a particle is evaluated by the entropy measurement. By assigning weights to the divergence and convergence, the update mechanism involves both exploration and exploitation. The pseudo-codes of the proposed algorithms are given in Algorithm 1.








	 Algorithm 1: Pseudo-codes of entropy-assisted PSO.



	  Input: Swarm size n, Group size g, Number of segments m, Weight value α

  Output: The current global best particle

	  1

	
Loop 1: Evaluate the fitness for all particles, and for the ith particle, its fitness is fi;




	  2

	
Set the maximum value and minimal value of fitness as fmax and fmin respectively;




	  3

	
Divide the interval [fmin,fmax] into m segments;




	  4

	
Calculate the number of fitness values in each segment, for the ith segment, the number of fitness values is recorded as numi;




	  5

	
Sort the number of fitness values, and record the fitness rank fri for each particle;




	  6

	
Sort the segments according to the number of fitness values, and record the segment rank sri for each particle;




	  7

	
Evaluate each particle’ quality Q by Equation (5);




	  8

	
Divide the swarm into g groups, and compare the particles by their performances Q;




	  9

	
Select the global best particle according to Q;




	 10

	
Update particles according to Equation (6);




	 11

	
If the termination condition is satisfied, output the current global best particle; Otherwise, goto Loop 1;












In the proposed algorithm, for each particle, it has two exemplars, which are local best exemplar and global best particle respectively. The ability to maintain diversity is improved from two aspects. First, in the evaluation of particles, we consider both fitness and diversity by objective function and entropy respectively. Second, we divide a swarm into several sub-swarms, the number of local best exemplars are equal to the number of sub-swarms. In this way, even some exemplars are located in local optimal positions, and they will not affect the whole swarm so that the diversity of exemplars is maintained. Finally, in this paper, the value of α in Equation (5) provides an explicit way to manage the weights of exploration ability and exploitation ability and therefore eliminate the coupling of the two abilities.




4. Experiments and Discussions


We applied the proposed algorithm to large scale optimization problems (LSOPs). In general, LSOPs have hundreds or thousands of variables. For meta-heuristic algorithms, they usually suffer from “the curse of dimensionality”, which means the performance deteriorates dramatically as the problem dimension increases [20]. Due to a large number of variables, the searching space is complex, which brings challenges for meta-heuristic algorithms. First, the searching space is huge and wide, which demands of a high searching efficiency [21,22]. Second, the large scale causes capacious attraction domains of local optimum and exacerbates the difficulty for algorithms to get rid of local optimal positions [23]. Hence, in the optimization process, both convergence ability and diversity maintenance of a swarm are crucial to algorithm’s performance. We employed LSOPs in CEC 2013 as benchmark suits to test the proposed algorithm. The details of the benchmarks are listed in [24]. In comparisons, several peer algorithms, including DECC-dg (Cooperative Co-Evolution with Differential Grouping), MMOCC(Multimodal optimization enhanced cooperative coevolutio), SLPSO (Social Learning Particle Swarm Optimization), and CSO (Competitive Swarm Optimizer), were selected. DECC-dg is an improved version of DECC, which is reported in [25]. CSO was proposed by Cheng and Jin, which exhibits a powerful ability in dealing with the large scale optimization problems of IEEE CEC 2008 [21]. SLPSO was proposed by the same authors in [22], where a social learning concept is employed. For MMOCC, which is currently proposed by Peng etc, which adopts the idea of CC framework and the techniques of multi-modular optimization [26].



For each algorithm, we present a mean performance of 25 independent runs. The termination condition was limited by the maximum number of Fitness Evaluations (FEs), i.e., 3 × 106, as recommended in [24]. For EA-PSO, the population size was 1200. The reasons to employ a large size of population are presented as follows: First, a large size of population enhances the parallel computation ability for the algorithm. Second, the grouping strategy will be more efficient when a large size of population is employed. If the population size is too small, the size of groups will also be small and therefore the learning efficiency in each group decreases. Third, in EA-PSO, the diversity management is conducted by entropy control, which is a frequency based approach. As mentioned in [27], a large population size is recommended when using FBMs. Fourth, a large population size is helpful to avoid empty segments. Although a large size of population was employed, we used the number of fitness evaluations (FEs) to limit the computational resources in comparisons to guarantee a fair comparison. The number of intervals (m) was 30. The group size and α were set as 20 and 0.1, respectively. The experimental results are presented in Table 1. The best results of mean performance for each benchmark function are marked by bold font. To provide a statistical analysis, the p values were obtained by Wilcoxon signed ranks test. According to the statistical analysis, most of the p values were smaller than 0.05, which demonstrates the differences were effective. However, for benchmark F6, the comparisons “EA-PSO vs. CSO” and “EA-PSO vs. DECC-DG”, the p values were larger than 0.05, which means that there was no significant differences between the algorithms’ performance for the benchmark. The same was found for “EA-PSO vs. MMO-CC” on benchmark F8, “EA-PSO vs. SLPSO” on benchmark F12.



According to Table 1, EA-PSO outperformed the other algorithms for 10 benchmark functions. For F2, F4, F12, and F13, EA-PSO took the second or third ranking in the comparisons. The comparison results demonstrate that the proposed algorithm is very competitive to address large scale optimization problems. We present the convergence profiles of different algorithms in Figure 2.



In this study, the value of α was used to balance the abilities of exploration and exploitation. Hence, we investigated the influence of α to algorithm’s performance. In this test, we set α as 0.2, 0.3 and 0.4. For other parameters, we used the same setting as in Table 1. For each value of α, we ran the algorithm 25 times and present the mean optimization results in Table 2. According to the results, there was no significant difference in the order of magnitude. On the other hand, for the four values, α=0.1 and α=0.2, both won six times, which demonstrates that a small value of α would help the algorithm achieve a more competitive optimization performance. The convergence profiles for algorithm’s performances with different values of α are presented in Figure 3.




5. Conclusions


In this paper, a novel particle swarm optimizer named entropy-assisted PSO is proposed. All particles are evaluated by fitness and diversity simultaneously and the historical information of the particles are no longer needed in particle update. The optimization experiments were conducted on the benchmarks suite of CEC 2013 with the topic of large scale optimization problems. The comparison results demonstrate the proposed structure helped enhance the ability of PSO in addressing large scale optimization and the proposed algorithm EA-PSO achieved competitive performance in the comparisons. Moreover, since the exploration and exploitation are conducted independently and simultaneously in the proposed structure, the proposed algorithm’s structure is flexible to many different kinds of optimization problems.



In the future, the mathematical mechanism of the proposed algorithm will be further investigated and discussed. Considering that, for many other kinds of optimization problems, such as multi-modular optimization problems, dynamic optimization problems, and multi-objective optimization, the population divergence is also crucial to algorithms’ performances, we will apply the entropy idea to such problems and investigate the roles in divergence maintenance.
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Figure 1. The illustration for the entropy diversity measurement. 
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Figure 2. Convergence profiles of different algorithms obtained on the CEC’2013 test suite with 1000 dimensions. 
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Figure 3. Convergence profiles of different algorithms obtained on the CEC’2013 test suite with 1000 dimensions. 
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Table 1. The experimental results of 1000-dimensional IEEE CEC’ 2013 benchmark functions with fitness evaluations of 3 × 106. The best performance is marked by bold font in each line.






Table 1. The experimental results of 1000-dimensional IEEE CEC’ 2013 benchmark functions with fitness evaluations of 3 × 106. The best performance is marked by bold font in each line.





	
Function

	
Quality

	
CSO

	
SLPSO

	
DECC-DG

	
MMO-CC

	
EA-PSO






	
F1

	
mean

	
3.68 × 10−17

	
3.70 × 10−14

	
2.79 × 106

	
4.82 ×10−20

	
3.53 × 10−16




	
std

	
3.70 × 10−19

	
1.44 × 10−15

	
6.70 × 105

	
1.30 × 10−21

	
1.14 × 104




	
p-value

	
1.22 × 10−18

	
2.31 × 10−18

	
3.40 × 10−4

	
9.76 × 10−21

	
-




	
F2

	
mean

	
7.08 ×102

	
6.70 × 103

	
1.41 × 104

	
1.51 × 103

	
1.45 × 103




	
std

	
7.04 × 100

	
4.98 × 101

	
3.03 × 102

	
8.43 × 100

	
4.21 × 101




	
p-value

	
1.57 × 10−5

	
9.70 × 10−27

	
9.57 × 10−27

	
4.85 × 10−24

	
-




	
F3

	
mean

	
2.16 × 101

	
2.16 × 101

	
2.07 × 101

	
2.06 ×101

	
2.15 × 101




	
std

	
1.39 × 10−3

	
1.14 × 10−3

	
2.19 × 10−3

	
2.36 × 10−3

	
2.26 × 10−3




	
p-value

	
1.41 × 10−5

	
2.01 × 10−2

	
1.44 × 10−36

	
1.53 × 10−36

	
-




	
F4

	
mean

	
1.14 × 1010

	
1.20 × 1010

	
6.72 × 1010

	
5.15 × 1011

	
4.36 ×109




	
std

	
2.66 × 108

	
5.54 × 108

	
5.76 × 109

	
9.71 × 1010

	
7.72 × 108




	
p-value

	
7.92 × 10−12

	
4.94 × 10−12

	
6.55 × 10−11

	
2.57 × 10−11

	
-




	
F5

	
mean

	
7.44 × 105

	
7.58 × 105

	
3.13 × 106

	
2.42 × 106

	
6.68 ×105




	
std

	
2.49 × 104

	
2.14 × 104

	
1.23 × 105

	
1.14 × 105

	
3.57 × 105




	
p-value

	
7.57E-09

	
7.43E-09

	
3.92 × 10−15

	
5.48 × 10−15

	
-




	
F6

	
mean

	
1.06 × 106

	
1.06 × 106

	
1.06 × 106

	
1.06 × 106

	
1.05 ×106




	
std

	
1.90 × 102

	
1.64 × 102

	
3.70 × 102

	
6.41 × 102

	
4.91 × 102




	
p-value

	
1.71 × 10−1

	
7.06 × 10−3

	
3.18 × 10−1

	
2.70 × 10−3

	
-




	
F7

	
mean

	
8.19 × 106

	
1.73 × 107

	
3.45 × 108

	
1.28 × 1010

	
1.43 ×106




	
std

	
4.85 × 105

	
1.49 × 106

	
7.60 × 107

	
1.07 × 109

	
4.87 × 106




	
p-value

	
7.06 × 10−14

	
3.18 × 10−11

	
2.76 × 10−4

	
4.61 × 10−12

	
-




	
F8

	
mean

	
3.14 × 1014

	
2.89 × 1014

	
1.73 × 1015

	
1.54 × 1014

	
1.47 ×1014




	
std

	
1.09 × 1013

	
1.75 × 1013

	
2.78 × 1014

	
4.45 × 1013

	
6.17 × 1012




	
p-value

	
9.71 × 10−15

	
8.23 × 10−11

	
3.17 × 10−6

	
9.50 × 10−1

	
-




	
F9

	
mean

	
4.42 ×107

	
4.44 × 107

	
2.79 × 108

	
1.76 × 108

	
5.05 × 107




	
std

	
1.59 × 106

	
1.47 × 106

	
1.32 × 107

	
7.03 × 106

	
1.17 × 107




	
p-value

	
4.38 × 10−6

	
3.81 × 10−6

	
7.65 × 10−12

	
1.86 × 10−12

	
-




	
F10

	
mean

	
9.40 × 107

	
9.43 × 107

	
9.43 × 107

	
9.38 × 107

	
9.35 ×107




	
std

	
4.28 × 104

	
3.99 × 104

	
6.45 × 104

	
1.02 × 105

	
7.92 × 104




	
p-value

	
4.89 × 10−1

	
3.81 × 10−4

	
7.65 × 10−3

	
1.86 × 10−5

	
-




	
F11

	
mean

	
3.56 ×108

	
9.98 × 109

	
1.26 × 1011

	
5.66 × 1012

	
5.00 × 108




	
std

	
1.47 × 107

	
1.82 × 109

	
2.44 × 1010

	
1.09 × 1012

	
1.92 × 107




	
p-value

	
6.46 × 10−15

	
7.09 × 10−5

	
7.54 × 10−5

	
2.05 × 10−5

	
-




	
F12

	
mean

	
1.39 × 103

	
1.13 ×103

	
5.89 × 107

	
1.14 × 1011

	
1.40 × 103




	
std

	
2.19 × 101

	
2.12 × 101

	
2.75 × 106

	
6.32 × 1010

	
2.23 × 101




	
p-value

	
2.76 × 10−10

	
6.79 × 10−1

	
6.55 × 10−17

	
1.62 × 10−3

	
-




	
F13

	
mean

	
1.75 × 109

	
2.05 × 109

	
1.06 × 1010

	
1.32 × 1012

	
1.66 ×109




	
std

	
6.47 × 107

	
2.13 × 108

	
7.94 × 108

	
2.88 × 1011

	
5.54 × 107




	
p-value

	
1.19 × 10−11

	
4.98 × 10−9

	
5.97 × 10−12

	
5.85 × 10−15

	
-




	
F14

	
mean

	
6.95 × 109

	
1.60 × 1010

	
3.69 × 1010

	
4.12 × 1011

	
1.40 ×108




	
std

	
9.22 × 108

	
1.62 × 109

	
6.58 × 109

	
1.21 × 1011

	
2.79 × 107




	
p-value

	
7.51 × 10−7

	
2.55 × 10−10

	
5.05 × 10−5

	
6.99 × 10−5

	
-




	
F15

	
mean

	
1.65 × 107

	
6.68 × 107

	
6.32 × 106

	
4.05 × 108

	
7.69 ×106




	
std

	
2.21 × 105

	
1.01 × 106

	
2.69 × 105

	
1.91 × 107

	
3.39 × 105




	
p-value

	
8.91 × 10−23

	
5.47 × 10−25

	
1.49 × 10−25

	
2.57 × 10−4

	
-
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Table 2. The different values of α to EA-PSO’s performances on IEEE CEC 2013 large scale optimization problems with 1000 dimensions (fitness evaluations = 3 × 106).






Table 2. The different values of α to EA-PSO’s performances on IEEE CEC 2013 large scale optimization problems with 1000 dimensions (fitness evaluations = 3 × 106).





	Function
	α = 0.1
	α = 0.2
	α = 0.3
	α = 0.4





	F1
	3.53 × 10−16
	2.97 × 10−16
	5.07 × 10−16
	9.43 × 10−16



	F2
	1.45 × 103
	1.45 × 103
	1.58 × 103
	1.45 × 103



	F3
	2.15 × 101
	2.15 × 101
	2.15 × 101
	2.15 × 101



	F4
	4.36 × 109
	6.37 × 109
	6.97 × 109
	9.02 × 109



	F5
	6.68 × 105
	5.48 × 105
	8.72 × 105
	6.87 × 105



	F6
	1.06 × 106
	1.06 × 106
	1.06 × 106
	1.06 × 106



	F7
	1.43 × 106
	2.02 × 106
	2.51 × 107
	9.86 × 106



	F8
	1.47 × 1014
	3.11 × 1013
	1.29 × 1014
	8.66 × 1013



	F9
	5.05 × 107
	4.59 × 107
	5.79 × 107
	7.02 × 107



	F10
	9.35 × 107
	9.40 × 107
	9.41 × 107
	9.42 × 107



	F11
	5.00 × 108
	4.98 × 108
	3.74 × 108
	4.23 × 108



	F12
	1.40 × 103
	1.30 × 103
	1.33 × 103
	1.51 × 103



	F13
	1.66 × 109
	7.38 × 108
	1.61 × 109
	5.86 × 108



	F14
	1.40 × 108
	1.44 × 108
	4.21 × 108
	4.87 × 108



	F15
	7.69 × 106
	7.42 × 106
	8.04 × 106
	7.65 × 106
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