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19 Abstract
20 Background. Improvement on the updating equation of an algorithm is among the most 
21 improving techniques. Due to the lack of search ability, high computational complexity and poor 
22 operability of equilibrium optimizer(EO) in solving complex optimization problems, an 
23 improved EO is proposed in this paper, namely Multi-strategy on updating Synthetized EO (MS-
24 EO). 
25 Method. Firstly, a simplified updating strategy is adopted in EO to improve operability and 
26 reduce computational complexity. Secondly, an information sharing strategy updates the 
27 concentrations in the early iterative stage using a dynamic tuning strategy in the simplified EO to 
28 form a simplified sharing EO (SS-EO) and enhance the exploration ability. Thirdly, a migration 
29 strategy and a golden section strategy are used for a golden particle updating to construct a 
30 Golden SS-EO (GS-EO) and improve the search ability. Finally, an elite learning strategy is 
31 implemented for the worst particle updating in the late stage to form MS-EO and strengthen the 
32 exploitation ability. The strategies are embedded into EO to balance between exploration and 
33 exploitation by giving full play to their respective advantages. 
34 Result and Finding. Lots of experimental results on the complex functions from CEC2013 and 
35 CEC2017 test sets demonstrate that MS-EO outperforms EO and quite a few state-of-the-art 
36 algorithms in search ability, running speed and operability. Experimental results of feature 
37 selection on several datasets show that MS-EO also provides more advantages. 
38
39
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40 Introduction
41 Traditional mathematical methods have strict requirements for OPs (F. A. Hashim et al., 
42 2019.). They cannot get good results in solving most OPs. Inspired by natural phenomena and 
43 biological behavior (Ghasemi, M., Rao, R.V. et al., 2023.), researchers have proposed many 
44 Meta-heuristic Algorithms (MAs) to solve OPs better. They include Genetic Algorithm (GA) (Y. 
45 Zhou et al., 2021.), Simulated Annealing (SA) (S. Kirkpatrick et al., 1983.), Particle Swarm 
46 Optimization (PSO) (Y. P. Chen, Y. Y. Lin. 2009.), Differential Evolution (DE) (A. W. Mohamed 
47 et al., 2019.), Shuffled Frog Leaping Algorithm (SFLA) (Houssein EH et al., 2021.), Artificial 
48 Bee Colony (ABC) (Altay O et al., 2023.), Biogeography-Based Optimization (BBO) (D. Simon. 
49 2008.), Cuckoo Search (CS) (A. H. Gandomi et al., 2013.), Grey Wolf Optimizer (GWO) (S. 
50 Mirjalili et al., 2014.), etc. MAs are applied in many fields, such as feature selection (Ghasemi M 
51 et al., 2023.), economic dispatch (Ayedi M., 2023.) due to their simple structure, easy 
52 application, and no derivative information on OPs. However, more and more OPs need solving 
53 urgently as modern society evolves and the OPs are more and more complex (Liu G et al., 2021. 
54 and Ghasemi,M., Zare, M. et al., 2023.). It is very necessary to develop an MA with higher 
55 efficiency, stronger universality, and scalability. Therefore, improved MAs are constantly being 
56 proposed. 
57 Equilibrium Optimizer (EO) was proposed by A. Faramarzi et al. (2020), and it is a new 
58 physics-based MA. EO simulates the dynamic mass balance on a control volume, that is, the 
59 conservation of mass entering, leaving, and generating. It has a unique search mechanism that 
60 updates the population by learning from the elite particles. Compared with some classical MAs 
61 such as GA, PSO, and DE, this search mechanism enables EO to obtain better performance (A. 
62 Faramarzi et al.,2020.) in solving some classic OPs.
63 The improvement on an MA generally includes the modification of the structure, the 
64 improvement of the updating equation, and the adjustment of the parameters, etc. The updating 
65 equation is the core part of an algorithm. Depending on the way in which they are improved, 
66 they can simply be classified into 3 types.
67 The first is the modification of the original updating equation. According to different 
68 modification methods, it can be divided into 2 sub-types. (1) Simplification. The method 
69 simplifies the original updating equation by discarding some components(X. M. Zhang et 
70 al.,2020), it can reduce the computational complexity or improve the operability, but it may 
71 degenerate the performance. (2) Modification. This method alters the original updating equation 
72 to improve the performance(W. Long et al.,2018), but it may increase the parameters and the 
73 computational load due to the high complexity of the modified updating equation. The second is 
74 the addition of the updating equation. It means adding some new updating ways to the original 
75 algorithm to make up for some defects. According to different addition methods, it can be 
76 divided into 3 sub-types. (1) Individual-based addition. The method adds a new updating 
77 equation for an individual in the population, while other individuals keep the original updating 
78 method unchanged. (2) Subgroup-based addition. The method divides the population into 
79 multiple subgroups. All the agents of at least one subgroup are updated using the original 
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313 Results
314 Experimental environment and evaluation standard
315 In order to verify MS-EO, a large number of experiments are performed on the complex 
316 functions from CEC2013 and CEC2017 test sets. Their details can be found in (J. J. Liang et al., 
317 2012. ; N. H. Awad et al., 2016.). CEC2013 test set includes 28 functions, among which f1~f5 are 
318 unimodal functions, f6~f20 are basic multimodal functions, and f21~f28 are composition functions. 
319 CEC2017 test set contains four types of functions: unimodal functions (f1~f3), simple multimodal 
320 functions (f4~f10), hybrid functions (f11~f20) and composition functions (f21~f30). Compared with 
321 CEC2013, CEC2017 is more complex, such as more function types and more shifted functions. 
322 All experiments were conducted in MATLAB (R2014a) environment running on a PC with 
323 3.4GHz i7-3770 CPU and 8GB RAM. The statistical analysis software was IBM SPSS Statistics 
324 19.
325 This paper adopts statistics such as mean value (Mean), standard deviation (Std), ranking 
326 (Rank), and average ranking (Ave. Rank) to evaluate the optimization performance of an 
327 algorithm(X. M. Zhang et al., 2019.). The algorithm with a smaller Mean value has better 
328 performance for a minimum problem in this paper. The ranking rule is as follows, On each 
329 function, the less the Mean value obtained by the algorithm is, the higher the ranking is; if the 
330 Mean values by the algorithms are the same, the higher the ranking is and the less the Std value 
331 is; if the Mean and Std values of the algorithms are the same, then the algorithms rank the same. 
332 The best data in the table is bold.
333
334 Comparison algorithms and the parameter settings
335 There is less literature on improvement on EO since it is a newly proposed algorithm. 
336 Therefore, some state-of-the-art algorithms are selected as the comparison algorithms. These 
337 algorithms include TPC-GA (S. M. Elsayed et al., 2013.), YY-FA (W. C. Wang et al., 2020.), 
338 DS-PSO (X. M. Zhang et al., 2019.), DC-FWA (W. Q. Wei et al., 2021.), DPC-ABC (L. Z. Cui et 
339 al., 2018.), FSS-DA (S. F. Han, K. Zhu. 2020.), BHCS (X. Chen, K. J. Yu. 2019.), AMop-GA (T. 
340 Y. Lim et al., 2015.), DQL-SFLA (X. M. Zhang et al., 2019.), Sa-DE (A. K. Qin et al., 2009.), 
341 ME-GWO (Q. Tu et al., 2019.), A-EO (A. Wunnava et al., 2020.), HFPSO (I. B. Aydilek. 2018.), 
342 HBBOG (X. M. Zhang et al., 2018.), MSS-CS (W. Long et al., 2018.). Their simple description 
343 is shown in Table 1. They not only include some improved algorithms of classic algorithms GA, 
344 PSO, DE and FWA, but also some improved variants of the latest algorithms. 
345 For a fair comparison, the common parameter settings of all the algorithms are the same, 
346 such as the maximum number of function evaluations (Mnfe), the number of independent runs 
347 (Nrun), and D. According to the best recommendation of (J. J. Liang et al., 2012. ; N. H. Awad et 
348 al., 2016.), Mnfe is set to D×10000 and Nrun is 51. Different parameter settings of an algorithm 
349 will result in different experimental results, so other parameter settings of the comparison 
350 algorithms are set by the best settings from the corresponding references shown in Table 1. In 
351 addition, all algorithms assume that the experiment is carried out in an environment without 
352 interference from other factors.
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393 representative algorithms are selected for comparison. These algorithms include EO, DQL-SFLA, 
394 Sa-DE, ME-GWO, A-EO, HFPSO, HBBOG, DS-PSO and MSS-CS. The parameters of the 
395 algorithms are shown in Table 1. Tables 3 and 4 provide the comparison results of MS-EO and 
396 these representative algorithms on the 30- and 50-dimensional functions from CEC2017 test set, 
397 respectively. Among them, the data of Sa-DE is directly taken from (D. Y. Tang. 2019.).
398 From Table 3, on Ave. Rank, EO is 7.33 and ranks ninth. It is better than HFPSO (8.60). On 
399 unimodal functions, MSS-CS ranks first on f1, MS-EO ranks the first on f2 and f3, and other 
400 comparison algorithms obtain no times ranking the first. It means that MS-EO has strong 
401 exploitation ability. DS-PSO obtains 4 times ranking first on the multimodal functions. It shows 
402 the strong exploration ability of DS-PSO. But MS-EO can obtain 1 time ranking first and 4 times 
403 ranking second on the multimodal functions. It indicates that MS-EO also has strong exploration 
404 ability compared with the other comparison algorithms. MS-EO won 6 times and 3 times ranking 
405 first on the hybrid and composition functions, respectively. However, from the overall ranking, 
406 MS-EO obtains 12 times ranking the first, and 8 times ranking the second. Moreover, on Ave. 
407 Rank, the value of MS-EO is 2.77. Therefore, compared with these comparison algorithms, MS-
408 EO has strong optimization ability on the 30-dimensional functions from CEC2017 test set.
409 The results on the 50-dimensional functions are similar to those on the 30-dimensional 
410 functions. From Table 4, EO still ranks ninth and is only better than HFPSO. On the unimodal 
411 functions, MS-EO, Sa-DE and MSS-CS obtain 1 time ranking first, respectively. DS-PSO shows 
412 strong optimization ability on the multimodal and composition functions. However, MS-EO can 
413 obtain 6 times ranking first, and 13 times ranking the second. Moreover, the average ranking of 
414 MS-EO is 3.37 and it ranks first. It indicates that MS-EO also has the best optimization 
415 performance on the 50-dimensional function. Therefore, MS-EO shows stronger competitiveness 
416 on CEC2017 test set. In conclusion, the synthetization of many search strategies into EO is 
417 effective and MS-EO has stronger scalability and universality.
418

419 Discussion
420 Statistical analysis
421 In order to verify MS-EO, this subsection performs Wilcoxon signed rank test with 
422 Bonferroni-Holm (X. M. Zhang et al., 2020.) correction based on the complex functions (D=30 
423 and D=50) from CEC2017 test set (60 cases in sum). The purpose is to detect whether there is a 
424 significant difference between the two samples. Let H0 be the null hypothesis, that is, there is no 
425 significant difference between the two samples. The significance level (b) is set to 0.05 based on 
426 the best recommendation (J. Derrac et al., 2011.). Table 5 provides Wilcoxon signed rank test 
427 results based on Tables 3 and 4. R+ represents the positive rank, which is the total rank of the 
428 problems in which MS-EO is better than the comparison algorithm. R- is the negative rank, 
429 which is the total rank of the problems in which MS-EO is inferior to the comparison algorithm. 
430 The corresponding rank is equally divided into R+ and R- when the optimization performance of 
431 the two algorithms is equal. The p-value is calculated from R+ and R-. The Bonferroni-Holm 
432 method adjusts b in descending order of p-value. H1, H2, ..., Hk-1 are corresponding hypotheses. 

PeerJ Comput. Sci. reviewing PDF | (CS-2023:08:89981:1:2:NEW 19 Nov 2023)

Manuscript to be reviewedComputer Science







509 fill the entire graph. In the remaining three feature plane graphs, the sample distribution is 
510 relatively concentrated because some sample points overlap.
511 Table 7 shows the comparison results of MS-EO and the comparison algorithms on the 
512 average fitness value of objective function (Mean), classification accuracy (Accuracy) and 
513 average number of selected features (AND). The common parameters are set as follows: For fair 
514 comparison, Mnfe=1000 for all the comparison algorithms. For MS-EO, N=20, T=50; For ME-
515 GWO, N=5, T=100; For SR-PSO, Sin-DE and WOASA, N=10, T=100. The experimental results 
516 of SR-PSO, Sin-DE, WOASA and ME-GWO are all taken from (Q. Tu et al., 2019.).
517 From Table 7, MS-EO outperforms SR-PSO, Sin-DE and WOASA on all the datasets in 
518 terms of mean fitness. For ME-GWO, MS-EO outperforms it on all the remaining datasets 
519 except D4. The classification accuracy is similar to Mean. On Accuracy, MS-EO gets 11 times 
520 ranking the first, even reaching 100% on D12. MS-EO gets the least number of features on all 10 
521 data sets. On D4, ME-GWO provides 95.91% classification accuracy by using 10.6 average 
522 features while MS-EO renders 95.68% accuracy with 9.6 average features. It suggests that MS-
523 EO can effectively reduce the number of features. In order to highlight the comprehensive 
524 performance of MS-EO in solving feature selection problems, according to Table 7, the 
525 comprehensive ranking results of MS-EO and the comparison algorithms on feature selection are 
526 shown in Table 8. From Table 8, the ranking order of the five algorithms is MS-EO, ME-GWO, 
527 WOASA, Sin-DE and SR-PSO according to the comprehensive ranking results in Table 8. It 
528 further proves that MS-EO can solve the problem of feature selection more effectively.
529

530 Conclusions
531 In order to cope with some drawbacks of EO in solving complex OPs, this paper proposes a 
532 Multi-strategy synthetized EO (MS-EO). Firstly, a simplified updating strategy is adopted by 
533 simplifying the original updating equation of EO to reduce the computational load and enhance 
534 the operability of EO. Secondly, an information sharing strategy based on iteration is added into 
535 the simplified EO. Most particles are updated by the strategy in the early search stage to enhance 
536 the global search ability while updated by the simplified EO in the late search stage ensuring the 
537 exploitation ability of EO. Then, a migration strategy is used for a golden particle to update and 
538 to enhance the search ability. Finally, an elite learning strategy is used for the worst particles in 
539 the late search stage to enhance the local search ability. Experimental results on CEC2013 and 
540 CEC2017 test sets demonstrate that MS-EO is better than EO and any of some state-of-the-art 
541 algorithms. MS-EO outperforms EO on 54 of 60 functions from CEC2017 test set (D=30 and 
542 D=50). The running time of MS-EO accounts for 36.22% and 45.45% of EO on the 30- and 50-
543 dimensional functions, respectively. The value of Pi of MS-EO is also the highest under any 
544 condition. On feature selection, MS-EO has also obtained more convincing results. These results 
545 on both complex functions and feature selection show many updating strategies synthesized into 
546 EO are effective and expect to be extended to improvement on other MAs. In the future works, 
547 we will propose new search strategies to further improve the Multi-strategy theory for MS-EO 
548 and other MAs. The improved MAs will be dealt with more practical problems.
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�B�o�x� �1�(�o�n� �n�e�x�t� �p�a�g�e�)
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1 Algoriyhm1

Algorithm1 EO

01 Set the parameters such as V, a1, a2, PG, etc., and randomly initialize the population C

02 Calculate the fitness value of each particle, select � �#�� � �$�� � �% and � �&�� calculate � �'������  construct an elite 

group

03 for t=1:T

04   for i=1:N

05     Update the concentration of each particle according to Eqs. (1)~(7)

06   end for

07   Calculate the fitness value of each particle, update the population using greedy selection, update � �# and 

the elite group

08 end for

09 Output � �#

2
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�T�a�b�l�e� �1�(�o�n� �n�e�x�t� �p�a�g�e�)
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1

2 TaT��  1 Specific parameter settings of the algorithms

No. Algorithm R��� Y ��� Simple description Parameter setting

01 M��	
 2021The proposed algorithm CEC2013: N=100; CEC2017: N=80.

02 D ��� � [�� � 2021 D �� �� ��  collac �� ���� �  firef �� ��  

algorithm

Ca=1, Cr=0.9, a=r=0.1.

03 M��� �� [�� � 2021 M� ����� �� � �� �  serial CS N=25, ��=0.01, ��=1.5, Pa=0.25, c=0.2, 

PAmax=0.35, PAmin=0.25.

04 Y Y �� � [!" � 2020 Y �� � ���   firefly algorithm f ��w  Cauchy 

mutation

N=30, L=800, ��0=1; ��min=0.2; ��(0)=0.2; 

��=1.

05 � ��� D � [� !� 2020 � �� ���  f ��w  distance� �f �� �  selection 

strategy for  dandelion algorithm

N=5, MS=5, r=0.95, e=1.05.

06 A �	
 [�# � 2020Adaptive EO N=100, V=1, a1=2, a2=1, GP=0.5.

07 D�� $�
 [�% � 2019PSO f ��w  single and mean ee �� & ��  

learning strategies

N=40, c1=2, Fmin=0.7.

08 D '(�

S�( �

[�� � 2019 ( L� �� �� w �  S� ( �  f ��w  differential 

perturc � ����  and quasi� q �f ���  search

N=20, m=5.

09 B) �� [� �� 2019 ) �c� �H  CS f � �w  BB
 N=20, pa=0.3, ��=1.1, ��=1.7, ��=1.6, 

I=E=1.

10 M	�

G


[�* � 2019 M� ����� �� � �� �  ensemc ��  G
 N=100, GR=0.8, SRmax=1, SRmin=0.6, 

DRmax=0.4, DRmin=0.

11 EO [�+ � 2019Equilic� �� �  optimizer N=100, V=1, a1=2, a2=1, GP=0.5.

12 D $��

A B�

[� �� 2018Enhanced AB�  f ��w  dual� & �&� � �����  

framef �� �

N=50, limit=N× D, m=3.5, minSNCP=20.

13 )� $�
 [�# � 2018 ) �c� �H  firefly algorithm f � �w  PSO N=100, a=0.2, B 0=2, ��=1, 

c1=c2=1.49445, �� i=0.9, �� f=0.5.

14 ) BB
 , [�" � 2018 ) �c� �H  BB
  f ��w  G
 N=100, I=1.

15 A M� &�

GA

[�+ � 2015Adaptive monogamous pairs GA N=10, �! =0.01, ��=0.5.

16 TPC�, � [!# � 2015GA f ��w  three parents crossing N=90, ��=40, �"�%���������D���(�2 PSadd=N, 

�$=3× PSadd.

17 Sa� D	 [�% � 2009Self� � H� &��� �  D	 N=20, F-N�� (0.5,0.3), CR-

N�� (CRm,0.1).
3
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5

6

7

8

9
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�T�a�b�l�e� �2�(�o�n� �n�e�x�t� �p�a�g�e�)
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1
2 Ta-./  2 F02/:;<=  test results on CEC2013 test set (D=30)

Algorithm Ave. > <= ? > <= ? p@A < . C /

EO 6.04 8

TPC@EG 5.61 6

II @ F G 4.79 3

JK@NKO 4.04 2

J P @ FQ G 7.09 9

JN P @G S P 5.57 5

F KK@JG 5.09 4

SU P K 7.63 10

Amop@EG 5.88 7

VK@WO 3.29 1

4.6868E@ XZ

\
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�T�a�b�l�e� �3�(�o�n� �n�e�x�t� �p�a�g�e�)
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1 Ta]^_  3 Comparison results of `abdg  and 9 comparison algorithms on CEC2017 test set (D=30)

Fun. hij kl m EO Dno pr so t Sapuv hv pxy z A pv z { s|r z { }}zx DSp |r z hrr p~r hrpv z

hi •€ 3.3222E•‚ƒ 7.2935E•‚„ 3.0714E•‚ƒ 4.5517E•‚ƒ 4.8353E•‚ƒ 3.9338E•‚ƒ 2.2211E•‚‚ 1.6209E•‚ƒ 1.4768E-14 6.3447Ep „ƒ

Std 4.3491E•‚ƒ 1.8488E•‚… 3.5072E•‚ƒ 1.0677E•‚ƒ 5.8456E•‚ƒ 5.3689E•‚ƒ 2.5455E•‚‚ 1.9165E•‚ƒ 2.7859E-15 1.3821Ep „…f1
† •€ ‡ 7 4 6 9 10 8 3 5 1 2 

hi •€
1.9754E

•‚ ˆ 9.9655E
•„ ƒ

8.6275Ep ‚„
2.8884E

•‚ ‰ 3.3117E
•„ ƒ

5.3485E
•‚ Š 3.0644E

•‚ ‹ 4.2568E
•‚ ‰ 4.1898E

•‚ ‹ 4.3161E-09
Std 1.2191E•„ ‚ 4.0151E•„ Š 4.9357E•‚ ‚ 8.0571E•‚ ‰ 9.6854E•„ ƒ 3.2847E•‚ ‹ 1.7484E•‚Œ 3.0034E•‚ ˆ 1.6051E•‚Œ 1.2616E-08f2

† •€ ‡ 8 10 2 6 9 3 4 7 5 1 
hi •€

2.3527E
•‚„

2.3044Ep ‚ ‹ 3.0045E
•‚…

2.2633E
•‚…

1.2905E
•‚ƒ

1.5595Ep ‚ • 2.4721E
•‚„

8.0916Ep ‚Œ
1.3736E

•‚…
2.8310E-13

Std 6.7349E
•‚„

2.1837Ep ‚ ‹ 7.3017E
•‚…

1.7031E
•‚…

1.1722E
•‚ƒ

2.3334Ep ‚ • 2.7490E
•‚„

1.8234Ep ‚ ‹ 1.3680E
•‚…

1.9642E-13f3
† •€ ‡ 5 4 9 8 10 2 6 3 7 1 

hi •€ 6.9612E•‚„ 1.5634E+00 6.0423E•‚„ 2.4815E•‚„ 9.1893E•‚„ 6.9386E•‚„ 1.2058E•‚„ 1.1973E•‚… 1.7826E•‚„ 4.8313E•‚„

Std 2.9970E
•‚„

1.9658E+00 2.9825E
•‚„

2.8995E
•‚„

5.5709E
•‚„

2.1364E
•‚„

2.3310E
•‚„

1.0171E
•‚„

2.7170E
•‚„

2.8941E
•‚„

f4
† •€ ‡ 8 1 6 4 9 7 2 10 3 5 

hi •€ 5.7667E•‚„ 6.8633E•‚„ 5.6192E•‚„ 5.6912E•‚„ 1.4209E•‚… 8.5624E•‚„ 4.8262E•‚„ 1.6797E+01 5.4730E•‚„ 3.6135E•‚„

Std 1.6196E•‚„ 1.9409E•‚„ 1.4216E•‚„ 1.0725E•‚„ 3.3861E•‚„ 1.7427E•‚„ 7.8631E•‚‚ 4.7117E+00 1.1402E•‚„ 8.8507E•‚ ‚f5
† •€ ‡ 7 8 5 6 10 9 3 1 4 2 

hi •€
5.6559Ep ‚…

1.5171E
•‚„

8.9317Ep ‚…
2.4470Ep ‚„

4.0061Ep ‚…
1.0170E

•‚‚
1.6161E-06 2.1338Ep ‚ƒ

8.9878Ep ‚ Š 8.2332Ep ‚Œ

Std 1.2024Ep ‚„ 3.3472E•‚ ‚ 1.3955Ep ‚„ 8.1620Ep ‚… 5.0597Ep ‚… 2.3644E•‚‚ 2.2666E-06 1.0733Ep ‚… 1.7816Ep ‚ƒ 1.1509Ep ‚ ‹f6
† •€ ‡ 6 10 7 8 5 9 1 4 3 2 

hi •€
8.8332E

•‚„
1.2197E

•‚…
9.4945E

•‚„
8.9106E

•‚„
8.9058E

•‚„
1.0407E

•‚…
7.8879E

•‚„
4.0294E+01 9.1156E

•‚„
6.4465E

•‚„

Std 1.8194E
•‚„

2.6617E
•‚„

1.9879E
•‚„

1.0935E
•‚„

1.7893E
•‚„

1.9791E
•‚„

6.1638E
•‚‚

2.9776E+00 9.2863E
•‚‚

1.4880E
•‚„

f7
†

•€
‡ 4 10 8 6 5 9 3 1 7 2 

hi
•€ 5.7110E•‚„ 6.6428E•‚„ 5.3942E•‚„ 5.9398E•‚„ 5.3384E•‚„ 7.2842E•‚„ 5.4157E•‚„ 1.5997E+01 5.8868E•‚„ 3.5646E•‚„

Std 1.3610E
•‚„

1.4052E
•‚„

1.2792E
•‚„

1.0663E
•‚„

1.3469E
•‚„

1.7967E
•‚„

8.0374E
•‚‚

4.3271E+00 8.8901E
•‚‚

1.1128E
•‚„

f8
†

•€
‡ 6 9 4 8 3 10 5 1 7 2 

hi
•€

3.2070E
•‚„

5.5931E
•‚…

8.3556E
•‚„

7.8267E
•‚ ‚

5.9311E
•‚ ‚

3.2733E
•‚„

4.4586Ep
‚„

6.0472Ep
‚…

6.7240E
•‚‚

1.1815E-13
Std 8.1996E•‚„ 1.9193E•‚… 6.2643E•‚„ 1.1815E•‚„ 1.7346E•‚„ 1.3249E•‚… 4.2698Ep

‚„ 1.7766Ep
‚„ 6.9160E•‚‚ 2.2287E-14f9

†
•€

‡ 7 10 9 6 4 8 3 2 5 1 
hi

•€
3.1597E

•‚ƒ
3.1971E

•‚ƒ
2.3253E

•‚ƒ
2.4369E

•‚ƒ
3.2479E

•‚ƒ
2.9908E

•‚ƒ
1.9872E

•‚ƒ
1.8489E+03 2.2401E

•‚ƒ
4.0220E

•‚ƒ

Std 5.9970E
•‚…

5.4089E
•‚…

4.9247E
•‚…

4.4542E
•‚…

7.4246E
•‚…

5.9210E
•‚…

3.0062E
•‚…

5.4082E+02 2.8344E
•‚…

7.3440E
•‚…f10

†
•€

‡ 7 8 4 5 9 6 2 1 3 10 
hi

•€ 5.9497E•‚„ 4.3137E•‚„ 1.0032E•‚… 2.9612E•‚„ 6.0588E•‚„ 1.1553E•‚… 3.8609E•‚„ 8.2135E•‚„ 1.9435E•‚„ 1.7248E+01
Std 4.2844E

•‚„
1.5616E

•‚„
4.3101E

•‚„
1.0347E

•‚„
3.1569E

•‚„
3.9628E

•‚„
2.6323E

•‚„
2.9775E

•‚„
6.6436E

•‚‚
7.1973E+00f11

†
•€

‡ 6 5 9 3 7 10 4 8 2 1 
hi

•€ 6.6389E•‚
Š 2.0443E•‚ƒ 6.8629E•‚

Š 1.5983E•‚
Š 3.5529E•‚

‹ 9.9670E•‚
Š 3.8672E•‚

Š 1.9817E•‚
Š 4.7056E•‚

Š 2.8776E+02
Std 4.3631E•‚

Š 8.4234E•‚… 3.8252E•‚
Š 4.0434E•‚ƒ 4.0698E•‚

‹ 1.0658E•‚
‹ 2.3412E•‚

Š 1.1542E•‚
Š 2.0525E•‚

Š 1.5623E+02f12

†
•€

‡ 7 2 8 3 10 9 5 4 6 1 
hi

•€
2.1679E

•‚
Š 8.9030E

•‚…
1.1211E

•‚
Š 2.0450E

•‚…
2.3817E

•‚
Š 3.0927E

•‚
Š 3.6491E

•‚ƒ
8.3675E

•‚ƒ
6.9328E

•‚„
3.2490E+01

Std 1.6448E•‚
Š 2.5263E•‚… 1.0535E•‚

Š 2.7028E•‚„ 2.0917E•‚
Š 2.7301E•‚

Š 3.8431E•‚ƒ 7.4967E•‚ƒ 1.9798E•‚„ 1.3414E+01f13

†
•€

‡ 8 4 7 3 9 10 5 6 2 1 
hi

•€
5.6825E

•‚ƒ
4.4698E

•‚„
4.3238E

•‚ƒ
6.1985E

•‚„
2.0635E

•‚
Š 6.7377E

•‚ƒ
9.5505E

•‚„
7.8420E

•‚…
4.3572E

•‚„
3.5387E+01

Std 5.0922E
•‚ƒ

7.4124E
•‚ ‚

5.7159E
•‚ƒ

8.6647E
•‚ ‚

1.9593E
•‚

Š 5.5695E
•‚ƒ

2.0063E
•‚„

6.7967E
•‚…

6.2658E
•‚‚

4.2706E+00f14

†
•€

‡ 8 3 7 4 10 9 5 6 2 1 
hi

•€ 5.5192E•‚ƒ 1.0898E•‚… 2.1676E•‚ƒ 5.1634E•‚„ 5.8095E•‚ƒ 9.7487E•‚ƒ 1.1499E•‚… 2.6350E•‚ƒ 2.1055E•‚„ 1.3851E+01
Std 5.9116E

•‚ƒ
3.0585E

•‚„
3.0178E

•‚ƒ
1.0713E

•‚„
6.6724E

•‚ƒ
1.2114E

•‚
Š 3.1105E

•‚„
2.7534E

•‚ƒ
6.0683E

•‚‚
5.3627E+00f15

†
•€

‡ 8 4 6 3 9 10 5 7 2 1 
hi

•€ 6.8440E•‚… 4.7544E•‚… 5.6072E•‚… 4.4823E+02 4.8567E•‚… 7.7229E•‚… 4.6637E•‚… 4.9749E•‚… 5.0563E•‚… 6.6557E•‚…

Std 2.8098E•‚… 2.3772E•‚… 2.0850E•‚… 1.3443E+02 2.3847E•‚… 2.2590E•‚… 1.7908E•‚… 1.6456E•‚… 1.5740E•‚… 2.3371E•‚…f16

†
•€

‡ 9 3 7 1 4 10 2 5 6 8 
hi

•€
2.2150E

•‚…
1.5303E

•‚…
8.7684E

•‚„
6.9544E+01 1.3676E

•‚…
2.5591E

•‚…
8.7145E

•‚„
1.5260E

•‚…
8.9996E

•‚„
1.2949E

•‚…

Std 1.7044E
•‚…

6.4439E
•‚„

9.1289E
•‚„

1.7296E+01 7.1383E
•‚„

1.2971E
•‚…

5.0306E
•‚„

5.4151E
•‚„

4.7714E
•‚„

7.9698E
•‚„

f17

†
•€

‡ 9 8 3 1 6 10 2 7 4 5 
hi

•€ 1.2375E•‚
‹ 6.7577E•‚„ 1.0034E•‚

‹ 2.0505E•‚… 2.6997E•‚
‹ 1.1409E•‚

‹ 8.0963E•‚ƒ 4.4368E•‚
Š 2.9366E•‚… 2.4552E+01

Std 8.3515E
•‚

Š 1.6128E
•‚„

1.1019E
•‚

‹ 4.7536E
•‚„

2.0513E
•‚

‹ 1.1535E
•‚

‹ 6.3692E
•‚ƒ

2.1042E
•‚

Š 3.8250E
•‚…

1.4356E+00f18

†
•€

‡ 9 2 7 3 10 8 5 6 4 1 
hi

•€ 7.5536E•‚ƒ 2.4696E•‚„ 5.9612E•‚ƒ 2.9977E•‚„ 6.6152E•‚ƒ 8.6631E•‚ƒ 6.4050E•‚„ 4.3373E•‚ƒ 1.4446E+01 1.7041E•‚„

Std 9.2361E•‚ƒ 4.1265E•‚ ‚ 7.1112E•‚ƒ 3.3897E•‚ ‚ 1.0646E•‚
Š 1.9974E•‚

Š 2.0384E•‚„ 3.5805E•‚ƒ 2.3613E+00 2.5649E•‚ ‚f19

†
•€

‡ 9 3 7 4 8 10 5 6 1 2 
hi

•€
2.0954E

•‚…
2.2062E

•‚…
1.2989E

•‚…
1.1363E+02 1.6996E

•‚…
2.6516E

•‚…
1.5080E

•‚…
1.7999E

•‚…
1.6235E

•‚…
1.6839E

•‚…

Std 1.2606E•‚… 6.2726E•‚„ 7.0970E•‚„ 5.2411E+01 1.0179E•‚… 1.1737E•‚… 7.7719E•‚„ 3.0863E•‚„ 8.3552E•‚„ 1.0846E•‚…f20

†
•€

‡ 8 9 2 1 6 10 3 7 4 5 
hi

•€
2.4861E

•‚…
2.5401E

•‚…
2.4896E

•‚…
2.5458E

•‚…
2.4845E

•‚…
2.7446E

•‚…
2.1555E+02 2.2234E

•‚…
2.4237E

•‚…
2.3357E

•‚…

Std 1.3100E
•‚„

2.5306E
•‚„

1.3195E
•‚„

3.3247E
•‚„

1.3575E
•‚„

1.9517E
•‚„

6.8417E+01 5.3235E
•‚ ‚

4.8332E
•‚„

1.3000E
•‚„

f21

†
•€

‡ 6 8 7 9 5 10 1 2 4 3 
hi

•€ 1.1194E•‚ƒ 1.0052E•‚… 1.0228E•‚… 1.0022E•‚… 9.3847E•‚… 1.4532E•‚ƒ 1.0010E•‚… 1.0000E+02 1.0382E•‚ƒ 1.0000E•‚…

Std 1.5994E
•‚ƒ

1.2385E
•‚ ‚

3.2279E
•‚ ‚

4.3917Ep
‚…

1.4111E
•‚ƒ

1.8286E
•‚ƒ

4.8158Ep
‚„

1.9609E-13 1.2396E
•‚ƒ

5.3353Ep
„ƒ

f22

†
•€

‡ 9 5 6 4 7 10 3 1 8 2 
hi

•€ 4.0719E•‚… 4.3546E•‚… 4.1472E•‚… 3.8959E•‚… 4.0008E•‚… 4.8447E•‚… 3.4974E+02 3.6743E•‚… 4.0526E•‚… 3.8643E•‚…

Std 1.8730E•‚„ 2.2279E•‚„ 1.8742E•‚„ 6.8787E•‚„ 1.5030E•‚„ 4.4709E•‚„ 1.1018E+02 9.0375E•‚ ‚ 1.6627E•‚„ 2.4054E•‚„f23

†
•€

‡ 7 9 8 4 5 10 1 2 6 3 
f24 hi

•€
4.7031E

•‚…
4.9961E

•‚…
4.8169E

•‚…
4.8972E

•‚…
4.6423E

•‚…
5.6079E

•‚…
4.6378E

•‚…
4.3362E+02 4.8916E

•‚…
4.4400E

•‚…
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Std 1.6522E•‚„ 2.0523E•‚„ 2.0610E•‚„ 1.6597E•‚„ 1.4334E•‚„ 5.7847E•‚„ 1.3594E•‚… 4.9550E+00 4.4886E•‚„ 3.9737E•‚„

† •€ ‡ 5 9 6 8 4 10 3 1 7 2 
hi •€ 3.8769E•‚… 3.8286E+02 4.0124E•‚… 3.8374E•‚… 3.8764E•‚… 3.8818E•‚… 3.8649E•‚… 3.8769E•‚… 3.8583E•‚… 3.8656E•‚…

Std 7.9822E
•‚ ‚

1.4018E+01 1.9489E
•‚„

1.8246Ep ‚„
8.2423E

•‚ ‚
3.4076E

•‚‚
1.0050E

•‚‚
4.8364Ep ‚„

1.6363E
•‚‚

7.0457Ep ‚„
f25

† •€ ‡ 8 1 10 2 6 9 4 7 3 5 
hi •€ 1.5490E•‚ƒ 1.2519E•‚ƒ 1.7344E•‚ƒ 2.5051E+02 1.3867E•‚ƒ 1.4922E•‚ƒ 2.7819E•‚… 4.0567E•‚… 7.4010E•‚… 3.1174E•‚…

Std 2.5666E•‚… 6.8198E•‚… 7.1347E•‚… 4.1112E+01 3.3105E•‚… 9.6940E•‚… 1.9359E•‚… 3.4155E•‚… 6.7559E•‚… 1.1411E•‚…f26

† •€ ‡ 9 6 10 1 7 8 2 4 5 3 
hi •€

5.1702E
•‚…

5.0569E
•‚…

5.4289E
•‚…

5.1286E
•‚…

5.1096E
•‚…

5.3523E
•‚…

5.0897E
•‚…

5.0926E
•‚…

5.0139E
•‚…

5.0058E+02
Std 1.0225E•‚„ 2.5923E•‚„ 1.7086E•‚„ 6.1632E•‚ ‚ 8.0838E•‚ ‚ 2.1095E•‚„ 4.7593E•‚‚ 8.1065E•‚ ‚ 9.4424E•‚‚ 9.5229E+00f27

† •€ ‡ 8 3 10 7 6 9 4 5 2 1 
hi •€

3.5720E
•‚…

3.2849E
•‚…

3.3257E
•‚…

3.6492E
•‚…

4.0282E
•‚…

3.5331E
•‚…

3.2843E
•‚…

3.9331E
•‚…

3.0608E
•‚…

3.0224E+02
Std 5.9081E

•‚„
5.0025E

•‚„
5.2165E

•‚„
3.2477E

•‚„
2.6602E

•‚„
5.9179E

•‚„
4.1817E

•‚„
5.4248E

•‚„
2.4544E

•‚„
1.4512E+01f28

† •€ ‡ 7 4 5 8 10 6 3 9 2 1 
hi •€ 6.3631E•‚… 7.4492E•‚… 5.5826E•‚… 5.4385E•‚… 5.8903E•‚… 6.7006E•‚… 5.1223E•‚… 4.7663E+02 5.1924E•‚… 6.4501E•‚…

Std 1.6299E
•‚…

1.2566E
•‚…

1.0040E
•‚…

5.4241E
•‚„

1.0176E
•‚…

1.4475E
•‚…

5.8019E
•‚„

3.9323E+01 6.6026E
•‚„

8.5013E
•‚„

f29

† •€ ‡ 7 10 5 4 6 9 2 1 3 8 
hi •€ 1.1907E•‚ Š 4.6351E•‚ƒ 5.0147E•‚ƒ 3.6855E•‚ƒ 1.5591E•‚ Š 1.8733E•‚ Š 5.4617E•‚ƒ 3.9418E•‚ƒ 2.6103E•‚ƒ 2.0742E+03
Std 3.7716E•‚ Š 1.5177E•‚ƒ 1.9712E•‚ƒ 3.3042E•‚… 3.3443E•‚ Š 3.4470E•‚ Š 1.0452E•‚ƒ 1.4015E•‚ƒ 3.1169E•‚… 5.0097E+01f30

† •€ ‡ 8 5 6 3 9 10 7 4 2 1 
}i Žj • …€ •  

}i Žj

0• ‚
2• …

0• …
4• „

0• ‚
0• „

3• Œ
7• ƒ

2•• 12•‰

Ave. † •€ ‡ 7.33 5.90 6.53 4.73 7.27 8.60 3.43 4.43 4.00 2.77 
Total. † •€ ‡ 9 6 7 5 8 10 2 4 3 1 

2
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1 Ta‘’“  4 Comparison results of ”•–—˜  and 9 comparison algorithms on CEC2017 test set (D=50)

Fun. ™š› œ• ž EO DŸ  ¡¢ £  ¤ Sa¡ ¥¦ ™ ¦¡ §̈ © A ¡ ¦ © ª £«¢ © ª ¬¬ ©§ DS¡ «¢ © ™¢¢ ¡¢ ™¢¡ ¦ ©

™š ®̄ 3.9497E°±² 2.3645E°±³ 2.5647E°±² 2.1679E°±́ 3.2345E°±² 8.3789E°±² 2.3242E°±² 2.9444E°±² 4.3894E-01 1.6071E°±µ

Std 3.5012E°±² 4.0670E°±³ 3.1799E°±² 6.0804E°±² 2.9248E°±² 9.2826E°±² 1.9622E°±² 3.2922E°±² 1.1704E+00 2.6214E°±µf1
¶ ®̄ · 8 3 5 10 7 9 4 6 1 2 

™š ®̄
1.6865E

°µ ¸ 4.5120E
°́ ±

1.8669E+08 5.6329E
°µ ¸ 2.8428E

°² ¹ 1.5411E
°µ²

6.1883E
°µ ²

1.2602E
°µ º 3.9178E

°± ¸ 2.7824E
°µ µ

Std 8.0116E°µ ¸ 2.2083E°́µ 7.9763E+08 2.5500E°µ » 1.7081E°² ¸ 9.7997E°µ² 3.0523E°µ ´ 7.9718E°µ º 2.1373E°±» 9.8063E°µ µf2
¶ ®̄ · 7 10 1 8 9 4 5 6 2 3 

™š ®̄
3.0331E

°±²
5.3157E¡ ±́

1.8496E
°±²

8.7143E
°±²

1.1045E
°± ´

1.8319E
°±µ

6.5936E
°±³

1.5160E
°±µ

1.1804E
°±́

7.3399E-07
Std 2.2006E

°±²
9.6301E¡ ±́

1.5425E
°±²

3.0099E
°±²

4.0641E
°±²

5.9204E
°±µ

3.9612E
°±³

2.2267E
°±µ

3.9556E
°±²

2.6121E-06f3
¶ ®̄ · 7 2 6 8 9 4 5 3 10 1 

™š ®̄ 8.4094E°±µ 1.6440E+00 1.0533E°±³ 4.0082E°±µ 9.1893E°±µ 8.5343E°±µ 3.5500E°±µ 2.3667E°±³ 4.1554E°±µ 5.8602E°±µ

Std 4.5502E
°±µ

3.2924E+00 4.3336E
°±µ

1.8954E
°±µ

5.5709E
°±µ

5.1342E
°±µ

1.8197E
°±µ

3.0583E
°±µ

3.7685E
°±µ

4.5951E
°±µ

f4
¶ ®̄ · 6 1 9 3 8 7 2 10 4 5 

™š ®̄ 1.4246E°±³ 1.7195E°±³ 1.2886E°±³ 1.4431E°±³ 1.4209E°±³ 1.7243E°±³ 1.2250E°±³ 3.4453E+01 1.2147E°±³ 6.4291E°±µ

Std 2.6116E°±µ 3.8522E°±µ 2.3960E°±µ 2.1124E°±µ 3.3861E°±µ 4.1999E°±µ 1.4479E°±µ 7.2978E+00 1.4354E°±µ 1.3900E°±µ

f5
¶ ®̄ · 7 9 5 8 6 10 4 1 3 2 

™š ®̄
6.2979E¡ ±µ

2.5574E
°±µ

5.3123E¡ ±µ
2.8298E¡ ±µ

4.0061E¡ ±³
4.4456E

°±±
1.6757E-05 1.2990E¡ ±²

3.6293E¡ ±³
8.7264E¡ ±́

Std 6.1595E¡ ±µ 3.4969E°± ± 5.8275E¡ ±µ 6.1436E¡ ±³ 5.0597E¡ ±³ 5.3650E°±± 7.7558E-06 4.3919E¡ ±² 2.6546E¡ ±³ 2.5677E¡ ±²f6
¶ ®̄ · 8 10 7 6 5 9 1 3 4 2 

™š ®̄
1.9618E

°±³
2.8109E

°±³
2.4910E

°±³
1.8021E

°±³
1.9761E

°±³
2.0517E

°±³
1.6149E

°±³
7.3078E+01 1.7873E

°±³
1.0941E

°±³

Std 3.5825E
°±µ

4.4069E
°±µ

4.8736E
°±µ

1.8965E
°±µ

3.4547E
°±µ

3.2001E
°±µ

1.6175E
°±µ

4.2607E+00 1.8428E
°±µ

2.2175E
°±µ

f7
¶

®̄
· 6 10 9 5 7 8 3 1 4 2 

™š
®̄ 1.4804E°±³ 1.7152E°±³ 1.3161E°±³ 1.4315E°±³ 1.4544E°±³ 1.7001E°±³ 1.2351E°±³ 3.3985E+01 1.2782E°±³ 7.1051E°±µ

Std 2.9406E
°±µ

3.6768E
°±µ

2.0238E
°±µ

1.8978E
°±µ

3.2694E
°±µ

4.5209E
°±µ

1.0765E
°±µ

8.1789E+00 1.5275E
°±µ

1.2857E
°±µ

f8
¶

®̄
· 8 10 5 6 7 9 3 1 4 2 

™š
®̄

3.5029E
°±³

3.6847E
°±²

1.1715E
°±²

1.9019E
°±³

4.1471E
°±³

1.7848E
°±²

7.7708E
°±µ

6.6506E¡
±µ

1.3688E
°±³

4.0703E-01
Std 3.4402E°±³ 1.0627E°±² 6.8168E°±³ 1.7075E°±³ 6.5384E°±³ 2.3011E°±² 1.6190E°±³ 8.1456E¡

±µ 9.7692E°±µ 5.1336E-01f9
¶

®̄
· 6 10 8 5 7 9 3 2 4 1 

™š
®̄

5.9006E
°±²

5.7025E
°±²

4.7308E
°±²

4.9658E
°±²

6.1744E
°±²

5.3414E
°±²

3.7699E
°±²

3.2923E+03 4.1579E
°±²

8.6161E
°±²

Std 1.0750E
°±²

7.0335E
°±³

7.3879E
°±³

5.5011E
°±³

1.3183E
°±²

8.6781E
°±³

3.7801E
°±³

6.7006E+02 5.1910E
°±³

1.1814E
°±²

f10

¶
®̄

· 8 7 4 5 9 6 2 1 3 10 
™š

®̄ 1.3316E°±³ 1.1819E°±³ 1.2689E°±³ 8.1916E°±µ 1.0644E°±³ 2.0174E°±³ 8.3313E°±µ 1.4696E°±³ 5.2985E+01 5.8186E°±µ

Std 5.1688E
°±µ

3.1338E
°±µ

3.5636E
°±µ

1.3432E
°±µ

3.4394E
°±µ

5.7840E
°±µ

1.9916E
°±µ

2.8818E
°±µ

8.7630E+00 1.2567E
°±µ

f11

¶
®̄

· 8 6 7 3 5 10 4 9 1 2 
™š

®̄ 8.7900E°±¼ 3.6575E+03 7.4458E°±¼ 1.8657E°±¼ 2.1880E°±
º 1.4485E°±

º 2.4647E°±¼ 3.5957E°±¼ 6.9433E°±¼ 3.8587E°±²

Std 6.1984E°±¼ 2.2008E+03 4.2569E°±¼ 5.4859E°±́ 1.3155E°±
º 1.6009E°±

º 1.0160E°±¼ 4.3116E°±¼ 5.2763E°±¼ 2.7793E°±²f12

¶
®̄

· 8 1 7 3 10 9 4 5 6 2 
™š

®̄
6.7074E

°±²
4.1229E

°±²
2.5361E

°±²
6.6881E

°±³
1.1402E

°± ´
2.3795E

°±́
3.9277E

°±²
3.1885E

°±²
2.9060E

°±³
2.9034E+02

Std 7.1775E°±² 1.5509E°±² 2.5305E°±² 6.7230E°±µ 9.6853E°±² 2.5205E°±́ 3.1606E°±² 4.1387E°±² 6.6432E°±µ 7.7761E+01f13

¶
®̄

· 8 7 4 3 9 10 6 5 2 1 
™š

®̄
5.3067E

°± ´
1.0180E

°±³
4.7140E

°±́
1.5699E

°±³
9.8291E

°± ´
3.5550E

°±́
1.1018E

°±²
1.1224E

°± ´
7.8180E

°±µ
5.5929E+01

Std 4.7326E
°± ´

1.7854E
°±µ

3.1170E
°±́

1.5088E
°±µ

7.0428E
°± ´

3.1885E
°±́

8.7558E
°±³

8.6696E
°±²

1.5280E
°±µ

1.0455E+01f14

¶
®̄

· 9 3 8 4 10 7 5 6 2 1 
™š

®̄ 1.1676E°± ´ 1.0612E°±² 5.6216E°±² 1.4626E°±³ 1.4888E°± ´ 1.1670E°±́ 1.4184E°±² 2.3347E°±² 4.7762E+01 8.0362E°±µ

Std 6.9998E
°±²

2.7815E
°±³

4.7469E
°±²

1.6989E
°±µ

6.0251E
°±²

1.1079E
°±́

1.0856E
°±²

3.6060E
°±²

7.5151E+00 2.0987E
°±µ

f15

¶
®̄

· 9 4 7 3 10 8 5 6 1 2 
™š

®̄ 1.1338E°±² 1.1095E°±² 1.0043E°±² 9.8713E°±³ 8.9729E°±³ 1.2701E°±² 1.0229E°±² 5.3882E+02 1.0910E°±² 1.2350E°±²

Std 3.6325E°±³ 2.5247E°±³ 3.3703E°±³ 1.7615E°±³ 3.8012E°±³ 3.7207E°±³ 2.3097E°±³ 1.9238E+02 2.7541E°±³ 4.2656E°±³f16

¶
®̄

· 8 7 4 3 2 10 5 1 6 9 
™š

®̄
9.6745E

°±³
8.7269E

°±³
7.5575E

°±³
6.0302E

°±³
7.5640E

°±³
9.3913E

°±³
6.6867E

°±³
4.8637E+02 7.3705E

°±³
9.9433E

°±³

Std 3.2913E
°±³

2.0248E
°±³

1.8544E
°±³

1.3535E
°±³

2.5595E
°±³

2.6352E
°±³

1.9071E
°±³

1.4930E+02 1.3701E
°±³

2.3241E
°±³

f17

¶
®̄

· 9 7 5 2 6 8 3 1 4 10 
™š

®̄ 3.2525E°±¼ 7.5856E°±³ 5.5399E°±¼ 1.1763E°±² 1.2651E°±
º 1.5723E°±¼ 3.5663E°± ´ 6.8204E°± ´ 4.8069E°±́ 4.7008E+01

Std 2.3141E
°±¼

3.3250E
°±³

4.5699E
°±¼

3.4759E
°±³

6.5857E
°±¼

1.4307E
°±¼

1.4834E
°± ´

3.3807E
°± ´

2.0031E
°±́

8.9333E+00f18

¶
®̄

· 8 2 9 3 10 7 4 6 5 1 
™š

®̄ 1.4953E°± ´ 3.0967E°±³ 1.3390E°±́ 6.6052E°±µ 1.8467E°± ´ 2.0446E°±́ 2.7309E°±³ 1.3335E°± ´ 3.0133E+01 3.2375E°±µ

Std 1.0037E°± ´ 1.5039E°±³ 8.3663E°±² 7.4493E°±± 1.2442E°± ´ 1.9192E°±́ 9.4521E°±µ 6.3554E°±² 5.7899E+00 4.3768E°± ±f19

¶
®̄

· 8 5 7 3 9 10 4 6 1 2 
™š

®̄
6.8033E

°±³
6.2983E

°±³
5.6922E

°±³
4.6622E

°±³
4.8302E

°±³
6.9561E

°±³
5.4264E

°±³
2.3626E+02 5.3032E

°±³
8.0299E

°±³

Std 2.6705E°±³ 1.5421E°±³ 1.4463E°±³ 1.1561E°±³ 2.4315E°±³ 2.9247E°±³ 1.6817E°±³ 1.1687E+02 1.8170E°±³ 2.4906E°±³f20

¶
®̄

· 8 7 6 2 3 9 5 1 4 10 
™š

®̄
3.1090E

°±³
3.3003E

°±³
3.1678E

°±³
3.3814E

°±³
3.1585E

°±³
3.7161E

°±³
3.3013E

°±³
2.3592E+02 3.2608E

°±³
2.6429E

°±³

Std 2.8117E
°±µ

2.3167E
°±µ

2.3411E
°±µ

2.1655E
°±µ

2.3927E
°±µ

3.2744E
°±µ

1.3200E
°±µ

6.5630E+00 1.5987E
°±µ

1.6140E
°±µ

f21

¶
®̄

· 3 7 5 9 4 10 8 1 6 2 
™š

®̄ 5.9913E°±² 2.3991E°±² 4.7690E°±² 3.8077E°±² 6.4205E°±² 6.2153E°±² 4.0848E°±² 6.5559E+02 4.6340E°±² 1.4748E°±²

Std 1.5479E
°±²

3.0495E
°±²

1.8229E
°±²

2.5873E
°±²

1.6431E
°±²

1.5579E
°±²

1.2150E
°±²

1.4155E+03 1.0493E
°±²

3.3287E
°±²

f22

¶
®̄

· 8 3 7 4 10 9 5 1 6 2 
™š

®̄ 5.4238E°±³ 6.5156E°±³ 5.8431E°±³ 5.8174E°±³ 5.1925E°±³ 7.3856E°±³ 5.5405E°±³ 4.6855E+02 5.6194E°±³ 4.8880E°±³

Std 3.2819E°±µ 4.6161E°±µ 3.8846E°±µ 2.2401E°±µ 2.6376E°±µ 8.0298E°±µ 5.2356E°±µ 1.1961E+01 1.8753E°±µ 1.7623E°±µf23

¶
®̄

· 4 9 8 7 3 10 5 1 6 2 
f24 ™š

®̄
6.0057E

°±³
7.4405E

°±³
6.7632E

°±³
7.1514E

°±³
5.9131E

°±³
8.5766E

°±³
7.6565E

°±³
5.2496E+02 6.7982E

°±³
5.5065E

°±³
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Std 2.5696E°±µ 5.8372E°±µ 4.4248E°±µ 3.8843E°±µ 2.5283E°±µ 1.0176E°±³ 1.4692E°±³ 8.6792E+00 3.5212E°±µ 1.5233E°±µ

¶ ®̄ · 4 8 5 7 3 10 9 1 6 2 
™š ®̄ 5.6300E°±³ 4.5604E+02 5.5431E°±³ 4.7884E°±³ 5.5861E°±³ 5.3195E°±³ 5.0183E°±³ 5.7977E°±³ 5.2177E°±³ 5.0583E°±³

Std 3.6744E
°±µ

2.8919E+01 4.3335E
°±µ

2.3321E
°±µ

3.0101E
°±µ

3.6107E
°±µ

2.9610E
°±µ

1.4104E
°±µ

3.5843E
°±µ

3.5559E
°±µ

f25

¶ ®̄ · 9 1 7 2 8 6 3 10 5 4 
™š ®̄ 2.7101E°±² 2.3459E°±² 3.9842E°±² 1.3313E°±² 2.1844E°±² 2.4549E°±² 1.7512E°±² 4.9789E+02 2.3641E°±² 1.5420E°±²

Std 5.7969E°±³ 1.1079E°±² 9.2623E°±³ 1.1968E°±² 4.0895E°±³ 1.2922E°±² 1.0885E°±² 4.0639E+02 7.0239E°±³ 5.4648E°±³f26

¶ ®̄ · 9 6 10 2 5 8 4 1 7 3 
™š ®̄

6.5759E
°±³

5.6750E
°±³

8.8692E
°±³

6.2301E
°±³

5.8586E
°±³

6.8377E
°±³

5.9493E
°±³

7.9031E
°±³

5.9110E
°±³

5.3873E+02
Std 6.4481E°±µ 1.4337E°±³ 9.7798E°±µ 3.6098E°±µ 4.2581E°±µ 1.1189E°±³ 3.5636E°±µ 6.7411E°±µ 4.5603E°±µ 2.0866E+01f27

¶ ®̄ · 7 2 10 6 3 8 5 9 4 1 
™š ®̄

4.9836E
°±³

4.5767E+02 4.9924E
°±³

4.5958E
°±³

4.9536E
°±³

4.8912E
°±³

4.7089E
°±³

5.4023E
°±³

4.7078E
°±³

4.6787E
°±³

Std 2.6521E
°±µ

1.6478E+01 2.3252E
°±µ

9.5307E¡ ±µ
2.4678E

°±µ
2.1819E

°±µ
1.8699E

°±µ
3.1154E

°±µ
1.9905E

°±µ
1.8554E

°±µ
f28

¶ ®̄ · 8 1 9 2 7 6 5 10 4 3 
™š ®̄ 9.3754E°±³ 1.2909E°±² 9.6535E°±³ 7.3576E°±³ 7.8757E°±³ 1.1964E°±² 7.3439E°±³ 6.6524E+02 7.7557E°±³ 8.6297E°±³

Std 3.0896E
°±³

2.2162E
°±³

2.6606E
°±³

1.1266E
°±³

2.0488E
°±³

3.2623E
°±³

1.4813E
°±³

1.6706E+02 1.6510E
°±³

2.2128E
°±³

f29

¶ ®̄ · 7 10 8 3 5 9 2 1 4 6 
™š ®̄ 1.0765E°± º 1.7409E+04 9.2269E°±¼ 7.2462E°±¼ 1.0418E°± º 1.4015E°± º 6.5634E°±¼ 4.0551E°± º 5.8299E°±¼ 6.4818E°±¼

Std 4.0254E°±¼ 1.2783E+04 1.7675E°±¼ 4.0653E°±́ 2.6907E°±¼ 6.0428E°±¼ 3.7787E°± ´ 1.1743E°± º 3.7944E°±² 3.2330E°± ´f30

¶ ®̄ · 8 1 6 5 7 9 4 10 2 3 
¬š ½› ¾ ³̄ ¿  

¬š ½›

0¾ ±
5¾ ²

1¾ ±
0¾ ¼

0¾ µ
0¾ ±

1¾ ²
13¾ µ

4¾ ´
6¾ µ ²

Ave. ¶ ®̄ · 7.37 5.63 6.60 4.67 6.77 8.27 4.23 4.17 4.03 3.27 
Total. ¶ ®̄ · 9 6 7 5 8 10 4 3 2 1 
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1 TaÀÁÂ  5 ÃÄ ÁÅÆÇÆÈ  signed ranÉ  test ÊÄ ËÌ  Bonferroni-Holm correction on CEC2017 test set

Í p-value R+ R-
Î /Í Hypothesis n/w/t/l

MS-EO vs HFPSO 9 5.7791E-09 1706 124 5.5556E-03 Reject 60/56/0/4
MS-EO vs EO 8 2.9685E-08 1668 162 6.2500E-03 Reject 60/54/0/6
MS-EO vs A-EO 7 9.8073E-07 1580 250 7.1429E-03 Reject 60/52/0/8
MS-EO vs Sa-DE 6 1.8000E-05 1498 332 8.3333E-03 Reject 60/50/0/10
MS-EO vs DQL-SFLA 5 3.2800E-04 1403 427 1.0000E-02 Reject 60/47/0/13
MS-EO vs HBBOG 4 1.2950E-03 1352 478 1.2500E-02 Reject 60/41/0/19
MS-EO vs ME-GWO 3 3.4720E-03 1312 518 1.6667E-02 Reject 60/43/0/17
MS-EO vs DS-PSO 2 1.4463E-02 1239 591 2.5000E-02 Reject 60/37/1/22
MS-EO vs MSS-CS 1 4.2174E-02 1191 639 5.0000E-02 Reject 60/39/0/21
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�T�a�b�l�e� �6�(�o�n� �n�e�x�t� �p�a�g�e�)

�B�r�i�e�f� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �d�a�t�a�s�e�t�s
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1 Table 6 Brief description of the datasets

No. Name Ï Ð Ñ

D1 Australian 690 14 2
D2 Breast 277 9 2
D3 Hearts 270 12 2
D4 ÒÓÔÓÕÖØÙÚÙ 351 34 2
D5 Û Ú ÜÝ Õ ÜÞ Ö 3196 36 2
D6 Sonar 208 60 2
D7 Seßà ÙÔ áâáã ÓÔ 210 19 7
D8 äÓåÙæ 528 10 2
D9 Wine 178 13 3
D10 Waveform 5000 21 3
D11 Wdbc 569 30 2
D12 çÓÓ 101 16 7
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�T�a�b�l�e� �7�(�o�n� �n�e�x�t� �p�a�g�e�)
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1 Table 7 Comparison results based on Meanè  Accuracy and AND

Mean Accuracy AND

SR-PSO Sin-DE WOASA ME-GWO MS-EO SR-PSOSin-DEWOASAME-GWOMS-EOSR-PSOSin-DEWOASAME-GWO MS-EO

1.9200E-011.4800E-011.3500E-011.2600E-011.2274E-0180.93é 85.39é 86.67é 87.54é 87.83% 4.6 4.8 4.2 3.2 3.1
D1

Ranê 5 4 3 2 1 5 4 3 2 1 4 5 3 2 1

2.6400E-012.1100E-012.0600E-012.0400E-011.6826E-0173.81é 78.99é 79.71é 79.86é 83.45% 4.4 4.2 4.4 4.0 4.0
D2

Ranê 5 4 3 2 1 5 4 3 2 1 4 3 4 1 1

2.4200E-011.8400E-011.5700E-011.4900E-011.4208E-0176.00é 81.78é 85.19é 85.33é 85.93% 4.8 4.6 4.2 4.0 3.3
D3

Ranê 5 4 3 2 1 5 4 3 2 1 5 4 3 2 1

9.9000E-025.7000E-024.8000E-024.4000E-024.5574E-0290.45é 94.55é 95.45é 95.91% 95.68é 16.4 10.8 10.6 10.6 9.60
D4

Ranê 5 4 3 1 2 5 4 3 1 2 5 4 2 2 1

2.2100E-011.9900E-011.8100E-011.7700E-011.7121E-0178.20é 80.23é 82.17é 82.53é 83.09% 18.6 16.4 15.2 15.2 13.5
D5

Ranê 5 4 3 2 1 5 4 3 2 1 5 4 2 2 1

1.4200E-017.2000E-024.7000E-025.6000E-024.4247E-0286.15é 93.08é 95.67é 94.81é 95.96% 28.2 26.4 23.4 25.6 25.6
D6

Ranê 5 4 2 3 1 5 4 2 3 1 5 4 1 2 2

1.1700E-018.4900E-028.9000E-025.5700E-025.0808E-0288.76é 91.81é 91.43é 94.67é 95.14% 9.8 7.0 8.0 5.2 4.9
D7

Ranê 5 3 4 2 1 5 3 4 2 1 5 3 4 2 1

8.3000E-024.1000E-023.2000E-022.2000E-021.8250E-0292.27é 96.52é 97.73é 98.48é 98.86% 7.8 7.6 7.4 7.0 7.0
D8

Ranê 5 4 3 2 1 5 4 3 2 1 5 4 3 1 1

8.1000E-024.8000E-022.8000E-021.9000E-021.5290E-0292.36é 95.53é 97.51é 98.43é 98.88% 6.6 4.6 4.2 4.0 5.0
D9

Ranê 5 4 3 2 1 5 4 3 2 1 5 3 2 1 4

2.4800E-012.1500E-012.1200E-012.1700E-012.0721E-0175.54é 78.98é 79.52é 78.82é 79.75% 18.2 15.0 16.0 16.0 14.1
D10

Ranê 5 3 2 4 1 5 3 2 4 1 5 2 3 3 1

8.2000E-027.3000E-026.1000E-025.6000E-024.9551E-0292.21é 92.77é 94.04é 94.53é 95.12% 5.2 5.4 5.2 5.0 3.8
D11

Ranê 5 4 3 2 1 5 4 3 2 1 3 4 3 2 1

3.7000E-022.3000E-022.3000E-021.1000E-022.8125E-0396.86é 98.04é 98.04é 99.22é 100% 9.4 6.5 5.6 5.4 4.5
D12

Ranê 5 3 3 2 1 5 3 3 2 1 5 4 3 2 1

Count 0 0 0 1 11 0 0 0 1 11 0 0 1 3 10

Ave. 
Ranê

5.00 3.75 2.92 2.17 1.08 5.00 3.75 2.92 2.17 1.08 4.67 3.75 2.75 1.83 1.33

Total. 
Ranê

5 4 3 2 1 5 4 3 2 1 5 4 3 2 1
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1 Table 8 Comprehensive rankinë  results on feature selection

SR-PSO Sin-DE WOASA ME-GWO MS-EO
Ave. Rank 4.89 3.71 2.86 2.04 1.15
Total. Rank 5 4 3 2 1
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