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Elite reverse learning and Cauchy perturbation-guided
gazelle optimization algorithm

Ban Yunfei Zhang Damin Zuo Fengqin Shen Qianwen

(School of Big Data and Information Engineering, Guizhou University, Guiyang 550025, China)

Abstract: Aiming at the problems of low convergence accuracy of gazelle optimization algorithm and easy to fall into local
optimum, an elite inverse learning and Cauchy perturbation-guided improved gazelle optimization algorithm (IGOA) is
proposed. Firstly, the gazelle individuals are initialized using an elite reverse learning strategy to improve the quality of
the initial solution and increase the population diversity. Secondly, at the beginning of the algorithm iteration, the two-
stage nonlinear inertia weights are used to guide the position updating method of the population, which improves the
accuracy of the algorithm and balances the global and local searches of the algorithm. Finally, the survival rate-guided
Cauchy perturbation strategy is introduced into the position updating formula of the population in the exploration stage to
improve the ability of the algorithm to jump out of the local optimum. Experimental tests are carried out on 8 comparison
algorithms using 12 benchmark test functions and Wilcoxon rank sum test, and the results show that the improved
algorithm has higher optimization accuracy, faster convergence speed and ability to jump out of local optimum. The
practicality and effectiveness of IGOA are verified on two real engineering problems, namely, gear train and three-bar
truss design.
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Table 1 12 benchmarking functions
Fr BRI B4 A X 18] 4t g FRAE
F1 Sphere 0 [—100,100] 30 Unimodal
F2 Schwefel 2. 22 0 [—10,10] 30 Unimodal
F3 Schwefel 1. 2 0 [—100,100]] 30 Unimodal
F4 Schwefel 2. 21 0 [—100,100] 30 Unimodal
F5 Rosebrock 0 [—30,30] 30 Unimodal
F6 Step 0 [—100,100] 30 Unimodal
F7 Quartic 0 [—1.28,1.28] 30 Unimodal
F8 Schwefel 2. 26 —12 569.5 [—500,500] 30 Multimodal
F9 Rastrigin 0 [—5.12,5.12] 30 Multimodal
F10 Ackley 0 [—32,32] 30 Multimodal
F11 Griewank 0 [—600,600] 30 Multimodal
F12 Penalized 0 [—50,50] 30 Multimodal

*2 HESHERE

Table 2 Algorithm parameter setting

Zi 1, D\ PR UG R BI0RT 22 0 R A 1 1 I I Rk B
IGOA g 4 42 L5 3 1l SCChOA L ISOA UL & THG-

Lk SHEE WO 3 /> EAT RN S k5, 48 2R 2 0 35 00 18 3 4
GOA PSRs — 0.34.S — 0.88.s — rand (0.1) i&iﬂi@n‘z’iﬁt{ﬁ,,‘Eﬁiﬁﬁtﬁﬁﬁﬁﬁa‘,Eﬁ@l*ﬁﬁ%ﬂ%@iﬁ
b = 300.e = 0. 66 H4F, HRETE— @ PR BBk ik Rl il .
GOA PSRs — 0.34.S — 0.88.5 — rand (0.1) W A4 B %A ) B33 70 5 o 00 3 v 450 A7 508
GJO B=1.5 By ] AL, IISCSIC I £ 1 ] DR O b o ) R 1 i SR
SCA 0 =2 FEERMGARAEEE . A FL ket 27T LLE Y, IGOA 7E i
MVO o — Lo — 0.2 200 YWAEAR LTI LU Sh B B I fR (H, 2 VL 5 SC-
o ‘ ChOA.ISOA .THGWO 3 A2tk ¥ 78 300 I EAR 5 A
SCChOA ' A 00 2% 3 (AL AR T 25 KB A, A 6 AT F12
1SOA =15/ =2 1242 77 s H A 1 2 £ 014 F B 1 M8 T 36— A/
THGWO G = Z+@min = 0 s B DX, 42 B A 38 3 M AR 38 T IGOA T LZE 100 ¥ %
x3 1GOA 5 H M & %33 bk HidR
Table 3 Comparative data between IGOA and other algorithms
PR BT IGOA GOA GJO SCA MVO SCChOA ISOA IHGWO
Best 0 1.02X10°" 7.76X10 "% 4.53X10 7 7.28X10 ' 2.87X10 *® 2.21X10 * 0
F1 Mean 0 5.24X107" 1.67X10°""  1.48X10 1. 28 2.03X10° %" 3.62x10 " 0
Std 0 2.86X10 " 2.98X10 "  2.64X10  2.95X10 " 0 6.66X10"" 0
Best 0 5.83X10 % 5.65X10 " 1.66X10 ° 5.07X10 " 5.16X10 " 1.68X10 " 4.01x10 *
F2 Mean 0 3.19X10° "% 2.99X10° % 1.82X10 7 2. 84 4.78X107"%% 13,8810 1.77x10 %
Std 0 1.75X10 "% 5.47X10 ¥ 2.25X10 ° 6.29 2.62X10 """ 3.94X10 ' 0
Best 0 7.90X107" 1.42X107%  1.56X10° 7.98X10  8.52X107*" 1.16X107* 0
F3 Mean 0 5.23X107% 1.06X107"" 8.76X10°  2.27X10° 1.51X10° ' 1. 63 0
Std 0 2.53X107" 3.38X107""  5.72X10° 1.05X10° 0 1. 89 0
Best 0 6.48X10 % 7.97xX10 " 1.81X10 6.38x10 ' 2.25X10 "' 2.17x10 ' 1.27Xx10 *"
F4 Mean 1.19X 107" 9.43X107° 4.40X107 " 3.72X10 1.98 4.77X1071%° 4.67X107° 3.91x 107
Std 0 5.11X107% 8.78X107"  1.26X10  7.05X107" 2.61X107" 6.34X107° 0
Best 3.62X107"  2.44X10 2.62X10 3.01X10 3.85X10 2.88X10 2.33X10 2.54 %10
F5 Mean 9.37 2.52X10 2.78X10 2.86x10"  5.11X10° 2.90X10 2.92X10 2.69%10
Std 1.26X10  4.03X107" 6.91X107" 6.51X10"  6.98X10° 4.52X107° 1.87X10 9.01X107"
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PR B AR IGOA GOA GJO SCA MVO SCChOA ISOA THGWO
Best 4.39X107"" 3.64X10"" 1. 98 4.58 6.12X107" 1. 05 4.44X107°%  5.55%X107°

F6 Mean 7.22X107° 1.28X107" 2.70 2.56X10 1.27 1. 65 5.41X107" 5.06X107"
Std  1.34X10°% 8.61X10 % 3.93X10 ' 4.27X10  3.91X10 ' 2.49X10 ' 2.83X10 ' 3.59X10'
Best 1.62X10 ° 7.97X10 ' 1.28X10° 5.63X10 ° 1.19X10 % 1.00X10 ® 9.54X10 " 8.27x10 °

F7 Mean 8.55X10 7 2.94X10 * 5.29X10 " 8.07X10 * 2.98X10 * 1.02X10 ' 5.03X10 * 1.12Xx10 "
Std  7.00X107° 1.98X107° 3.46X107*" 6.80X107% 1.01X107* 1.25X107" 2.94X107° 9.01X107°
Best —1.26X10" —1.01X10" —6.40X10° —4.58X10° —9.46X10° —5.75X10° —7.84X10° —9.39X10°

F8 Mean —1.19X10" —7.96X10° —4.34X10° —3.81X10° —7.87X10° —5.50X10° —6.74x10° —6.73X10°
Std  8.06X10°  9.65X10°  1.13X10°  3.22X10° 7.67X10° 1.46X10*>  4.56X10*  1.41x10°
Best 0 0 0 8.50X107°  6.72X10 0 1.05X10" 0

F9 Mean 0 2.32 0 3.69X10  1.13X10° 0 1.82X10 0
Std 0 6.27 0 2.72X10 2.70X10 0 7.72 0
Best 8.88X107"" 4.44X107" 4.44X107" 1.00X107" 6.42X107" 8.88X107 " 8.62x10"" 8.88x10" '

F10 Mean 8.88X10 ' 3.01X10 " 7.05X10 " 1.56X10 2. 40 8.88X10 " 1.25X10 " 1.13x10 "
Std 0 1.29%x10 " 1.60x10 " 8. 14 3.32 0 1.61X10° " 9.01X10 '
Best 0 0 0 3.98X10 " 6.67x10 ' 0 0 0

F11 Mean 0 0 0 8.95X10 " 8.55X10 " 0 8.11x10* 0
Std 0 0 0 2.75X107"  7.47X107* 0 7.67X107° 0
Best 4.43X10°° 2.80X10° "' 6.99X10° 7.22X10°" 1.19X107% 6.56X10° % 7.57X10° " 6.64x10°

F12 Mean 6.37X107" 5.99X107° 2.12Xx10"" 3.82X10* 1.81 1.28X107" 2.08X107% 3.18X107°
Std  7.28X10° " 3.43X10 7 8.36X10 * 1.64X10° 1.23 5.91X10°% 1.61X10 % 1.45X10 °
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Fig. 4 Convergence curves of different algorithms on benchmark test functions
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Table 4 Experimental results of IGOA and comparison algorithms on a 100 —dimensional benchmark test
PREL FE R IGOA GOA GJO SCA MVO SCChOA ISOA IHGWO
Best 0 1.43X107" 9.64X10° 2.86X10°  1.02X10° 2.71X10 %% 5.44x10°° 0
F1 Mean 0 6.37x107% 3.82x10°* 1.10x10" 1.56X10° 9.80X10 * 2.56x10° " 0
Std 0 3.49X10° 7 4.04X10 %  6.94X10° 2.61X10 0 2.37%X10°° 0
Best 0 1.13X10 %" 1.23X10 " 8.28X10 " 3.46X10° 1.67X10 "™ 5.38X10 " 1.95x10 *"
F2 Mean 0 2.30X10°° 7.74X10°"® 7.47 1.15X10% 5.59X10°% 1.38X10° 1.32Xx10 ¥
Std 0 1.24X10°° 6.41x10 " 6. 70 4.71X10% 3.06X10 " 7.77X10°7 0
Best 0 3.88 8.19X10° % 1.20X10°  4.93X10" 5.93X10 *' 7.92X10° 0
F3 Mean 0 1.47X10*  3.11X10 ' 2.58X%X10° 6.54x10" 3.94Xx10 ' 2.08x10* 0
Std 0 2.22X10°  9.74X10" 6.22Xx10" 8.04x10° 0 7.82X10° 0
Best 2.44X10 %" 5.41X10 "% 3.69X10 ° 7.77X10 4.17X10 8.12X10 "° 3.21 3.07X10 %
F4 Mean 3.29X10 % 7.96x10° 9. 82 8.91X10 5.90X10  5.48x10 % 7.94 7.90X10 '
Std 0 3.55X10°% 1.25X10 2.99 8.93 2.98x 10" 3.02 0
Best 2.76X10 "'  9.60X10 9.67X10 2.06X10" 3.26x10° 9.90X10 9. 54X 10 9. 52X 10
— 8 — [ &1 L 7 ) 4 R rp R A% B T
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PR BT IGOA GOA GJO SCA MVO SCChOA ISOA IHGWO
F5 Mean 6.40X10 9.76X10 9.82x10 1.02x10°  7.99x10° 9.90Xx10 1. 22X10° 9.78X10

Std  4.35X10  8.54X10 ' 5.33X10 ' 4.96X10"  5.03X10° 4.10X10 *  7.67X10 7.77X10 '
Best 5.79X10 ° 5.33 1.47X10 1.22X10°  1.08X10° 6. 65 4.28 7. 39
F6 Mean 1.08X107" 9.33 1. 65X 10 1.32X10"  1.70x10° 8. 63 6. 37 9.42
Std  4.16X10 ! 1. 64 9.39X10 ' 9.84x10° 3.44X10 1.47 8.69x10 ' 1.01
Best 1.09X107° 1.77X10° 2.43X10°" 4.56X10 3.82X10 " 4.63X10°° 1.80X10 % 1.40X10°
F7 Mean 7.38X107° 7.89X107% 1.53X107° 1.47X10° 6.56X107" 7.74X107° 5.59X107* 9.88X107°
Std  6.42X10°° 1.32X10° % 9.36X10 " 7.61X10 1.70X10 " 6.89X10° 2.69X10 * 6.51X10°
Best —4.19X 10" —1.63X10" —1.83X10" —8.47X10° —2.52X10* —1.76X10* —1.66X10" —2.40X10"
F8 Mean —3.33X10" —1.36X10" —9.93X10° —7.00X10° —2.30X10" —1.30X10" —1.42X10" —1.68X10"
Std  6.18X10°  1.19X10°  4.25X10°  6.15X10° 1.29x10°  5.73X10°  1.04X10°  5.49x10°
Best 0 0 0 8.13X10  5.98X10° 0 9.41x10 0
F9 Mean 0 8. 80 7.58X10 " 2.55X10°  7.25X10° 0 1. 76 X107 0
Std 0 4.52X10  4.15X10° " 9.62X10 5.98X10 0 4.43X%10 0
Best 8.88X10 " 4.44X10 " 3.64x10 " 2.03 4.03 8.88X10 " 1.00X10° 8.88x10 '°
F10 Mean 8.88X107 ' 1.07X10° " 4.94x107" 1.82X10 8. 83 8.88X107"° 5.40X107° 2.31x10° "
Std 0 3.53X107" 9.67X107" 5.21 6. 35 0 7.49X107° 1.77X10°"
Best 0 0 0 4.19 2.10 0 2.73X10°° 0
F11 Mean 0 2.91X10 " 0 9. 60X 10 2.47 0 3.98X10 ° 0
Std 0 1.59%x10° 0 9.15X10 2.17Xx10 " 0 6.07x10° 0
Best 2.65X10°° 5.66X10 % 4.73X10°" 1.18X10’ 1.17X10  1.27X107" 7.76X10°% 1.10X10""
F12 Mean 1.87X107° 1.47X107" 6.21X10"" 2.68x10° 2.13X10  2.06X10 " 5.47X10°" 1.91X10 '
Std  2.00X10 % 4.60X10 * 8.59X10 * 1.17X10° 6.77 7.72X10°% 8.14X10 ' 3.27X10°
RS5 IGOA ML EEAE 200 HHAEN R FHLRER
Table 5 Experimental results of IGOA and comparison algorithms on a 200 — dimensional benchmark test
PR AR IGOA GOA GJO SCA MVO SCChOA ISOA THGWO
Best 0 2.66X107% 2.51X10° " 1.00X10*  1.92X10° 4.89X10 ** 6.52x10"" 0
F1 Mean 0 2.28X107"7 4.69X107*  4.93X10"  2.82X10° 1.33X107"" 5.62X10"° 0
Std 0 1.22X107" 4.29X107%  2.83X10"  3.33Xx10° 0 3.44X107° 0
Best 0 2.56X10"* 1.60x10" " 5. 04 3.42X10% 3.83x10° " 1.00X10°* 3.51x10 *"
F2 Mean 3.40X10°® 5.82X10°° 4.95X10 " 2.86X10  8.61X10"” 6.80X10 " 2.20xX10°* 1.52X10 *”
Std 0 3.12X10° " 2.26X10 "% 1.86X10  3.02X107 3.72Xx10 " 7.51x10 " 0
Best 0 1.58X10°  6.23X107"  6.82X10°  2.35X10° 4.12X10** 1.13X10° 0
F3  Mean 0 1.52X10"  6.91X10°  1.09X10°  3.27X10° 7.12X107'"" 1.64X10° 0
Std 0 1.46X10"  1.93x10°  2.35X10°  3.17X10" 0 2.52X10" 0
Best 5.58X107*" 1.17X107" 2.61X10 9.16X10 7.68X10 1.12X10 ' 2.15X10 7.79Xx10 "
F4 Mean 8.15X107*" 4.08X10"" 5.59X10 9.63X10 8.39X10 1.50x10 * 3.53X10 7.56x10 '
Std 0 1. 45 1.19X10 1.53 3.78 8.23x10 ¥ 6. 81 0
Best 2.31X107° 1.97X10°  1.97X10°  2.17X10°  2.28X10°  1.99X10*  1.98X10°  1.96X10*
F5 Mean 1.57X10° 1.98X10°  1.98X10° 5.27X10%  3.88X10° 1.99X10*  3.68X10°  1.98X 10"
Std  6.96X10  4.01X107" 3.09X107" 1.46X10°  1.28X10° 4.64X107°% 3.74X10* 7.16X10""
Best 7.54X10 °  2.31X10 3.63X10  1.18X10"  2.13X10° 1. 44X 10 2.19X10 2. 38X 10
F6 Mean 2.50X10 '  3.04X10 3.88X10  5.41x10"  2.78x10° 1.91X10 2.43X10 2.76X10
Std 1. 02 3. 06 1.12 2.65X10"  3.79X10* 2. 90 1. 24 1. 64
Best 1.22X10 ° 2.12X10° 3.26X10 ' 6.32X10° 4.15 2.93X10°°% 1.19X10 ' 7.92Xx10 °
F7 Mean 7.65X107° 4.67X107% 2.55X107° 1.50X10° 5.72 1.48X107" 2.80x107" 1.35X10°"
rh E B O ) FEAME P EEAR — 9 —
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Std  6.04X107° 1.45X107" 2.16X10° 4.86X10° 9.55X10° " 1.28X10° " 8.75X10°* 1.07X10""
Best —8.38X10" —2.33X10" —2.44X10" —1.16X10" —4.46X10" —3.29X10" —2.54X10" —4.04Xx10"
F8 Mean —5.80X10" —1.91X10" —1.54X10" —9.83X10° —4.06X10" —1.84X10" —2.21X10" —2.82X10"
Std  1.87X10"  1.39X10°  7.32X10°  8.07X10*  2.26X10°  1.40X10" 1.75x10° 1.12X10*
Best 0 0 0 1.12X10*  1.74%x10° 0 5. 28X 10 0
F9 Mean 0 1.54X107" 3.03x107" 5.31X10° 1.93x10° 0 7.36X10° 0
Std 0 8.41X107" 7.86x107" 2.32X10° 1.15X10° 0 1. 0810 0
Best 8.88X10° " 4.44X10°" 2.70X10" " 1.98X10  8.88X10 ' 5.03X10°° 8.88x10 '
F10 Mean 8.88X107 ' 4.14X107" 1.13x10"" 1.93X10 2.05X10  8.88X107" 1.46X107% 3.14Xx10°"
Std 0 2.26X10°° 7.21x10 " 1.74%x10°" 0 1.27X10°% 1.74X10 7
Best 0 0 0 1. 09X 107 2.05%10 0 5.46X107" 0
F11 Mean 0 2.53X107" 3.70X107"*  3.39X10 2.70X10 0 9.39x107"° 0
Std 0 1.21X10°% 2.03X10 ' 1.33X10* 3. 30 0 1.66x10 * 0
Best 1.48X107° 2.27X107' 6.61X10°" 7.21X10° 6.95X10  1.39X107" 7.20X10"" 3.07x10""
F12 Mean 1.39X10 ° 1. 31 7.75X10° " 1.38X10°  3.47X10° 2.24X10"" 3. 67 3.75X10 "
Std  2.20x10 ° 3. 70 4.75X107%  3.69X10°  5.71X10° 8.68Xx107° 1. 86 3.49X107*
x6 IGOA SEHMEZEMNBMBEIILER
Table 6 Results of the rank sum test comparing IGOA with other algorithms
bR %k GOA GJO SCA MVO SCChOA ISOA IHGWO
F1  1.21X10° "% + 1.21X10 " + 1.21X10 " + 1.21X10 " + 1.21X10 " + 1.21X10 " + NaN =
F2 1.21X10 " + 1.21X10 " + 1.21X10 " + 1.21X10 " + 1.21X10 " + 1.21X10 " + 1.21X10 " +
F3 1.21X10°" + 1.21X10°" + 1.21X107 " + 1.21X10 "% + 1.21X10 " + 1.21X10 " + NaN =
F4 3.02Xx10 " + 3.02X10 " + 3.02X10 " + 3.02xX10 " + 3.02X10 " + 3.02x10 " + 3.02x10 " +
F5  5.26X10 " + 1.89X10 ' + 3.02X10 " + 3.02X10 " + 4.98X10 " + 3.37X10 " + 2.84x10 "' +
F6  2.44X1077 + 3.02X107" + 3.02X107" 4+ 3.02X10"" + 3.02X107" + 1.46X107 " + 4.69X107° +
F7  3.02Xx10 " + 3.35X10 ° + 3.02X10 " + 3.02X10 " + 8.19X10 ' — 3.02x10 " + 3.87X10 ' —
F8  4.50Xx107" + 3.02X107" -+ 3.02X107" + 3.69X10"" + 3.02X107" + 3.02Xx107" + 3.34x107" +
F9  5.58X10 * — NaN = 1.21X10 " + 1.21X10 " + NaN = 1.21X10 " + NaN =
F10  1.59X10° " + 2.43X10° " + 1.21X10° " + 1.21X10° " + NaN = 1.21X10"" + 1.61x10° " —
F11 NaN = NaN = 1.21X10 "% + 1.21X10 " + NaN 3.45X10° 7 + NaN =
F12  7.38X10 " + 3.02X10 " + 3.02X10 " + 3.02X10 " + 3.02Xx10 " + 1.09%x10 " + 3.02X10 " +
+/=/— 10/1/1 10/2/0 12/0/0 12/0/0 8/3/1 12/0/0 6/4/2
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Table 7 Comparative results of different algorithms for solving gear train design problems
GRS x, Z, z, z, wALME He4
IGOA 42.762 9 12.444 5 15.2118 30.682 1 1.50x107" 1
GOA 59.997 0 12. 480 2 37.476 8 54.032 0 1.61x10 " 4
GJO 44.117 0 16.031 0 12. 000 0 30.222 7 4.62X10 " 6
SCA 30.431 9 14.591 4 12.000 0 39.879 8 6.68X10 " 8
MVO 53.298 8 14. 205 7 12. 000 0 22.167 7 1.21x10° " 5
SCChOA 27.423 0 12.000 0 12.000 0 36. 395 6 2.79X107 " 7
ISOA 56. 643 3 30. 920 6 13. 883 6 52.528 8 3.36x10°"7 2
IHGWO 36.342 5 14.084 2 21.520 6 57.805 3 4.39x10 " 3
min f(x) = L(z, +24/2x,) 5 &£ i
s.t g1 = ml’ —0<0 A SCER X B R AR TR AR TE DY Bl S, B T — TR
R 2 S e s 5l S R L B k. d Rl AR
g = N S 1025 51 . 9 B A A P B S R P 3 3
2o Ho/2a] D w12 A A R 4
gﬁrgjffpfggo Ml Wilcoxon BEFIRBRIE W T IGOA 5 HiAh B34 F Lo e 8%
T, +2x,

0<x, <1, 1=1,2,

L =100 cm, P =2 kN/cm’, 6 = 2 kN/cm”
A L RORHTER B P R i Miaifrs o RoRBLST .
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FRAT I S 38 RO V5 4 1 055 o (HURAH b Al B vk B
B i — 25 E I T B R T AT M S A A

x8 AEEEMBRZFFHRIZIT BB AT L 45 R
Table 8 Comparative results of different algorithms for

solving the three-bar truss design problem

GacS T x; e HE#
IGOA 0.7886  0.408 4  263.895 85 1
GOA 0.7884  0.409 1  263.896 04 2
GJO 0.7902  0.4040  263.89779 6
SCA 0.7837  0.4226  263.93986 8
MVO 0.7892  0.406 7  263.896 06 3
SCChOA ~ 0.7920  0.3991  263.92273 7
ISOA 0.7882  0.4095  263.896 20 4
IHGWO ~ 0.7887  0.408 3  263.896 28 5
Hh A 0 0

KGR BT, OF B A B R R eE . 8T
M IGOA J& 75 78 = 4t B B0 T 19 SR RE 1, 43 3l #E 100 4t
1200 2 114 36 7 0 3 o 400 2R AT ST A I, &5 SR 2R B ek il
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