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The northern goshawk algorithm integrating Multi-strategy improvement
and its application
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(1. Department of Automation, North China Electric Power University,Baoding 071003, China;2. Baoding Key Laboratory
of State Detection and Optimization Regulation for Integrated Energy System, Baoding 071003, China;

3. School of Mechanical Engineering, Guangxi University, Nanning 530004 ,China)

Abstract: To address the issues of low optimization accuracy and the tendency to fall into local optima in the northern
goshawk algorithm, an improved version is proposed that integrates the subtraction optimizer and t-distribution wavelet
mutation. In the initial phase of the algorithm, the Tent map combined with the dynamic reverse learning strategy is
utilized to improve the quality and diversity of the initial population, thereby accelerating the iteration speed of the
algorithm. Secondly.in the exploration stage. the subtractive average optimizer and the best value guidance strategy are
introduced to update the population position. Finally, an adaptive t-distribution wavelet mutation strategy is employed
to perturb the population., preventing it from falling into local optima. Through simulation experiments using test
functions and integrating the improved algorithm with the extreme learning machine, the approach was applied to
predict photovoltaic power generation. Additionally, it was implemented in two engineering design applications. The
experimental results demonstrate that the improved algorithm significantly outperforms other modified algorithms in
terms of convergence accuracy and robustness, and effectively enhances the performance in solving complex problems.
Keywords: northern goshawk algorithm; chaos mapping; dynamic reverse learning; subtractive average optimizer;

adaptive t-distribution wavelet variation; PV forecasting
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Table 2 Algorithm test results of a single improvement strategy
PRAL Bk std avg PR Bk std avg PR KL Bk std avg
NGO  1.50X10°% 7.50x10 * NGO 4.02X10°"  2.59%10" NGO 0 0
NGOl  1.03x10 % 1.65x10 " NGO1  4.23X10" 2.49%X10" NGOl  9.11X10 ** 2.98X10 *
F1 NGO2  9.79X10 " 2.19X10 " F5 NGO2  2.71X10°' 2.40X10° ' F9 NGO2 0 0
NGO3 0 3.35X10 % NGO3  8.30x10"" 2.80x10"" NGO3 0 0
STWNGO 0 0 STWNGO 1.98X107* 2.37X10? STWNGO 0 0
NGO  1.18X10 " 1.34Xx10 " NGO 7.84X10°"  2.94X10" NGO  2.79X10° " 7.41Xx10 "
NGOl  1.03x10 " 8.05x10 " NGOl  4.61x10 * 8.55x10 ° NGOl  1.87X10 " 6.01x10 "
F2 NGO2  3.99X10°" 4.08X10° " F6 NGO2  4.91X10°° 2.45X10°° F10 NGO2 0 4.00X 107"
NGO3  2.12x10 "7 1.24x10 "7 NGO3  5.73xX10 "  2.63x10° NGO3  1.70X10 " 2.81X10 "
STWNGO 0 0 STWNGO 8.15X107%* 5.66X10~" STWNGO 0 4.44X107°
NGO  4.12X10 %" 7.68X10 * NGO 3.68X107" 5.80X107" NGO 0 7.81x10°"
NGOl  5.06X10 * 1.81x10 * NGOl  2.71x10 " 3.10x10" NGO1 0 3.63x10 "
F3 NGO2  1.32X107% 2.53X10° % F7 NGO2  2.31X107" 6.90x10° F11  NGO2 0 3.70x10""
NGO3 0 1.01X10** NGO3  6.19X107° 1.16X10°° NGO3 0 3.94x10""
STWNGO 0 0 STWNGO 4.48X107° 4.28X10°° STWNGO 0 3.18x107*
NGO  3.45X10% 2.24x10" NGO 4.36X10° % —7.51x10 NGO 4.12X10°% —2.15X10°
NGOl  7.75X10 % 8.28x10 * NGOl  3.67X10° —7.80X10° NGOl  3.32X10 % —2.31x10"
F4 NGO2 5.17X107% 5.07X107% F8 NGO2  3.72X107% —7.67X10° Fl2 NGO2 1.13X10 % —2.91X10°
NGO3  3.60x10" " 1.14Xx10" ' NGO3  1.52X10°° —7.93X10° NGO3  2.16X107° —3.31X10°
STWNGO 0 0 STWNGO 3.29X107° —1.25X%X10* STWNGO 1.12X107* —3.32X10°
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Table 3 Comparison results of STWNGO with other improved methods

PR Ak std avg PR Bk std avg REC Bk std avg
NGO  1.19X10° % 3.17x10 ¥ NGO 3.84X107"  2.57X10" NGO 0 0
ENGO 4.61x10 *" 1.26x10 ** ENGO  4.13X10 ' 2.58X10' ENGO 0 0
LNGO  6.73X10 *' 5.36Xx10 **° LNGO  4.38Xx10" 2.83X10' - LNGO 0 0

MENGO 5.73X10 ** 8.36x10 ™ MENGO  4.90X10 ° 3.48X10 * © MENGO 0 0
BLONGO 0 0 BLONGO 3.81X10 * 2.58X10 * BLONGO 0 0
STWNGO 0 0 STWNGO 2.80X107> 2.48X107* STWNGO 0 0
NGO  1.80X10 “ 1.51x10 ¥ NGO 2.50X10 " 9.79X10 " NGO  1.77X10 " 6.13x10 "
ENGO 0 8. 68X 10 % ENGO  3.50x10 % 3.66x10 " ENGO  6.49X10 " 3.88x10 "

- LNGO 0 6.66x10—" - LNGO 5.53x10 ' 3.80x10° Fl0 LNGO 0 4.44X10°"°

MENGO 1.24X10'"* 6.66x10 " MENGO 1.46X10 " 1.64x10’ MENGO 1.03X10 " 4.44x10 "

BLONGO 4.24X10°% 3.66x10 " BLONGO 2.43X10 % 1.83x10 "° BLONGO 3.27X10 ' 4.84x10 "°
STWNGO 0 0 STWNGO 1.48X107*" 1.53X107'¢ STWNGO 0 3.44X107°
NGO  2.76X10° " 1.17X10 * NGO  2.96x10* 5.20x10" NGO 3.18X10° " 3.18x10 "
ENGO 0 0 ENGO  3.12X10 ° 4.36X10° ENGO  6.05X10 * 3.97X10 '

- LNGO 1.62x10 " 7.83x10 *" 7 LNGO  6.43X10 7 7.89X10 ° - LNGO  3.57X10 ' 3.41X10 "
MENGO 0 0 MENGO 1.36X10 ° 6.38X10 ° MENGO 3.26X10 " 3.78X10 '
BLONGO 2.14X10 " 2.14X10 *" BLONGO 2.65X10 ° 3.45X10 ° BLONGO 3.16X10 " 3.58X10 "
STWNGO 0 0 STWNGO 3.78X107° 3.16X107° STWNGO 3.08X107* 3.12X107*
NGO  1.52X10 " 1.67x10 ” NGO  5.72X10 * —7.66X10° NGO 3.12X10 % —3.31X10°
ENGO  2.03X10°" 4.61x10 " ENGO  3.59X10°* —7.88X10° ENGO  3.29X10 % —2.46X10*

i LNGO  8.14X10 * 9.16Xx10 * - LNGO  8.58X107% —5.14X10° P12 LNGO  3.02Xx107° —3.21x10"
MENGO 0 0 MENGO 4.56X10° —8.08X10’ MENGO  3.02X10 ° —3.21X10"
BLONGO 2.23X10 ' 4.61x10 " BLONGO 8.58X10 % —5.06X10’ BLONGO 3.10X10 % —3.26x10°
STWNGO 0 0 STWNGO 5.23X107° —1.24X10* STWNGO 3.01X107> —3.32X10°

3.4 AEIEREEZNIMHESHT

N T BAE BT  STWNGO 8 A [ 4 B T (1 3R fif ik
Ff H 5 67 B 5 2 (particle swarm optimization,
PSSO NGO GJO Bt R - 3 B2 A & 5 7 2 2 1 KL
FREPL AL s (particle swarm optimization algorithm with
improved particle velocity and position update formula,
IPSOVP) ™ R A 5w B #E 1 45 4 4 4k 3 3% (Gimproved
golden jackal optimization,IGJO) ™ 3T 13 K AT 1Y
ook kL B ik B ¥ (modified particle swarm
optimization algorithm based on hummingbird flight
patterns, PSOHBF) " M REXS b . 5 25 5 A0 5732 1T 30
U B 30 W AR SR I Y — 2 A 22 P S (EAE R AT 48
s FH OGS HoHl BRI SCHR BB SE IR 25 R N3k 4.5 R .

H12 4.5 AT LA H . STWNGO X b H Al 0k, & %
T OURT R e P T s, S 4 EEAR R, LE AN []
RN FELERE 30 MR 00T 7E S e It oK 4, R I aak
PRE F5,1GIO M REFR AR 47 T STWNG , FAth i 2 ok

STWNGO 45 F X b R &L, 3 2K 2 #0152 A S AR, 7]
FETE 22 16 I 3% bR %k FS ', STWNGO B9 3 g 2 T
IGJOHEREZE LT 1GJO. M R # F6.F7.F9.F10
11, STWNGO #5004 B I 0 A 58 0, 3R A SC Btk 5
4 5 5 T A AR G 1) 3 3T B AELE L B 405 488 7 IR ) 8 e A i)
B, M2 R AR AR A L R R 4k BE R, 0T LUE L R 28
SRV WA A A B A RS 0, 3L 00 R R R AR R B S [ R R
{2 STWNGO 4 F [T sh i/ . 7€ F1.F2 . F4.F9 KK fig
s PRI SUME A B & /) e L IR A& . 300 ZEEERT, 10 4~
KPR AL . PSOHBF B35 18 48 A R A 76 Dk R 4 F8 v
M F X E AR L T AE H Al 3 pR 2, STWNGO #R iR 3k
B f P R0 22 W% B vk X T 4 B AR AR IR N 7 9, 7 v 4E
BEP AR SR B R 0 F 0 SR, e T E 4 R RO,
STWNGO % W5 br ik 2kt F H b B k. Bk R A,
STWNGO R JE& 76K 4 B I oR 25 b, 340 2 g 2 B2 0 3k
PR, T M BB AR A R LR s S R R
T EAMR AR
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Table 4 Comparison results of different algorithms in different dimensions
_— - 30D 100D 300D
std avg std avg std avg
PSO 4.43X107"  8.35X10° " 5.19X107" 8.10X10"" 4.84X10° 8. 83X 10°
NGO 1.12xX10°%  8.17Xx10°%® 1.61X10 % 7.94X10°%  3.06X10°%  2.17Xx10 "
GJO 1.34X10°% 7.08X10 " 6.16X10 " 6.04X10° % 5.57X10°%  4.21x10 "
F1 IPSOVP 0 0 0 0 0 0
1GJO 0 1.00X10 " 0 2.55X10 0 1.99Xx10 **
PSOHBF 8.65X10 " 8.35X10 ' 8.65X10 " 6.35X10 " 0 0
STWNGO 0 0 0 0 0 0
PSO 6.50%10° 9.19%10°° 7.68X107" 3.01X10"" 1.49X10" 2.91X10°
NGO 3.65X10°" 1.90X10 "  2.96Xx10 * 1.98x10 " 1.26X10° "  1.80X10 "
GJO 1.38X10°*  9.36x10 " 1.83X10°"  2.88X10° "  2.60X10 " 4.56X10 "
F2 IPSOVP 0 7.72X1071 0 6. 7410 " 0 1.11x10 %
1GJO 7.04X107"  1.30X107"  5.78X107""  1.11X107™"  8.50X10°"  1.60X10" "
PSOHBF 0 0 0 0 0 0
STWNGO 0 0 0 0 0 0
PSO 2.56X10"" 4.76X10"" 2.44X10' 4.55X10' 1. 05X 10" 7.91X10°
NGO 1.36X10° %  5.42X10 % 1.11x10°° 2.11X10°° 8.72X10°° 1.86X10°°
GJO 2.80X10°° 6.00X10 1.84%10° 1.87X10° 4.52X10" 1. 76 X10°
F3 IPSOVP 0 0 0 0 6.36>X107"" 0
IGJO 0 4.81X10°" 0 1.44X10 % 0 4.60Xx10 "
PSOHBF 1.43X107%%  6.52X107%  6.42X10 *°  3.58X10 "™ 8.53X10 """ 5.42X10°'"
STWNGO 0 0 0 0 5.45X107°7  5.45X107*"
PSO 2.69X10°° 4.92%10°° 1.70X10° 6.10X10° 5.55X10° 1. 01X 10’
NGO 2.22X10°% 1.36X10°"  2.71X10 ™ 4.06X10 4.28X10 %  3.01X10 ¥
GJO 3.32X10°" 9.50x10" " 1. 21X10' 2.80X10' 4.35X%10° 7.69 10"
F4 IPSOVP 0 6.06>X 107" 0 6.18x10 " 0 3.81X107%°
IGJO 2.70X107 " 4.94X10° "% 1.30X10° " 3.16X10° " 7.63X10 "% 1.39X10 "
PSOHBF 0 0 2.30X10 " 3.15X10 'V 0 0
STWNGO 0 0 0 0 0 0
PSO 2.21X107" 2.58X10" 7.22X107" 9.72X10" 3.97X10° 5.98X10°
NGO 4.22X10"" 2.60X10' 6.48>x 107" 9.75X%10' 3.64X10"" 2. 98X 10
GJO 6.53X10"" 2.74X10' 5.64X10 " 9.79X10' 9.54x10"" 2. 98X 10
F5 IPSOVP 2.03%10° 8.71X10 " 1.29X10 " 5.57X10 ° 7.62X10 " 3.76X10 "
IGJO 7.11X1077 2.46X107* 2.95%10" 7.87X10"" 6.76X10"" 5.27X10°°
PSOHBF 1. 12X 10" 9.47x10" 1.70X10°* 1.49X10°" 4.75X107" 2.71X107"
STWNGO 1.44X10°° 2.34X10°° 1.72X107° 3.21X1077 8.56X107" 4.28X107?
PSO 1.32X10°° 7.01X10"" 8.18x 107" 4. 60X 10° 4, 40X 10 4.46X10°
NGO 1.20X10°° 4.16X10"" 8.20X107" 7.09X10° 1.22X10° 4.89X10'
GJO 4.18X107" 1. 40X 10" 1. 02X 10" 1. 24X 10° 1. 26 10" 5.52X10"
F6 IPSOVP 5.03X10 " 2.30x10 " 2.59X10 " 1.52X10 " 5.59X10 ° 2.48%10°
1GJO 8.94X10 " 2.96X10 " 4.11X10°7 9.02X10" 6.48X10 ° 1.52X10°°
PSOHBF 2.08X10°"  2.64X10°* 7.95X10°° 1.62x10°" 4.26X10"" 1.82x10°
STWNGO 5.72X107*  1.05X107* 1.31X1077 7.32X107" 6.15X107° 5.42X10°°
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Table 4 (continued )
R o 30D 100D 300D
std avg std avg std avg
PSO 1.18X10"" 5.48X10"" 1.11X10°" 5.26X10"" 8.91X10 " 5. 24 X 10
NGO 2.52X10"" 5.71X10" 3.10X10" 7.65X10" 4.71X10" 9.07X10""
GJO 2.96X10"" 5.74X107" 2.80X107" 4.59%x107" 2.69x107" 5.11x107"
F7 IPSOVP 4.14X10" 3.56X10 " 2.64X10"" 2.33X10°" 2.18X10°" 2.35X10 "
1GJO 5.01X10 " 6.46X10 * 6.27X10 " 6.77X10 " 9.06X10 " 9.21X10 "
PSOHBF 1.40X10 " 1.58X10 " 2.03X10 " 2.04X10" 1.51X10 " 1.40X10 "
STWNGO 4.51X107° 4.80X107° 5.29X107° 5.81X107° 4.58X107° 5.23X107°
PSO 1.65X10°° —5.35X10° 6.51X10"" —2.41X10" 2.20X107" —7.50Xx10"
NGO 4.68X10°" —7.39X10° 8.09X10°" —1.79X10" 1.91x107" —3.45X10"
GJO 1.52X10°° —4.30X10° 4.73X10°° —9.87X10° 1.15x10°" —2.05X10"
F8 IPSOVP 4.85X10°" —1.15X10" 9.43X10"° —2.90X10" 3.54X10°° —5.50X10"
1GJO 1.60X10°° —6.55X10* 4.96x10" —2.78X10" 2.32X107" —6.13X10"
PSOHBF 2.51X107" —1.56X10" 3.11X107° —3.02X10" 7.54X107" —1.51X10°
STWNGO 1.19X107* —1.24X10" 4.23X10°*° —4.18X 10" 1.97X107* —1.25X10°
PSO 2.08X10° 7.33X10° 9.96x10"" 1.82x107" 2.61X10° 4.25X10°
NGO 0 0 0 0 0 0
GJO 1. 74X 10" 3.18 X 10" 1. 80X 10° 3.29%X107" 2.26X10"" 4.13X10°°
F9 IPSOVP 0 0 0 0 0 0
1GJO 0 0 0 0 0 0
PSOHBF 0 0 0 0 0 0
STWNGO 0 0 0 0 0 0
PSO 3.01X10"" 8.37X10°° 3.67X107" 4. 44X10° 2.04X107" 5.63X10°
NGO 1.80X10 " 5.89X10 " 1.08X10 " 7.19X10°" 1.85X10° " 7.31X10° "
GJO 1.79X10 *  6.01X10 "  1.44X10 " 5.08X10 " 1.03X10 ° 1.36x10 °
F10 IPSOVP 0 4,44X107"° 0 4.44X10°"° 0 4.44X107"°
1GJO 0 4,44X10°"° 0 4.44X10°"° 0 4.44X10°"°
PSOHBF 0 4. 441071 0 4.44X10°"° 0 4.44X10°"°
STWNGO 0 4.44X107" 0 4.44X107" 0 4.44X107"
&S5 FI11.F12 (K mET L 45 R
Table 5 Comparison results of F11 and F12 test functions
R B PSO NGO GJO IPSOVP 1GJO PSOHBF STWNGO

std  3.2261X107" 3.0644X107" 5.0566X10° 4.2668X10" " 3.2909X10 " 2.8675X10 " 2.8358X10"*

F11

F12

avg  9.3438X 107" 8.0758X10 " 8.7747X10°° 7.2700X 10" 4.8351X10"" 5.2049x10 " 3.8089X 10"
std  1.3048X107" 1.8805X10 ° 1.1867X10 " 6.0328X10 7 5.8273X10 % 3.3770X10
avg  —3.1923X10° —3.1570X10° —3. 1376 X 10° —3. 2665X 10" —3. 1245X 10" —3. 2158 X 10° —3.3220X 10"

2

1.5139X107"

HEMAARI A RSB R AL 30
BT, kRl S & niEl 2 s, M 2 /LA
H L, STWNGO HA R 45 i e Sk AR B2, B 2(a) ~ (D
R LLE B STWNGO AH 38 H At X5 58 8 58 48 1R P dth 3k
FI BRI AE 2Ce) () (b, 1T LU 2 HAh 5
BB AR B, WS S Sl R AR, T

STWNGO Bt Ja # s 00 i R 2, Bl 3% QB0 39
AWt T, 72/ 2() ~ (D H, /LA H STWNGO
HA R B SR, T DL AR 2> 9 3% AR R B ) B R 1
RN, A T Yl skl 2 B LR LA 1L STWNGO BE J& 8t
TS e S BE L e A BT A Y Bk R e AT A
i fig
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Fig. 2 Comparison of convergence

3.5 Wilcoxon % #0#& 38

AL STWNGO By &R &5 R 5 ik E g it -
ERAEAE 2 5, i 1] Wilcoxon BEFIAGEE™ , 3 ph <7 5847
30 WALE RIIFR LM EZR  REREKTE P=5%.4P
TH TS SRR T 0. 05 B, DA AKX PN A 7E W] 18 22 5

curves of different algorithms

M P AT SE S 0. 05 I, 0 W 7 R Ik (5B 4T 45 5
T BT U e SRR R AR .

M6 ATLAE LT FTA R P AE#B AL 5%, %
W STWNGO Bk 5 H AR bk Z B A1 B 3% 2 7, [t &
A A SRR

*R 6 Wilcoxon %I &£ R

Table 6 Wilcoxon rank-sum test results

PR PSO NGO GJO IPSOVP 1GJO PSOHBF ENGO LNGO
F1 3.66X107" 2.16X10° " 1.21X10° "% 3.17X10° " 1.48X10° " 1.21X10° " 1.31X10° "% 2.21Xx10°"
F2  6.54X10 " 2.13X10 " 3.02X10 " 2.43X10 " 3.64X10 " 3.02X10 " 3.12X10 " 1.26X10 "
F3  2.17X10 " 4.43X10 " 1.21X10 "% 1.43X10 " 3.73X10 " 1.21X10 " 1.22X10 " 1.23X10 “
F4  3.44X10°" 3.18X10 " 4.16X10 " 3.47X10° " 1.47X10°" 3.02X10 " 1.65X10 " 2.13X10 "
F5  3.73X10°" 2.08X10 " 6.43X10° " 3.63X10 " 3.02X10 " 3.26X10 " 3.85X10 " 3.66x10 "
F6  1.36X10 " 2.75X10° 4.64X10 " 3.75X10° " 6.72X10 " 3.82X10 7 3.75X10° " 3.14X10 "
F7 6.49>X107" 3.02X107" 1.50X107" 3.02X107" 3.02X107" 3.02X107" 1.09X107" 2.57X10""
F8 3.81X1077 9.51X10°° 2.13X10° " 4.05X10° " 1.12X10°* 2.61X10°°% 6.53X10°° 6.72X10 "
F9  1.21X10°" 1.72X10° % 1.34X10° "% 1.35X10° " 1.62X10 " 4.21X10 " 1.25X10° " 5.24X10 "
F10  1.14X10 " 1.46X10 " 1.21X10 " 1.28X10 " 1.85X10 " 1.63X10 " 1.72X10 " 1.21Xx10 "
F15  3.02X10 " 1.02X10 ° 1.95X10 % 1.11X10 ° 9.47X10° 3.02X10 " 3.73X10 " 6.36X10 °
F20  1.94X10°" 6.05X10 7 7.21X10°° 4.29X10 ° 1.43X10 ° 6.63X10 " 1.72X10 " 4.64X10"
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R T 2 R B R A 2 R B 1 SRR T
A SCIEPE CEC2017 R iPAL B 148 R0 22 R T 4 A28
AL I R A, 43301 S — A R BRI B (UND L 3 A 22 18 bR 8K
(MND,3 MEARE(HF) .3 ME A RE(CH, ik 7 fF
~. HH 5 NGO, PSO. GJO, IPSOVP, IGJO, PSOHBF

{HZ STWNGO [ E 4 T A 5 e Bk i, 28 Bl
AT AR T A A e A SCHR M AY O kA A B R 3 R KL
FH TH 26 B €5 i R 6 E 1 HL A A 1k

£ 7 CEC2017E illig i £
Table 7 CEC2017E test functions

HEAT A2 AT B AT 30 VRS2 80 » i 4 5 Bk — 4L 1) - ¥4 {0 A WA RHE W ML B RHE BR R
SN
Fhﬁ8ﬂ%ﬂ,?’fiﬂlé\gﬂ&iﬂﬂiﬁrﬁﬁqj,STWNG()Tf:ﬂq‘ CEC04 MN [—100,100] 400 CEC20 CF [—100,100] 2 000
ﬁt%fg%ﬂ%ﬁ‘@ﬁﬁﬁt?ﬁﬁﬁﬁltt%&;ﬁ:?ﬁ%[g]i&*,iZ CEC09 MN [—100,100] 900 CEC25 CF [—100,100] 2 500
FARANEAT LS (R RN L TR BAT R A RUENE 7 CEC11 HF [—100,100] 1100 CEC29 CF [—100,100] 2 900
B RE, B4R CEC20 | ,IGJO MybrEZE I T HiAh 8
%8 CEC2017 BHIMXER
Table 8 CEC2017 function test results
PREL HEAR PSO NGO GJO IPSOVP 1GJO PSOHBF STWNGO
CECO1  std  2.093 7X10° 2.0425X10" 3.109 8X10° 4.8314X10" 5.731 0X10" 6.715 4X10° 2.956 7X10°
avg  3.396 7X10° 1.559 1X10" 7.278 8X10" 9.635 1X10" 7.949 0X10" 3.938 3X10° 2.551 8 X10°
CEC03  std  2.432 4X10" 9.090 1X10° 8.400 5X10° 8.752 0X10° 8.685 2>X10° 8.869 6>X10° 8.111 5X10°
avg  9.142 2X10" 6.361 9X 10" 5.077 3X10" 5.054 8X10" 4.619 8X10" 4.959 8X10" 4.185 3X10’
CEC04 std  1.838 8X10* 1.905 3X10" 5.596 2X10° 2.436 2X10" 2.772 2X10" 1.162 5X10° 1.084 2X10'
avg  6.892 6X10° 8.317 4X10* 9.951 7X10* 5.868 5X10° 6.069 5X10° 5.964 7X10° 5.013 0X10°
CEC09 std  2.156 9X10° 8.481 2X10° 1.638 1X10° 1.029 3X10° 1.453 4X10° 1.205 0X10° 2.600 5X10°
avg  7.351 7X10° 7.816 6X10° 9.969 2>X10° 6.173 8X10° 8.950 6X10° 1.138 2X10' 5.584 8 X10°
CECI1  std 1.319 4X10° 7.447 2X10" 4.558 910> 8.840 1XX10' 8.297 3X10' 2.113 9X10° 6.600 1X10'
avg  2.070 3X10° 2.260 0X10° 1.703 3X10° 1.363 9X10° 1.366 4X10° 1.364 0X10° 1.306 4 X10°
CEC12 std 1.009 2X10° 1.062 7X10° 5.238 5X10° 2.570 2>X10° 1.508 4X10° 1.819 2X10° 1.024 0X10°
avg  7.836 5X 107 1.514 3X10° 4.545 9X10° 2.714 7X10° 1.955 9X10° 1.742 8X10° 1.235 0X10°
CEC18 std  7.1958X10° 3.864 6X10° 1.994 1X10° 2.719 1X10° 9.214 5X10° 4.684 3X10° 1.038 1X10°
avg  4.383 1X10° 2.936 9X10° 2.243 7X10° 2.158 5X10° 9.076 0X10° 6.032 2X10° 1.775 8X10°
CEC20 std  2.287 8X10* 6.855 8X10" 2.809 8X10° 2.181 8X10* 6.189 7X10' 1.273 5X10° 1.526 6X10°
avg  2.743 5X10° 2.454 6X10° 2.684 3X10° 2.571 3X10° 2.759 9X10° 2.272 7X10° 2.180 4X10°
CEC25  std  6.814 6X10" 2.544 7X10" 1.159 2X10° 1.753 6X10" 1.631 0X 10" 4.429 310> 1.281 4X10'
avg  2.995 1X10° 2.948 6X10° 3.124 0X10° 2.897 5X10° 2.992 0>X10° 3.056 0X10° 2.854 6X10°
CEC29 std  3.291 5X10° 3.658 7X10° 3.028 9X10° 2.740 8X10° 2.977 1X10* 3.894 0X10* 2.672 3X10°
avg  4.864 5X10° 4.113 2X10° 4.169 7X10° 4.224 8X10° 4.180 4X10° 4.396 5X10° 4.094 2X10°
}
4 RREZBETN b= 2 BgCw, 2, +b) (22)
P

4.1 WRFIHYIFE

e BR 2% 2 Ml (extreme learning machine, ELM) f&—Fh
R P BB 2 A5 22 I 5 A ML 2 20 SRR o i 2
PR A R T A i A 9 AR 2 1 2 TR A
By IR A Moore-Penrose J7 St 5 [ L o 56 1K 1 .
BOGRB i E B EINGHEAR [x.p.)ia, = [xas
Tassx, )t € RY RBAREMGREBENEEZRE, p,
€ R RINLrEAS % 8 Ktk ELM B 3Rk =00
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glw, cx,+b) glw, *x,+by) ++ glw, *x,+0b,)
H_ g, cx,+b) glw, »x,+b,) *+ glw, »x,+0b,)
g(w, » x5 +b,)
(25)

g, + 2y +b) glw, » xy +by) -

HAREZ 5520 ERUE B -

min | HE — T’ || (26)
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BLME B kRS BE B AR R v AL BB S S5 1) 8, R
STWNGO fffk ELM #] AL E flfw 2=, 4 =iz fkig s . B
WA .

1)y 2 5 WG AR % oL B 78 0 4 56 PR3 RIDA BR 2% >
HLAY I 45 g A

2) WS MR L STWNGO 83k A 6 S50, M E )
B 2 S LAY . )R, 35 A 380G oR I B2 2 e B DU
D N 2 AT D B2 s A

30K B A B 43 S TR 43« IR A 0 S R AR O
ot 0 8 A A o A b HE

OIRYE ELM BRI (%) 2548, x5 A6 J7 18 8 A {8 19 47 & it
TTOMAD . ¥ Y07 2508 22 sRBUVE R 38 1% B R B . AU

fit :%Z(y,*y,,)z 27
AN RSy, WL bR R,y TR

S MRAEECHE NGO 1y 318 e HLH 745 248 1k 5 14
B 5 2 AT e 2=, 8 2 AR BR 2 S ML 45, A5 36k &
FE e ) TR A
4.3 REER

AR HT ¥R 2 (root mean squard error,
RMSE) Iyt i 2% (r-square, R?) & g 34k $8 47 2k 43 7 i
WL, R® R flr 2 [l A5 7Y (%) L& 8 %, B A F [0,
1] 22000 B s, 400 250 R i H AR s RMSE W3 5t 155 4
J7 VR 25 1Y - J7 R R I W TR 5 S PR = (R 22 5

(28)

(29)

Arfre p, ARFCIR B IOSEBRIE, P, 2R B, P, %
R P, WEIME L TN RS AR AR i B 5L
4.4 SLIGSTHR

PIFESGAR vl 2019451 B 1 HE 202041 A1 H
1 HLIE BN RS AR ST REAS , % B A 15 min by 1
AREAS S . X EE PR R kR LR AT B, 2 9 000

HFEAS B KA O JRR AR AR R L S T R
PE R AR W Rk R T . B ZE B ML 30
KL H AR 29 RAENINGE ., fJn — RAENHREE, otk
ELM Fil g bid fe 2 8 4. 2 45,7 Fhig gt ELM F 0 465 4
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ELM, IGJO-ELM, PSOHBF-ELM # STWNGO-ELM,
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M & 3 AT AL, STWNGO-ELM 78 () 50 5 52 bR %l
i 2R LA B F s s Hoe Hofh sk itk 19 ELM. 1000 A58 70 , & 22
B2 ELM AR, SIE B 7 ok 2 v vl AR B ELM 10
HERY K 0 AR B, Hoh STWNGO-ELM 9 ) 45 8 78 A 42
i AR R Fop il R AU B BT

3% 9 AT LA H o 5 4t i 455 580 R 4s ELM AR B
STWNGO-ELM 75 i 5 8 () RMSE #& J& #f ELM 15 I #5<
TSR _E REAIK 63. 26 %6, [) ikt o oAb B ELML 791 00 5%
AL P 28R R E S, R STWNGO-ELM 78 30 {E
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Fig. 3 Comparison of photovoltaic power generation forecasts
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Table 9 Error statistics of the prediction model

RN RMSE R?
ELM 0.946 8 0.901 2
PSO-ELM 0.512 7 0.948 2
NGO-ELM 0.593 1 0.935 6
GJO-ELM 0.540 8 0.939 2
IPSOVP-ELM 0.639 5 0.947°7
1GJO-ELM 0.750 2 0.928 1
PSOHBF-ELM 0.479 2 0.972 9
STWNGO-ELM 0.347 9 0.986 6

5 ITRGHTRBIRSN

R T HE— 2 I UE STWNGO 7E 15 X & 2% [a] B 1 M g
ROR AR SCHE RS 28 8 1 TR BT R) R, X g B ik kAT
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minf(x) = (x; + Dx,x,’ (30)
RN
3
Xy Xy
s () =1———"" <0
gt 71 785z,
da,” —x x5 1
y, (2) = : R —1<0
8 T 0 566(aa,’ — 2, 5108z,°
(3D
140. 45.
g () =1——T1 <
T2 X3
x,
g.(x) = ‘1'5 —1<0

Hh, 0.05<<r, <2,0.25<ax,<<1.3,2< x, <15,
FHS 3.4 Py 7 R R b X HE g R a3k 10 BF
. BFR 10 0l LLAE WA SR iR PO B R R R 8 A,
STWNGO FYZICREL b H At 5572 ) 80 3R 4, 1 35 16 8
MR x = {0.0516,0.3539,11. 4568} , XJ Jif i H 4% e
B £=0.012 652,
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Table 10  Test results for tension and compression

spring design problems

N7 min std avg
PSO 0.0137 15  2.34X10° " 0.013 915
NGO 0.013 714 3.16X10"° 0.013 824
GJO 0.014 738  3.38X10* 0.014 818
IPSOVP 0.012 703 4.65X10 " 0.013 003
1GJO 0.013 031  4.79X10 " 0.013 233
PSOHBF 0.012 669  3.34X10 * 0.012 679
STWNGO  0.012 652 1.34X107* 0.012 658

5.2 EhBES|EIT
TEZ VT R, B AR BREOCH TR0 2 & 1 B OlA, &
AR O R 42 AR . 25 4% 00 P A 55 T, Sk
— Wi 1 AR R, R R B 4 D IR R R A e B
JEEE T, CRIRE )RR T, 2B R MREAE BRI M L,
S 4 ADPERARRAEN a0 a0 s vx o BUABRIUNT .
minf(z) = 0.622 4x,x,x, + 1. 778 1x,2," +3.166 1x,"x, +

19. 842, x4 (32)
AP LS
g (x) = —x,+0.019 32, << 0
|g2(1) = — 2,4 0.009 54z, < 0
i drzx,® (33)
g, (x) = —nxy a0, — 3 -+ 1 296 000

g.(x) =2, —240<C0
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H, 0<a, <100,i = 1,2;10< 2, << 200,i = 3,4,
FHS 3.4 W 7 B IEAT X HO IR AT X b, X B &
W o, W3R 11 0] RUE W 7R SRR e 25 2% et [a)
. STWNGO A9 200 SR 2 b H A 32 i 2R 4 i (1
fith = = {0.778 2,0. 384 6,40. 319 6,200} , /i ) H b5 ¥
Ml £=5872.559 2,

® 11 EARFKITEENKER

Table 11  Test results for pressure vessel design problems

Bk min std avg
PSO 7324.370 1 5.34X10° 8412.173 1
NGO 7310.370 1 3.16X10° 8 330.362 1
GJO 7 476.986 1  4.38X10° 9 571.643 0
IPSOVP  5891.990 0 2.15X10° 6 901.120 3
IGJO 5970.745 0  4.79X10° 7012.1821
PSOHBF  5890.908 1 3.04X10° 6 953.143 1
STWNGO 5872.5592 1.21X10' 5989.638 8
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