5551 S F o Vol. 51 No.5
2023 4E5 H ACTA ELECTRONICA SINICA May 2023

2 RS Rl B R JE A AL

RKRE, RAER & R, ¥ &

(R TR24(5 B TR S A gh ke, = EL B 650500)

B E:. N THRRIENALEE (Aquila Optimization algorithm , AO ) 5 F A J&) T fie tt S WSS B A [R] R, 7R SC
$ H —Fh 22 5 s A 1Y et R T A1 AL 372 (Multi-Strategy Integration Aquila Optimization algorithm , MSIAO). % 8.3 %
FHS5 4 Tent TR BT 14T S5 52 100 27 29 300 4 AL A TRE L 42 25 B30 W0 9480 R AI0R, AR AT i P A 10 B A A S mes fie e B33 5
DA A BRBE , I 38 2 T Bernoulli R I 41 (19 190 235 7 AR o SR s i v B0 ) MO SRR 32, 5 ) A T A 7 - S0 7 S B 34
SRR AU K 1 SRy A (LA BE T3 . SR 104> v R KR 7073 CEC2014 3 R B4 EA T 5258, 4% MSTAO JI T2
A TR AR . G55 R X T e Ak B | = 2l 220 06 )M (1 7 Ak 52 2 Z2 B2 pR B, MSTALO LE AO HLAT B g ik
T T3 RSP AL S5 T 5 MISTAO X e T % 8 5 R R R O AL BT B 2 BF AR 5 AO 20 591 15 24 4.62%.0.77% , Ja ik T
MSIAO i T 4b BRATUBH T (1] 5L ) S FH AR I s

KEER:  RERACT I Pt s m 2> s Fh N BB s Bernoulli J# 1 5 36 B ANER ; 4] 7Y - i 40 A48 7

E&WH: EEARRFAEES (No.51665025,N0.61963022)

hE4ES: TP301.6 XEkFRIRED: A XEHS: 0372-2112(2023)05-1245-11
L F %3 URL:http://www.ejournal.org.cn DOI:10.12263/DZXB.20220205

Improved Aquila Optimization Based on Multi-Strategy Integration
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Abstract: In order to solve the problem that aquila optimization algorithm (AO) is easy to fall into local optimum
and slow convergence, this paper proposes an improved aquila optimization algorithm with multi-strategy integration
(MSIAO). In this algorithm, the refracted opposition-based learning combined with Tent chaotic map is used to initialize the
population to improve the early search efficiency of the algorithm, and intraspecific and mutual assistance and optimization
strategy are used to solve the problem of optimization stagnation of the algorithm. The convergence speed of the algorithm
is improved by an adaptive weighting strategy based on Bernoulli chaotic sequences. Cauchy-Gaussian mutation operator is
introduced to enhance the ability of the algorithm to escape local extremum in the later iteration. This paper conducts experi-
ments on 10 benchmark functions and some CEC2014 test function sets, and the proposed MSIAO is applied to 2 engineer-
ing design optimization problems. The results show that MSIAO has higher convergence accuracy and faster convergence
speed than AO for high-dimensional single-peak, high-dimensional multi-peak and fixed-dimensional complex multimode
functions. Compared with AO, MSIAO saves 4.62% and 0.77% in economic cost of optimal design of pressure vessel and
welding beam, which verifies the practicability and superiority of MSIAO in dealing with mechanical engineering problems.
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AO 2.83E-139 | 1.08E-127 | 3.94E-129 | 1.97E-128 AO 9.98E-01 1.27E+01 3.87E+00 | 4.24E+00
IPAO | 3.59E-155 | 1.00E-97 | 3.34E-99 1.83E-98 IPAO 9.98E-01 1.27E+01 3.19E+00 | 3.61E+00
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CGAO | 1.82E-04 1.38E-01 1.32E-02 | 2.78E-02 CGAO -3.32E+00 -3.01E+00 | -3.15E+00 | 6.99E-02
MSIAO | 3.04E-07 4.60E-03 6.53E-05 1.17E-03 MSIAO -3.32E+00 -2.85E+00 | -3.20E+00 | 7.24E-02
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75 5 S A A 5 R FL . MSTAO O 0

P8 DA K bR o 22 3040 T 2 — Bl RS mE 1 A O, 0 fiE
9 FRI MSIAO RBUS AT R0 & 5 ik SR DA
4.3 EiRiEgEXTLE SR

Wk RSB AT, F (k) R I R A s e 45
B PO BE R, W3 B R 22 i (28) iR

E(k)=F(k)-F",k=1,2,---,30 (28)
HoE SChbric s &
L |E®)|<u
C(k)= (29)
0. |E(k)| >

A (20) i, 1R 250K B w0 fE DL 3 1. ARk SO0
E

¥ GWO'™ [ SSATT WOA™  PSO™ KR #E A0 K
MSIAO “5 55 AN X R B S0 R EL . 38 2k 30 YR ST 52
W5 A AR LS R AL 3R

r ¢ 3 A0 MSIAO 75 10 41032 pR Kb 1 S fig
3 RIS SORS B B AR T A S AR EE R L X T
Yt ALV bR KR, MSIAO TESK i £~/ B, # BE 48 2% 21 ek
B, AHXF T AO TR B2 10 3 48 i s 7E /5 | MSIAO 1Y
SR AEAE BE Y (E bR fE 2240 L AR B R R
oS . XF T 4k 2 0 R 5, 7R £, h, MSIAO 5 WOA #f
E T 2 A L8, 15 MSIAO b i 22 8/, Hofa e v o
L KT H T A0, MSTAO - {14 RE W1 42 T 5 3 T 15,
AO 5 MSIAO S 45 A Y, H A F R b . X FAK
Ye Z RS R, 5 BRI R R M E AR L (0 N bR

®3 BHERUEAERBERILE

PREL| Hk AR FHME PRUEZE || R | AL Bk | I FHfH PRUEZE IR | R
GWO | 7.46E-33 9.96E-31 1.38E-30 [0.14 | 100% GWO | -7.77E+03 | -5.98E+03 1.53E+03 | 0.17 0
SSA 2.99E-08 2.06E-07 | 4.37E-07 |0.10| 100% SSA | -9.17E+03 | -7.56E+03 7.40E+02 | 0.12 0
WOA | 1.53E-88 4.62E-67 | 2.53E-66 | 0.09 | 100% WOA | -1.26E+04 | -1.22E+04 7.02E+02 | 0.10 | 50%
/ PSO 1.86E+00 7.62E+00 | 2.90E+00 |0.11 0 /s PSO | -5.67E+03 | -3.37E+03 6.15E+02 | 0.14 0
AO 4.07E-142 | 2.35E-133 | 9.09E-133 | 0.16 | 100% AO -1.25E+04 | -5.84E+03 1.57E+03 | 0.20 | 26.67%
MSIAO| 0.00E+00 0.00E+00 | 0.00E+00 |0.16 | 100% MSIAO| -1.26E+04 | -1.25E+04 1.68E+02 | 0.22 | 100%
GWO | 1.60E-19 2.17E-18 | 3.42E-18 |0.14 | 100% GWO 1.51E-14 2.14E-14 3.81E-15 | 0.15| 100%
SSA 2.50E-01 1.90E+00 1.22E+00 |0.11 0 SSA 1.78E+00 2.60E+00 6.19E-01 | 0.12 0
WOA | 2.59E-59 7.28E-51 3.90E-50 |0.09 | 100% WOA 8.88E-16 4.09E-15 2.16E-15 | 0.12 | 100%
/ PSO 6.25E+00 1.44E+01 6.01E+00 |0.11 0 & PSO 2.87E+00 4.58E+00 9.56E-01 | 0.12 0
AO 1.87E-71 5.11E-68 1.25E-67 |0.16 | 100% AO 8.88E-16 8.88E-16 0.00E+00 | 0.18 | 100%
MSIAO| 0.00E+00 0.00E+00 | 0.00E+00 |0.15| 100% MSIAO| 8.88E-16 8.88E-16 0.00E+00 | 0.20 | 100%
GWO | 6.78E-06 4.25E-03 1.04E-02 | 0.32|43.33% GWO 9.98E-01 2.14E+00 2.60E+00 | 0.67 | 73.33%
SSA 3.71E+02 1.41E+03 | 9.57E+02 | 0.30 0 SSA 9.98E-01 1.23E+00 5.64E-01 | 0.61 | 70%
WOA | 2.53E+04 4.98E+04 1.14E+04 | 0.23 0 WOA 9.98E-01 2.73E+00 3.03E+00 | 0.60 | 63.33%
/ PSO 1.95E+02 5.26E+02 | 2.59E+02 |0.29 0 /i PSO 9.98E-01 1.68E+00 1.35E+00 | 0.67 | 80%
AO 3.93E-141 | 3.17E-124 | 1.73E-123 | 0.34 | 100% AO 9.98E-01 2.47E+00 2.67E+00 | 0.82 | 70%
MSIAO| 0.00E+00 0.00E+00 | 0.00E+00 | 0.36 | 100% MSIAO| 9.98E-01 9.98E-01 5.36E-16 | 0.84 | 100%
GWO | 3.14E-06 4.26E-05 | 7.57E-05 |0.14| 100% GWO | -1.05E+01 | -1.05E+01 1.84E-04 | 0.11 | 90%
SSA 5.53E+00 1.24E+01 4.06E+00 |0.10 0 SSA | -1.05SE+01 | -8.75E+00 2.83E+00 | 0.72 | 76.67%
) WOA | 1.61E+01 5.65E+01 2.55E+01 | 0.08 0 ) WOA | -1.05E+01 | -8.22E+00 3.60E+00 | 0.13 | 76.67%
f PSO 3.77E+00 6.50E+00 1.44E+00 |0.11 0 S PSO | -1.05E+01 | -5.24E+00 3.47E+00 | 0.14 | 73.33%
AO 5.82E-71 9.07E-68 | 2.50E-67 |0.16 | 100% AO -1.05E+01 | -8.61E+00 2.51E+00 | 0.19 | 76.67%
MSIAO| 0.00E+00 0.00E+00 | 0.00E+00 |0.17 | 100% MSIAO| -1.05E+01 | -1.05E+01 8.69E-02 | 0.21 | 100%
GWO | 2.59E+01 2.66E+01 791E-01 |0.17 0 GWO | -3.32E+00 | -3.25E+00 7.24E-02 | 0.09 | 90%
SSA 1.68E+01 2.38E+02 | 4.90E+02 |0.13 0 SSA | -3.32E+00 | -3.23E+00 5.96E-02 | 0.09 | 86.67%
WOA | 6.57E+00 2.72E+01 391E+00 |0.12 0 WOA | -3.32E+00 | -3.24E+00 1.65E-01 | 0.08 | 86.67%
& PSO 3.60E+02 1.12E+03 1.03E+03 [ 0.13 0 Juo PSO | -3.32E+00 | -3.21E+00 1.25E-01 | 0.10 | 86.67%
AO 3.28E-05 4.52E-03 | 5.88E-03 |0.22| 80% AO -3.30E+00 | -3.13E+00 9.04E-02 | 0.14 | 83.33%
MSIAO| 1.83E-07 8.32E-05 1.89E-04 | 0.24 | 93.33% MSIAO| -3.32E+00 | -3.19E+00 7.66E-02 | 0.15 | 86.67%
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4.4 MSIAO 5EHHUHE L MEREXTLL

SRy B i — 25 B IE MSTAO S5 1 A B | 358 BCER 43
AR WLk A R S B Bl ek Y R R AR AR B A
(Mutation-Driven Grey Wolf Optimization, MDGWO)[G] N
= 2% 3 R WS BT A 1 (Three-Learning Strategy Par-
ticle Swarm Algorithm, TLSPSO)™ | [ 1& Ji & Jili K 8 41
{69 (Adaptive Chaos Aquila Optimization, ACAO)"" |
TR A K O Ak A0 s 5L 1T 18 00 Ak %) 2lc i 5827 (Improved
Hybrid Aquila Optimization and Harris Hawks Optimiza-
tion, IHAOHHO)""" | 2k 1F A9 6 1 115 1k 5 % (Improved
Slime Mold Algorithm, ISMA) "2 5 2 $E47 % 1 , G ok
RANFAFTR .

H12¢ 4 A1, MSTAO SHILPEREFR Bl o 4, ISMA
RZ , TLSPSO FH ik . X T FLU pR 4L £, ~f, , MSTAO ¥ fiE -

N MUE , BBCAFRE % T £, MSTIAO FHLE5 RAKR IR fig
PRAR A e MU SSORE B, 6 W] LB i R B & g
XiF T2 W PR, MSTAO i B 38 A S5 APk, O HL
i AR E 22 0] A, MSIAO HoA ik i fa e v, 2
MSIAO 7E4 Ja 8 0y T Bag— @ 0% th BiknlH,
MSIAO 553 5 BT SO O AL 33 A0 L L 3R 5 5
G7.
4.5 CEC2014 iz & #5556 53 47

ST in 4 T PEAl MSTAO B RS PR 5 4 201
TE CEC2014 v 328 HGER 49 B pR %X (Unimodal Functions,
UN) . £ & R % (Multimodal Functions, MF) VB & iR %X
(Hybrid Functions, HF) F1 & & bR %L (Composition Func-
tions , CF) FEAT ALK A, & pR AR B ANZR 5 Bz . b
TRy 50, B RIEARIRECH 2 000, 4EFE R 30. #5531
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F4 MSIAO ERFIHHEZIRERITILL
PRIEL Bk SR (e FEE brifE 2= PRIZY Fik SR EN EEIE bRz
TLSPSO | 9.86E-24 | 527E-19 | 8.64E-17 TLSPSO —4.98E+03 ~4.12E+03 | 4.35E+02
MDGWO | 6.37E-280 | 2.91E-272 | 0.00E+00 MDGWO ~7.59E+03 ~6.53E+03 | 5.10E+02
ISMA 0.00E+00 | 7.42E-117 | 4.06E-116 ISMA ~1.26E+04 “1.24E+04 | 3.52E+02
/i ACAO 1.53E-270 | 1.65E-246 | 0.00E+00 & ACAO ~1.26E+04 ~1.25E+04 | 8.80E+02
IHAOHHO | 0.00E+00 | 0.00E+00 | 0.00E+00 IHAOHHO —-5.66E+03 —4.64E+03 | 3.43E+02
MSIAO 0.00E+00 | 0.00E+00 | 0.00E+00 MSIAO ~1.26E+04 —125E+04 | 1.68E+02
TLSPSO | 8.61E-12 | 5.82E-10 | 6.49E-08 TLSPSO 6.86E—03 3.95E-02 | 8.53E-02
MDGWO | 8.62E-153 | 3.68E-151 | 3.65E-156 MDGWO 4.44E-15 7.88E-15 | 1.14E-15
‘ ISMA 1.62E-203 | 138E-54 | 7.51E-54 , ISMA 8.88E-16 8.88E-16 | 0.00E+00
/ ACAO L3135 | 589E-121 | 3236-120 | ACAO 8.88E-16 8.88E-16 | 0.00E+00
[HAOHHO | 1.72E-173 | 5.09E-168 | 0.00E+00 IHAOHHO 8.88E-16 8.88E-16 | 0.00E+00
MSIAO 0.00E+00 | 0.00E+00 | 0.00E+00 MSIAO 8.88E-16 8.88E-16 | 0.00E+00
TLSPSO | 3.59E-29 | 9.16E-27 | 7.65E-25 TLSPSO 9.98E-01 9.98E-01 | 5.69E-02
MDGWO | 2.06E-276 | 4.01E-270 | 0.00E+00 MDGWO 9.98E-01 9.98E-01 | 1.13E-16
ISMA 0.00E+00 | 1.96E-90 | 1.08E-89 ISMA 9.98E-01 9.98E-01 | 5.11E-16
/i ACAO 1.09E-247 | 5.56E-219 | 0.00E+00 S ACAO 9.98E-01 2.18E+00 | 2.19E+00
IHAOHHO | 7.76E-322 | 4.98E-310 | 0.00E+00 IHAOHHO 9.98E-01 9.98E-01 | 1.46E-03
MSIAO 0.00E+00 | 0.00E+00 | 0.00E+00 MSIAO 9.98E-01 9.98E-01 | 536E-16
TLSPSO | 529E-16 | 4.89E-13 | 5.79E-11 TLSPSO ~1.05E+01 ~6.01E+00 | 5.49E-01
MDGWO | 5.44E-148 | 1.98E-146 | 3.18E-141 MDGWO ~1.05E+01 ~L.OSE+01 | 1.95E-01
ISMA 2.48E-209 | 5.84E-53 | 3.09E-52 ISMA ~1.05E+01 ~L.OSE+01 | 1.82E-01
/i ACAO 605E-129 | 3.50E-118 | L92E-117 | ACAO ~1.04E+01 ~6.66E+00 | 2.23E+00
IHAOHHO | 1.87E-164 | 2.14E-159 | 4.47E-159 IHAOHHO ~9.66E+00 ~5.84E+00 | 1.44E+00
MSIAO 0.00E+00 | 0.00E+00 | 0.00E+00 MSIAO ~1.05E+01 —1.0SE+01 | 8.69E-02
TLSPSO | 9.69E-01 1.OSE+00 | 1.OIE+00 TLSPSO ~3.32E+00 ~321E+00 | 8.55E-02
MDGWO | 2.56E+00 | 2.59E+00 | 1.50E+00 MDGWO ~3.32E+00 —329E+00 | 5.19E-02
, ISMA 6.55E-03 | 4.38E+00 | 8.96E+00 . ISMA ~3.32E+00 ~3.26E+00 | 5.35E-02
s ACAO 1.94E-06 | 3.93E-03 | 9.12E-03 Ju ACAO ~3.29E+00 ~3.08E+00 | 1.09E-01
IHAOHHO | 2.74E+01 | 2.80E+01 | 4.11E-01 IHAOHHO ~3.19E+00 ~3.07E+00 | 8.04E-02
MSIAO 1.83E-07 | 832E-05 | 1.89E-04 MSIAO ~3.32E+00 “3.19E+00 | 7.66E-02
BIAST 24T 30K, A5 AR 6 U MSIAO brifE 2 /N, 2] MSTAO A F i ffa et s 1
£5 CEC2014 B CEC10 pREL S, MSTAO W S {E Re 4% 3 FEIE A, HoAth
L o jir HE e el FIEMERERIUAR X 22 . X FIRA BREL: 76 CEC19 PR %K
CECO3 30 UN [~100.100] 2300 I AR BRSSO B DA BT {2 MSTAO A
CECO5 30 MF [-100,100] 500 ﬁli MR E PR s 75 CEC22 pR %P, MSIAO FALA5 R B 423
CECI0 30 MF [-100,100] 1000 PRISAE . X T & A RE7E CEC25 .CEC28 PREL T,
CECIS 30 MF [~100,100] 1500 MSIAO 4 G & o Hb e 85 2] e O (8 B 3 . 258 b o0 A,
CEC19 30 HF [-100,100] 1900 MSIAOQ H.A ® g ek
CEC22 30 HF [-100,100] 2200
CEC25 30 CF [-100,100] 2500 5 MSIAO EEWMMAL &1+ R B
CRC28 30 CF [+100.100] 2800 itk — 2 Bk MSIAO E’J;&ﬁﬁ PES AT, A SO

Fhﬂé6ﬂ’ﬂl E%m%

A X T £

F,MSIAO 5 H

PRAL - 7£ CECOS P

BA 5. 82E =] PR MSTAO 11
PR K HT CEC15 pR 5K
ﬁﬁ%ﬁ%%ﬁ%&ﬁi@] PR BT, 52

A0 .GWO" SSA7 WOA™

PSO™! | BSR4k B

oS (Chimp Optimization Algorithm, ChOA yed | ZhE A

44 ¥ (Slime Mold Algorithm, SMA )"

VE AR R

(Sine Cosine Algorithm, SCA)"*' 5 MSIAO X J& /] 4% #%
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F6 CEC2014 RERMLLERTLE

PR £zt CECO3 CECO5 CEC10 CEC15 CEC19 CEC22 CEC25 CEC28
S 9.98E+03 5.21E+02 3.50E+03 1.52E+03 1.92E+03 2.52E+03 2.71E+03 3.78E+03
oo i 4.39E+03 4.07E-02 1.55E+03 2.57E+01 1.69E+01 1.86E+02 2.51E+00 1.32E+02
- S 2.41E+04 5.20E+02 4.90E+03 1.51E+03 1.92E+03 2.73E+03 2.71E+03 3.93E+03
P22 6.46E+03 8.30E-02 6.40FE+02 2.95E+00 1.16E+01 2.18E+02 3.75E+00 2.29E+02
WO S 6.57E+04 5.20E+02 5.42E+03 1.59E+03 1.96E+03 3.06E+03 2.72E+03 5.07E+03
brifE2E 3.74E+04 1.64E-01 7.36E+02 2.45E+01 4.44E+01 2.16E+02 1.59E+01 5.83E+02
pSO F-HMH 3.55E+03 5.21E+02 1.73E+03 1.51E+03 1.92E+03 2.49E+03 2.71E+03 4.27E+03
bR 3.00E+03 6.49E-02 2.87E+02 2.81E+00 2.09E+01 1.67E+02 2.13E+00 4.99E+02
10 RS SLIE] 3.90E+04 5.21E+02 3.81E+03 1.53E+03 1.92E+03 2.90E+03 2.70E+03 3.00E+03
brifE2z 8.17E+03 1.30E-01 7.34E+02 6.65E+00 2.25E+01 1.74E+02 0.00E+00 0.00E+00
. F-H{H 3.69E+03 5.06E+02 2.83E+03 1.51E+03 1.91E+03 2.65E+03 2.66E+03 2.91E+03
MSIAO bR 8.56E+02 3.59E-02 2.75E+02 2.63E+00 1.03E+01 1.96E+02 0.00E+00 0.00E+00

R I T UL AR TS 30X L
5.1 EHBESB[BAEAEIT I

JE 1 2 25 A B ) B0 22 g ) 2 A A1 2 1
A HMESTE T TR BE x B SK R JE x, NS X,
[ A A T < B e, B RS TRl o 26 =R (31) B
H BB RE =0 (32) s .

B A ST SR AR 30 VR, SR SE R NFR T s
MSIAO X} F & 7 28 g i 1] A DAL RCR B AR T
B, H R R A A H T HER S 0 A0, TR 1Y
fH1T 2T 4.62%.

®7 ENBBEIHEEER L

ook AR A A PR E| T[]
X, X, X5 X4 FHIME Is
PSO | 0.8833 | 0.4562 |45.9623 |170.6321|7763.3523| 0.17
WOA | 0.8330 | 0.5613 |45.6175|178.6594|7 860.278 8| 0.14
SSA | 0.8799 | 0.4349 |45.5917 |140.1964|7 588.1924 | 0.14
GWO | 0.8392 | 04053 |45.6371(179.6354|7296.534 1| 0.15
SCA | 1.1563 | 0.6859 |45.6217 | 82.6172|7315.3926| 0.13
SMA | 09216 | 0.7635 |49.621 7 | 98.524 3|7 529.687 4| 0.15
ChOA | 1.2162 | 0.6329 |62.2593 | 25.447 5|8 582.4655| 0.20
AO 1.1534 | 03692 | 48.687 1 | 96.869 9|7 140.947 3 | 0.14
MSIAO| 0.8629 | 0.509 1 |42.6427 |162.9673 |6 825.3564| 0.16

s.t. g, (X)=—x,+0.0193x,<0;

2, (X)=—x,+0.00954x,<0;
g, (X)=—mx3x,— %nx§+ 1296000 <0;

g,(X)=—x,-240<0;

0<x,,x,<99,10<x,,x,<200

minf(X)=0.6224x,x,x,+1.7781x,x3
+3.1661x,x> +19.84x,x]
5.2 BERMNIZTEE

R AT ) B> I S 29 R b R Ul

(31)
(32)

TTRS . KRR R U AR R R 45X (33)~(39)
IS H Ry o s Flly, 73 BN SR L B AR B S
BEREAG I | BE AR BE , 2 B VIV ) o R 25 B 7
i Ji A P, MR GEIE y DL R R SRR

_ n2 !r/ﬁ mz2
(¥Y)= \/(r) +21't 2R +(7")",

’ p " MR (33)
st T
ﬁyl)’z
2.6
4.013E %% v [E
_ 23 =
P.(Y)= 2 =y Jae | 6%
6PL 4PL}
)= 2 ()= (35)
Va3 Eysy,
2
M=P@L+22)R= 22y (36)
2 4 2
2
J=2 viqu{{f+(yi?“f} (37)
L=14in,y,, =025in, E=30x 10°psi,
G=12x10°psi,z,, =1.3x 10*psi,
Noa =3 % 10 psi, P=6x 10°1b (38)

st. g/¥)=1Y)-7,,,<0;

&' X)=y¥) =9, 0.8’ X)=0(Y) =1, < 05
g/¥)=y,-y,<0,g/¥)=P-P_(¥Y)<0;
2,/(¥)=0.125-y,<0;

2,/ (¥)=0.10471y> +0.04811y, y, (14 +y,)—5<0;
0.1<y,,»,£2,0.1<y,,y,<10.

minf(¥)=0.10471y’ y,+0.04811y,y, (14 +y,) (39)

BB A ISR AR 30 YK, FLEE AN 8 FirR
LT 8 d5e/IME FAPE B AT H MSIAO X F 02 22
BT AL E LA P L T A 5k SHEA 5 =
AOXFEE TSP IME 2 T 0.77%.
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EE 2023 4

RE EEFBITEBMERITLE

. A (E TEEY | A
i s Vs V4 EYIME | /s

PSO | 02059 | 2.4193 | 93362 | 02297 | 1.8169 | 0.21
WOA | 02653 | 1.7926 | 7.9579 | 02653 | 1.7489 | 0.18
SSA | 0.1735 | 3.5334 | 92095 | 0.2105 | 1.7663 | 0.20
GWO | 0.1250 | 45368 | 9.0624 | 0.2056 | 1.7456 | 0.20
SCA | 0.1570 | 4.0850 | 9.0993 | 02108 | 1.7968 | 0.27
SMA | 0.1250 | 45166 | 9.0366 | 02057 | 1.7492 | 0.25
ChOA | 0.1577 | 4.1055 | 88791 | 0.2153 | 1.7826 | 0.62
AO | 0.1559 | 3.5328 | 8.7646 | 02187 | 1.7216 | 0.22
MSIAO| 0.1507 | 32561 | 8.6311 | 02262 | 1.7085 | 0.22
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