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Abstract

The crayfish optimization algorithm (COA) is competitive in solving continuous optimization problems, but its performance
deteriorates in high-dimensional and multimodal environments because random initialization may provide uneven population
coverage, exploration relies excessively on the current best solution, and exploitation lacks effective multi-source information
interaction. To address these limitations, this study proposes a multi-strategy improved crayfish optimization algorithm (ICOA).
First, an enhanced Kent chaotic map with random perturbation is used to initialize the population, thereby improving ergodicity
and spatial diversity. Second, an adaptive grid-based multi-cave strategy incorporating Monte Carlo sampling dynamically
constructs an elite cave set and assigns target caves according to load-aware probability distributions. This probabilistic
mechanism broadens global exploration and reduces premature population aggregation. Third, a multi-source crossover operator
combining adaptive frequency rank encoding with chaotic self-attention reconstructs interactions among individuals while
preserving the physical scale and boundary feasibility of candidate solutions. The contribution of each strategy is examined
through ablation experiments. I[COA is further compared with COA, PSO, GWO, MVO, and BOA on six challenging benchmark
functions over 30 independent runs, and statistical significance is evaluated using the Wilcoxon rank-sum test. The proposed
method is also applied to tension/compression spring and pressure vessel design problems. Experimental results show that I[COA
consistently improves solution accuracy, convergence behavior, robustness, and the ability to escape local optima, while
achieving the best optimization results in both constrained engineering applications. These findings demonstrate that the
collaborative strategies provide an effective balance between global exploration and local exploitation for complex continuous
optimization tasks.
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fo(X) = Zn:[x,z —10cos(27x;) +10] 30

i=1

4 6
fzo(x):—ZCi eXp{—Zai,j(Xj - pi,j)zJ 6
i=1 j=1

5

for(X) = —Z[(X —a;)(x—a;)" +¢ ]71

i=1

Rk BRAUE
[-500,500] -12569.5
[5.12,5.12] 0

[1] -3.32
[10] -10.15

F2 WHEESHLE.

i SHEE
a =204
a=08,17,=05x=15p=0.15
ICOA o KEop
Br=1.0,8=01y=20
©=10-0
tempy, =30°C,C;5 =3.0
COA
u=250=3C =02
=2.0,c,=20
PSO a 2
w=0.9 0.4
GWO a=2-0
WEP,;, =0.2, WEP, ., =1.0
MVO
p = 6.0
BOA ¢, =0.0,p=0.8

4.3. SHAMSHERRX 50

RN — PR ICOA MR e i, BHE
COA[1]. PSO[5]. GWOI[6]. MVO[7]. BOA[8]42: /& IT
LreF KGR (I

RKa) , FHIRHCEE GRS L) T s A st 28 (I
F1 .

FH
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FKABHETT A, 15 HIPSO 5 BOATE = 4 E 475 [a] v
e R ZRENE, RGNS FE AR ArrECOABLTE BRI R B3R
B AT, (BAE A R AL P ON T R AR M LR,
ICOARILH T EBIHMFMMEIA 11 ERIERE R, F
b, HKE LRI EISARIR, EPUE T HVEEJI[15] 2 A X
HAR T A PR SO R B8 775 7E AR ELHR O P 1) 22 1
R Ry 5E A ERB Ry, Fyy 1, ICOAEE T 5 #IT EL 51
BAERARPRR S, BE T BN SR RIS [13]3hAE
(19 22 1 7L AR T A0S B — AR AB B H bt sl Fe e
FUEE T L2145
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GG B LW SAT e — I e En e RN,
ICOAHNZ 2T T B, IXFREAMUHE Kent[12]VR Bt
SR T AR D4 = (el g v, KR 3T T A D
BACR, IR EY, 2MGWO[6]. MVO[71ZH LM
JR BB AR AR S S 25 T, ICOATYRE B 2 B BRIk
IR R ke IX— W B MINE RIS, A JIENE T HiE
B2V X EFEE mE RG], g ARk
JRERIERIN, SKEL T A& RIRR SR K e R, R
HH LR (R U SIONS 2 5 B ek

4.4. Wilcoxon FRAEIE ST

NG R T IUF ICOA HITE RS I AL T
WLRZE, AR HAESH Wilcoxon FEFIRE 36 % & 8k

SLIBATI0UK 25 FREAT B VT o T G 3 KR
a=0.05,# p {H/NT0.05, NIFELM:RETC 2 5 10 R AR %,
K ICOA BEMTREE: 4 p>0.05 (FERS5H LA
TRIZARE) , s NaN (RN RSB HAED . WH
ERHVERTREZER.

FH#50] %1, £ 5 COA[1]. PSO[5]. GWO[6]. MVO[7].
BOA[BIH L MIE & H, ICOA 1 p ()L T4z /N F0.05.
TX — PR AR () M S 40 1 0 HEBR T AR AT, 784 ERAIE
T I NIRRT A4 . Grid-Cavessilg K HE = IE X &
TAERZ B il 7 se e ae i, T T1COA
W FL B TR E .

10 (a) F6 o o a a JD)FT o (c) F8
0 20004 _—ia:%_:%.:%_-ﬁ__&_.ﬁ_ IR
o 4 S
E A A A A A A A A A ]00 !
; 6
= 50
0 - 100 200 300 400 500 00‘ 100 200 300 400 500 100 200 300 400 500
500 i (d) F9 i ;4 ‘(e) F20‘ Ot\_i i .(f) F21 i i
400 " ' L5
'1:) 'll: A A A A A A A A A _4
; 300 1! 2 .
12 200 Y-\,‘ 25 Q ..... 0.0 ..... O.Q ..... o.o ..... O.o .....
0% $
100 F- - 3 o
} I‘».
0 - 3.5 . . . . -12 : : . :
100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Iteration Iteration Iteration
|+lCOA (Ours) = © =COA --A--PSO & BOA —#—MVO --+--CIGWO
B 1 2Rzt te.
R 3 FEM B SIMERE XS L o
38 ICOA COA ICOAlL ICOA2 ICOA3
¢ Ave 0.00E+00 3.94E-01 1.39E-03 7.34E-07 2.86E-05
6
Std 0.00E+00 2.20E-01 2.06E-03 2.50E-06 4.54E-05
¢ Ave 3.73E-06 8.68E-05 8.93E-05 4.01E-05 5.63E-05
7
Std 2.74E-06 9.90E-05 5.95E-05 3.63E-05 5.89E-05
¢ Ave -1.21E+04 -8.50E+03 -5.89E+03 -1.21E+04 -6.62E+03
8
Std 2.66E+02 8.47E+02 6.11E+02 2.66E+02 5.32E+02
¢ Ave 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
9
Std 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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[Z3E14 ICOA COA ICOAL ICOA2 ICOA3
. Ave -3.32E+00 -3.27E+00 -3.17E+00 -3.30E+00 -3.29E+00
20
Std 1.50E-08 6.99E-02 1.12E-01 5.36E-02 6.16E-02
Ave -1.02E+01 -6.45E+00 -1.02E+01 -1.02E+01 -1.02E+01
f
21 Std 7.17E-15 2.77E+00 2.13E-04 1.79E-08 7.17E-15

F 4 ZEILETMEEENT .

L4 ICOA COA PSO BOA MVO GWO
f Ave 0.00E+00 5.89E+00 6.24E+04 6.22E+00 2.74E+02 2.29E+01
° std 0.00E+00 9.82E-01 5.57E+03 5.46E-01 1.15E+02 9.19E+00
f Ave 3.83E-06 1.31E-03 1.34E+02 7.41E-05 5.92E-01 5.94E-02
! Std 2.94E-06 9.94E-04 2.18E+01 8.34E-05 1.63E-01 2.13E-02
f Ave -1.23E+04 -4.21E+03 -2.71E+03 -2.48E+03 -6.99E+03 -5.31E+03
° Std 2.08E+02 1.06E+03 4.16E+02 3.82E+02 5.89E+02 1.25E+03
;| Ave 0.00E+00 0.00E+00 4.20E+02 2.41E-11 2.14E+02 7.83E+01
Std 0.00E+00 0.00E+00 2.57E+01 1.88E-12 3.59E+01 3.87E+01
f Ave -3.32E+00 -3.27E+00 -1.35E+00 -2.24E+00 -3.27E+00 -3.22E+00
20 std 2.26E-02 6.63E-02 5.51E-01 3.14E-01 7.43E-02 1.12E-01
Ave -8.05E+00 -5.54E+00 -7.94E-01 -3.99E+00 --6.28E+00 -7.48E+00
fr Std 2.79E+00 2.75E+00 4.20E-01 6.06E-01 3.51E+00 3.23E+00

2 5 Wilcoxon BEAIKG 36 45 5 .

E# COA PSO BOA MVO GWO
fe 1.21e-12 1.21e-12 1.21e-12 1.21e-12 1.21e-12
f, 2.37e-10 3.02e-11 3.16e-10 3.02e-11 3.02e-11
fg 2.86e-11 2.86e-11 2.86e-11 2.86e-11 2.86e-11
f NAN 1.21e-12 1.21e-12 1.21e-12 1.21e-12
f2 7.71e-07 1.79-11 1.79e-11 1.79e-11 1.79-11
fy 2.65e-05 8.07e-11 2.70e-11 2.56e-03 4.31e-02
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4.5. 2 T HE 8

4.5.1. hrEBE A

Hi s 54 15 T [16] 1) A AR A% O B B 2 7550 2 BB
B BN 7 RBNAER K J LA AN S A FEAS AN 2
NEZARARET, FH INELIT T E—4%4%d . F
Y1512 D 5 EN iR G, AT {5 50 5 f R A
s (HENRA) M.

B A R R X=X % % |=[D d N, S AmiAy e
RRIL T4 HI: 0.05<x <20,

0.25<x, <1.3,2.0< %3 <15.0,

ERANEEAE

OO =(%+2) X X

LYH KA

3
X5 X
23 <0

X)=1——2%8 <
() 71785x"

4X5 =%, L
12566(x, % — %) 5108x7
140.45%

2
X2 X3

1<0

g,(x) =

g3(x)=1- <0

X1+X2
X)=—+——%-1<0
94(¥) 15

A K ICOA 5 COA[1]. PSO[5]. GWOI6] -
MVO[7]. BOA[8]H i IL [F] S T4 58 3 e [ 16] i) it
HAT T XL REMSRIG A& R T LUE H, ICOA TR
FFE R S T i) R T HE AL B —

F 6 RS TG BXF L.

TR B
e
D d

ICOA 0.0519 0.3609
COA 0.0521 0.3660
PSO 0.0701 0.8543
GWO 0.0521 0.3658
MVO 0.0557 0.4607
BOA 0.0500 0.3143

4.5.2. EABEHEIHE

JE 32588 W [A7] 10 8 B i 4R 4 it
B BRREE T FRERERT, « WEE R SR
K L &, AN 3 2 2 4% R e A fe /M

BHARIR X =X % X %y J=[T, Ty RL], & TR
R A R B T e 0<%, %, <99,
10 < Xq,%, <200, H x /& X, 0.06257L~} [BEH 1%

ERINZEEAE

f(X)=0.6224-% - X3 - X4 +1.7781-%, - X5 +

3.1661- X2 - X, +19.84- X2 - X,

200

At A
N

11.0514 0.012667

10.7781 0.012679

3.0331 0.021100

10.7886 0.012687

7.2100 0.013169

14.6252 0.013063
LIRKAF

Gy (X) =% +0.0193-x; <0
g (X) =—X, +0.00954 - X5 <0

9G()=—7-%2-%, —%z-xg’ +1296000 < 0

g4(X)=%,—240<0

Ak ICOA 5 COA[1]. PSO[5]. GWOI6] .
MVOI[7]. BOA[BIHE LA N H T H 7 4 28 ¥ 1H[17] 1) &t
BT T, RTISEIR G S R AT LA H, 1ICOA 7R
fil R R Sy 75 B 1 R 5 T HE A 5 —
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27 EEB NG BT

TR RE
ik

T, Ty R
ICOA 0.8125 0.4375 42.0984
COA 0.8125 0.4375 42.0963
PSO 4.9375 3.5000 67.9159
GWO 0.8125 0.4375, 42.0958
MVO 0.8750 0.4375 45.3041
BOA 1.1875 0.6250 56.1947

5. &

BEX /N AR RAL B (COA) [115 BN Rl sl 4
JRAR B AR B BRI, AR SCHEH — P 2 S5 i [ et 1)
ICOAMRE:. B, FIANBEH Kent[12]7 il M b WIdG 1k Fh
B, FT0E TRENLAE SRR T X JLIR, $2H EIE R A%
-2 7 (Grid-Caves) , flN 45 1% [13] MR A,
S o> BURE B P, A RGELE T RS BE. BRI
ANEET Transformer[14] 22449 1) B 3 & I [15] 2 U548 X H
T, I PRIGHAR I SRR B R A 5], AR IREN T )5
SR TCACAZ R AR, T AN AR K (B AR 1 3 B R

15 64N B L B it e 1 32 e 03 o 5 b ) 9 5 %o Ll
SIS R, ICOAMR SR B 5 &t 2T i ICOA 5
COA[1]. PSO[5]. GWO[6]. MVOI[7] }2 BOA[8], H.
Wilcoxon FRAEIGAAIE T H B35 MGt 2435 thst,
TEH RS 5 R 12548 DS 4 TAR &l @i, ICOA
JEDLH T B8 1 20 SR 5 bk 5 AR ELIE 3T g

Y% ICOA sLBkI TR MERE S EILIREE Ty, KK
) AR v RIHE ¥ i 22 B0 R A M S B AR S S UL
Wik, SR T R

(1) G5 T EME K 2 BME R 5 #1[2]);

(2) EKEMZEMZEHLE BB S50E shik
PALL3]s

(3) BANL (UAV) [A]7E =4S RPN %
AR 5
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