A ER-INC)

Chinese Optics B

AO

Improved AO optimization algorithm for distortion parameter estimation of catadioptric omnidirectional lens
ZHANG Yue, ZHANG Ning, XU Xi-ping

, , . AO [J]. , 2025, 18(1): 89-104. doi:
10.37188/C0.2024-0118
ZHANG Yue, ZHANG Ning, XU Xi-ping. Improved AO optimization algorithm for distortion parameter estimation of
catadioptric omnidirectional lens[J]. Chinese Optics, 2025, 18(1): 89-104. doi: 10.37188/C0.2024-0118

View online: https://doi.org/10.37188/C0.2024-0118

Avrticles you may be interested in

Pose estimation for free binocular cameras based on reprojection error optimization
. 2021, 14(6): 1400 https://doi.org/10.37188/C0.2021-0105

An improved algorithm for monocular camera edge spectrum based ranging by defocused images
. 2023, 16(3): 627 https://doi.org/10.37188/C0.2022-0171

An improved non-uniformity correction algorithm based on calibration
. 2022, 15(3): 498 https://doi.org/10.37188/C0.2021-0231

Corrective method for spectral offset error caused by radial distortion in the large aperture static imaging spectrometer
. 2021, 14(2): 382 https://doi.org/10.37188/C0.2020-0084

Research progress of optical chaos in semiconductor laser systems
. 2021, 14(5): 1133 https://doi.org/10.37188/C0.2020-0216

Nighttime image dehazing with a new light segmentation method and a linear image depth estimation model
. 2022, 15(1): 34 https://doi.org/10.37188/C0.2021-0114


http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2024-0118
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0105
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0171
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0231
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2020-0084
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2020-0216
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0114

18 1 Vol. 18 No. 1
2025 1 Chinese Optics Jan. 2025

2097-1842 2025 01-0089-16

AO

, 130022

0.5 pixel 2.5%

TP18;TP751 A doi 10.37188/C0.2024-0118 CSTR 32171.14.C0.2024-0118

Improved AO optimization algorithm for distortion parameter
estimation of catadioptric omnidirectional lens

ZHANG Yue ZHANG Ning” XU Xi-ping”
School of Optoelectronic Engineering, Changchun University of Science and Technology,
Changchun 130022, China

* Corresponding author E-mail: zhangning@cust.edu.cn; xxp@cust.edu.cn

Abstract: Aiming at the problems of low accuracy and easy to fall into local optimal solutions of the exist-
ing lens distortion parameter estimation methods, a catadioptric omnidirectional camera lens distortion para-
meter method based on the improved Aquila Optimization (AO) algorithm is proposed. Firstly, the optimiza-
tion ability of the AO algorithm is enhanced by integrating chaotic mapping, adaptive adjustment strategy,
and population optimization strategy, which solves the problems of slow convergence speed and proneness to
falling into local optimal solutions. Secondly, the distribution range of distortion parameters is derived and
determined by the corresponding distortion edges of straight lines in the space and the single parameter divi-
sion model. Then, the optimization objective function containing the distortion parameters is constructed. Fi-

nally, the improved AO algorithm is used to find the best distortion parameters for the optimization objective
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function. After analyzing the correction results of standard gallery images and omnidirectional images, the
method proposed in this paper estimates the main point error within 0.5 pixels and the radial aberration coef-
ficient error within 2.5%. It can effectively estimate the lens aberration parameters and realize the omnidirec-
tional image aberration correction. It improves the visual navigation system's image quality under the task of
environment perception and is valuable in engineering applications.

Key words: catadioptric omnidirectional camera Aquila optimization algorithm chaos map linear features
distortion correction

2
1
W
Asari (8]
[2]
Devernay ]
Alvarez (10
4
(11
[3-4]
571
Tsai  Zhang [12]
Pajdla 3
RANSAC

[14]

3D



91

Liao K
(sl OIDC-Net

[16]

ArtizzuC O =

aquila
optimization algorithm, AO

2 AO
21 AO
[18] AO 4
4 AO
1

AO

W)
X+ D)= Xoul) 1 5 +
(u(® Xoeol®) rand ; A A

RN )
XM(t):N X(t);8i=12 ;D ; A A
i=1
Xl(t + l) t+ l Xbes(t)
t T t
X (t)
Xi(t) t i
rand 0 1
N
2
AO
(3)
Xo(t+ 1) = Xoes(t) levy(D) +
Xe®+(y x) rand ; A A
(3) levy(D)
2 0 levyD) =s ! T =
it
(1+ ) sin %E M
1+ 271’ Xo(t+1) t
2
Xbest(t) t
y X
y=r cos() x=r sin() r=rqy+
3 C
0:.00565 D; = 0:005 D1+T ry
20 D, 1
rand 0 1
levy(D) u v
u N 2 v NG 2 s
15 Gamma
15
3
AO



92 18
4
Xa(t+1) = Kpes(t)  Xwm(1)) rand +
((UB LB) rand+LB) A A
Xa(t+ 1) t X (0)
Xbest(t)
t 01) 1)
UB LB
rand 0 1
4 DLCS
AO DLCS
()
Xi(t+1)= QF Xues(t) (G1 X(t) rand) (€)
G lew(d) AR Ba=xra Y) s
o 2 rand 1 §Yn+1:Yn+(b Xo X0 Za Yo) s P A A
%QF(t):t @ “Zo1=Zo+ (X2+sin®, Ya) CZ) S
G;=2 rand 1
§ . a=10 b=28 c=6.2 s 0.01 16
. G2 =2 1 ?
Zs
X4(t + 1) t Xbest(t) e
t QF Zs., = Zw1 16 modGear ; A A
F2(0D G Gear=10°
G,
)
rand 0 1
T t li=12 N
XLJ = Zsml (U Bl LBJ)+ LBJ’ J - l, 21 ,D ’
2.2 AO A A
UB; LB
2
) DLCS 2 AO
AO
AO 05 M 0 1
1 M



93

T t
(10)
1 t2 2’ )
2[0;1]
l-
3
(11)
Frest= h,|:l;2; ‘N A A
< 4
%1 . d; <
Sl'(dij):§ ; A A
- 0; d;; >
dij= X X d<
Fi sh()
AO
1) N
T DLCS
Fnew

2
@) t<3T

3.1

@)

(4)

AO

1

t>

|
—

CCD

Fig. 1 Schematic diagram of imaging for catadioptric om-

360°

nidirectional camera

1

Meil?3

180°

360°

[22]



94

18
DM
o
— X(Ciis CX
§ Xicdeal =G+ ﬁ . "
§ ygis ¢ AA
S A
3.2
M
2 queal;ygdeal)ji =12 M
Fig. 2 Schematic diagram of unified spherical projection
model
3
X/Yn A
Ideal points .'..
(aean- M/ (M,Yidea;) .,o’.
(13) ./,,"., Real points
%X‘C"eal (1+K 24k *+p5 )Gt /'/
2kgxglsyfjls+ pl( +62(Xg|s)2) . A A
§y°dea| (L+K 2416 T+ p5 ot R N
2p1Xdi5ygis+kg( +2(yfiis)2) 3
(€10 YVoiea) (s Y5 Fig. 3 Distribution curve of image point
ki kK K 3
pl p2 a')ﬁ'cdeal-i- inA;leal-i_ c=0 : A A
T e v CuCy) (15)
— V24 (V)2 ( y
0 * (¥ w3
CyC = : .
— &9 e K G o Ve Oy
(Xsis CX) +(ycdis Cy) (14) : X 1+ 2 y 1+ 2 B ’
o A A
Koo C= (LHIG 2416 "4 0Gs Co = 06"+ 06
ch(xtcns X)(ygis Cy)+ I *
pl( 205 CY) . Xio Ot Vs St et fYi+g=0 ; A A
ycdeal l+ kc 2+kc + pg 6)(yg Cy)+ ‘
2p1(X§|s X)(ygls Cy)+ o a
kc( +2(yghs Cy)z) §e= C_ 2CX
A A b
f=— 2C,
% ¢ a b 1
ASARIKV R e



1 s . AO

95
Xisi; Yaisi 1= 1 N
(18) M
XdlSl ydlsl e XdISl yﬁis;l
ansz ydISZ fi: Xd.sz 23 Ox=K: Yideat1 B Xideat1 ds
g ' Yideatz § h K K K I Xideat2 . d_z _
XdIS M ydIS M Xgis;n ydis;n . : B ' 2 N : .
A A yideatM XideatM "dN
(19) e f A A
g k d
. 25
X=(Q'Q Q'K : A A 2)
24 25
24 (25 . q no
e GCf G eG fC g E= (x CJ*+( C)¥ ; A A
i=1
L ) 1 X q PSP
Ci+Cl+eC+fCy+g== A A _Mi:l G+ Gy
(20) (23) (26)
C, Cx
(22)
AO Cy
(21) (23)
(& &)Cx+(fi f)Cy+(g 92)=0
(& &)Ci+(fi f)Cy+(d 9:)=0 1 AO
% : 1000 2
(e ew)Cit(fi fu)Cy+ (o ogw)=0 H W (24)
A [ hy hyH hy hy]
(22) 2 Canny
c, G, N
Cy =Cih+hy, ; A A (thiisi;ygiisi)ji =12 M i =12 N
€ €w1 Ov Om 1 3 (19) (20)
L A L e fi g i=L2 N
O Om 1 M 4 AO Cy
(23)
w H 0<C,<H 0<C,<W (22)
(23) 5 4
\
hl h2<C <H h2 hl o i .
0< C:< w A A (Ktteatis YigeaV = 1,2, M
=12 ;Nc
1) (22) 6 ) k d
(22 (C:iC) n
3.3 AO
(25) 7 4 6 (27)
Yideati = KiXideati +dj  1=1,2, M ;j=12 ;N;
A A 4



96

18

@ —l'— HHO &9 ant lion optimizer, ALO
- - (8 aquila optimization al-
O EFDO €EAO D BOA" -3 £C, ,Dh , ¢ q P
"6 7K| ' £ 2N AN gorithm, AO 1
¥ L]
«*T CannyoA |E =xD&4D i'w 2% Yil=h ' i (22)n A 2!
¥ ¥ 500 1000
Ry " o7 o .@I0A .:*"oné
U N-D&D 38 e M O M g 10
(] (] F1-F4 F5-F6 F7-F10
e$; (19),; (20@Ii0A*™ 382 ce es; (26),; (27)%, 3) ceE =x@I0A
L 2 3 10
“3)ebi7 ,;h P R
30
1
4 Tab.1 Parameters setting
Fig. 4 Flow chart of distortion parameters solution
GwOow! a was linearly decreased from 2 to 0, rate=3
4 WOAP o decreased from 2 to 0, b=1
HHO®8! t=0
AO ALOPY I ratio=10°, w=[2,6]
A S=1.5, r, take a fixed index between 1 and 20,
G, decreased from 2 to 0
2
Tab.2 Benchmark function
F1 Sphere 30 [-100,100] 0
Windows 10 64 CPU Intel F2 Schwefel 2.22 30 [-10,10] 0
Core i7-10750H 2.60 GHz 16 GB F3 Schwefel 1.2 30 [~100,100] 0
AO F4 Schwefel 2.21 30 [-100,100] 0
F5 Ackley 10 [-32,32] 0
F6 Generalized Penalized 30 [-50,50] 0
4.1 AO
F7 Shekel's Foxholes 2 [-65.536,65.536] 1
AO )
L. F8 Six-Hump Camel-Back 4 [-5,5] -1.0316
28 grey wolf optimizer, GWO
97 L . F9 Goldstein-Price 2 [-2,2] 3
27 whale optimization algorithm, WOA
. e . F10 Shekel's Family 4 [0,1] -10.4028
281 harris hawks optimization,
3
Tab. 3 Optimization results of different algorithms for benchmark functions
GWO WOA HHO ALO AO Improved AO
AVG 1.40x107 7.91x10712 4.76x107 2.67x107° 3711077 3.95x107%
F1 STD 6.08x10 2.45x107%0 2.21x1071 1.24x107° 0.00 0.00
Best 5.36x107% 1.12x107 2.56x10712° 9.62x10™ 9.38x107% 0.00
AVG 2.31x10™ 4,86x107%° 6.93x107% 1.94x10° 7.45x107% 5.37x107'
F2 STD 6.58x10™ 2.58x107 2.29x107% 4.16x10° 2.29x10°9 0.00
Best 3.10x10°7* 6.20x107° 1.69x107 5.99x10°° 4.82x107% 1.17x1077
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GWO WOA HHO ALO AO Improved AO
AVG 2.76x10°% 1.17x1072 2.11x107% 2.53x10°° 1.13x1071"° 0.00
F3 STD 6.84x10°% 2.78x107? 1.16x1071% 1.27x10°° 0.00 0.00
Best 1.91x107" 3.49x10°° 1.89x107% 3.96x10%° 5.12x107 0.00
AVG 6.10x10™ 2.27x10°° 2.90x107% 1.54x10°° 6.46x107% 8.25x107%%°
F4 STD 1.49x10™% 7.34x10°° 1.11x10° 2.98x10°° 2.33x10°% 0.00
Best 1.01x107% 3.01x10% 1.68x107% 1.06x10°° 7.89%x107% 2.23x107%
AVG 4.00x107% 2.46x107% 4.44x107 5.49x1072 4.44x107 4.44x107%
F5 STD 0.00 2.02x10% 0.00 3.01x107* 0.00 0.00
Best 4.00x107% 4.44x107 4.44x107¢ 3.63x10° 4.44x107 4.44x107¢
AVG 3.00 3.39x107 4.18x1077 2.16x10? 1.44x1077 2.37x10™*
F6 STD 4.72x107" 3.06x107? 6.39x1077 1.72x10* 2.16x1077 4.32x10™
Best 2.08 9.24x10°° 1.19x10™ 1.83x10° 4.47x10™ 1.18x10°®
AVG 9.98x10* 9.98x10* 9.98x10* 9.98x10* 9.98x10* 9.98x10™*
F7 STD 1.13x107 8.48x107 1.04x107" 2.31x107% 8.48x107™ 3.92x10°°
Best 9.98x10* 9.98x10* 9.98x10* 9.98x10* 9.98x10* 9.98x10*
AVG -1.03 -1.03 -1.03 -1.03 -1.03 -1.03
F8 STD 1.01x10°° 7.23x107% 4.25x107% 8.87x107 5.38x10°® 2.44x10™*
Best -1.03 -1.03 -1.03 -1.03 -1.03 -1.03
AVG 2.99 3.00 2.98 2.98 3.00 3.00
F9 STD 1.71x107 1.00x107° 3.01x10™ 4.99%x107 3.24x10™ 6.16x107"
Best 2.99 3.00 2.98 2.98 3.00 3.00
AVG -1.02x10* -1.04x10* -6.86 -9.35 -1.04x10* -1.04x10*
F10 STD 9.70x10™* 8.75x1077 2.55 2.15 5.73x10°° 3.22x107?
Best -1.04x10* -1.04x10* -1.04x10* -1.04x10* -1.04x10* -1.04x10*
3 3
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200 400 600 800 AO
F1 F10 AO AO
T 6
4 Wilcoxon
Tab. 4 Wilcoxon rank sum test result
Improved AO vs. GWO 6.39x10™ 2.86x107? 1.19x1072
Improved AO vs. WOA 2.48x10™ 6.43x1072 7.80x107°
Improved AO vs. HHO 1.55x107° 6.26x107? 3.97x10°°
Improved AO vs. ALO 1.00x10° 2.86x10 7.80x10°°
Improved AO vs. AO 9.58x107* 7.62x107 5.69x107?
AO N 4.2
Tab.5 Sensitivity analysis of the improved AO for the
number of population members (N) [8] [11] [12]
Bukhari &0l
100 200 300 400
F1 0.00 0.00 0.00 0.00 = 10°
F2 513x107%  1.16x107%  7.23x10"t  3,09x107"®
F3 0.00 0.00 0.00 0.00 (320,240) 6
F4 3.87x107  3.87x107%  5.83x107% 0.00
F5 4.44x10%°  4.44x10°  345x10%®  1.12x107% (28) (29) D
F6 1.49x10° 1.35x10°¢ 2.58x10° 2.33x107 R
F7 9.98x10™ 9.98x10™ 9.98x10™ 9.98x10™ u
F8 -1.03 -1.03 -1.03 -1.03 D= (C} Cx)2 + (CS Cy)2 ; A A
F9 3.02 3.02 3.01 3.01 0
F1I0  -1.04x10"  -1.04x10"  -1.04x10"  -1.04x10 R= 100 ; A A
6 AO T (CxCy) (N ohy)
Tab. 6 Sensitivity analysis of the improved AO for the
number of iterations (T)
7 6
200 400 600 800 8 6
F1  1.68x10% 0.00 0.00 0.00 30
F2 5.67x1071%  3.64x107  1.52x10%  6.26x10717
F3 2.28x107% 0.00 0.00 0.00 30
F4 591107  561x107®  585x107  2,99x107 (28)
F5 4.44x10°  4.44x10%  3.25x1077  1.93x107V 0.5 pixel 3
F6 3.93x10°® 1.79x10° 1.45x10° 9.95x1077
F7 9.98x10™ 9.98x10™ 9.98x10™ 9.98x10™ 250 3
F8 -1.03 -1.03 -1.03 -1.03 AO
F9 3.01 3.01 3.01 3.01
F1I0  -1.04x107  -1.04x10"  -1.04x10"  -1.04x10
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7 AO
(C«iCy) = (320,240)
7 = 10° 0.1 pixel
Tab. 7 Radial distortion parameter estimation results 1 pixel
Ref [8] Ref [11] Ref [12] Ours
(a) -1.03x10°  -1.01x10°  -1.01x10°  -1.01x10"°
(b)  -1.02x10°  -1.02x10°  -1.02x10°  -1.02x10°
(©  -105x107  -0.96x107  -0.97x107  -1.02x107
(d)  -1.07x10°  -1.04x10°  -1.04x10®  -1.02x10°
(e) -1.02x10°  -1.03x10°  -1.01x10°  -1.01x10"°
()] -1.02x10° -1.01x10°® -1.01x10° -1.01x107°
Estimated value of 8
%%%;8 25%~75% Tab. 8 Estimation error of the distortion parameter
322.6 1.5 scope within IQR
3224 et
35572 Median line R(%)
322.0 g"‘flfage value D/(pixel)
o 3318 utlier @ ® © @ ©@ 0
£t
g %%%g Ref [8] 1.2412 3.2 2.8 51 7.0 25 2.3
320.6
%%8‘21 Ref [11] 0.8430 15 2.8 4.6 4.3 3.0 15
320.0 . . . . . . .
%%gg Ref [12] 0.6762 1.2 2.6 3.2 4.3 13 12
319.4 Ours 0.4618 1.2 2.4 2.2 2.2 15 1.2
319.2
Ref[8] Ref[11] Ref[12] Qurs
(@)*a g%a x\@I3y E
(a) Estimation result of the
distortion principal poink 30 8
2445 Estimated value of
244.0 25%~75% 4
2435 1.5 scope within IQR
) Median line
243.0 Average value [81 [11] [12]
2425 Outlier
© 2420 .
S 2415 3 pixel
T 241.0
240.5
240.0
239.5
239.0
Ref[8] Ref[11] Ref[12] Ours
(b)*a g%a y\@I3y E
(b) Estimation result of the AO
distortion principal poiny
6
Fig. 6 Boxplot of the results of the distortion principal

point estimation.

(a) I’ i5
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Fig. 7 Synthetic images and their corrected images
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Fig. 9 Two types of catadioptric omnidirectional camera
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Fig. 10 Omnidirectional images and their corrected images
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9

Tab.9 Omnidirectional image distortion parameter es-

timation results

10(a) 2048 1536  2.2613x10°  (1091.72,695.14)

10(b) 2048 1536  21983x10°  (1095.62,692.57)

10(c) 2048 1536  2.3564x10°  (1096.34,695.83) AO 3

10(d) 2048 1536  2.2083x10°  (1094.61,696.53)

10 (e) 4352 3264  3.2517x10° 517.86,382.15 AO

10 (f) 4352 3264 2.8476x10°° 516.43,380.93

[1]

[2]

[31
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(51

(6]

[71
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(91
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2.5%
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