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Fig.1 Underwater camera imaging light path
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Fig.4 Underwater binocular stereo vision model
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Table 1 Simulation calibration results

Truth value Initial value Optimization
0 —0.161 —0.006
n 0 —0.109 —0.013
1 0.981 0.999
d, 30 38.121 30.191
Mean reprojection error 0 5.889 0.078
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Fig.6 Calibration results under different background light
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Table 2 Calibration paraments in camera air

Parameters Left camera Right camera
foo s [1453.090, 1453.096] [1450.469, 1450.299]
Cn €y [1010.749, 777.474] [1037.753, 798.426]
kyky [0.014, 0.006, —0.001] [0.014, 0.008, 0.001]
DisDe [—0.002, —0.020] [—0.001, —0.024]
Mean reprojection error 0.039 0.039
R, (—0.046, 0.451, —0.017)
T, (—1147.532, 5.206, 257.982)

3.2.2 KRTHFZE

FE28 S AR SRR R L ORI SR B E R 1,333, AT UK AR L 15 B 22 A I HL S S TR B RN
7 Ao S Bk 1 DK 2 2 A B S A bR AR AR T AL AR AR R AL S S A 1. AR E R R A
1.5 m.2.0 m M1 2.5 m Ak 5p 5130 5% 6 A [ (57 25 14 Pl e, fol FH G o 12 2 8 5 e 5 1) 181 e e AT B o ) 12
KR AR E I 22 A LR SR AR E AR R o 3R 3 MK N AR E S8, Horh m Dy 4y BLw i ) B d O S S TR
JE , R, 2 JZT 5 WUAG A b Z AR T A ML AR AR 2R 00 JE 2 R e, T, Jhg ARTRT 7 1) SF- % i 42

B11 KTHESE

Fig.11 Underwater calibration scene

(a) Left camera picture (b) Right camera picture
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Fig.12 A set of images taken by underwater calibration
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Table 3 Underwater calibration parameter

Parameters Left camera Right camera
n [—0.0035,—0.0301,0.9995] [0.0049,—0.0292,0.9996 ]
d, 21.636 17.505
R, (—0.045,0.442,—0.030)
T, (—1148.776,12.644,252.121)
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DU PR 5 ) 5 1R 25 W 13, BB R 22 3976 0.12 pixel LN o AL AR 8 1Y RGBS B A BORRT B
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Table 4 Measurement results of bat under 10 postures (unit: mm)

Postures d, Error SD d, Error SD d., Error SD
0] 149.76 —0.4 150.63 0.5 499.16 1.4
@) 150.15 0.1 150.97 0.8 498.77 1.1
® 151.24 1.1 149.93 —0.20 498.93 1.2
@ 150.29 0.2 150.15 0.1 498.39 0.7
® 150.68 0.6 151.15 1.1 499.51 1.8
© 150.95 0.8 08 150.62 0.5 06 498.46 0.7 Lz
@ 150.73 0.6 150.92 0.8 499.27 1.6
® 150.85 0.7 150.72 0.6 498.13 0.4
O] 150.92 0.8 150.35 0.2 498.73 1.0
) 151.92 1.8 149.27 —0.9 499.34 1.6
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Underwater Modeling and Calibration Method of Binocular Stereo
Vision Imaging System

LIU Jianye, ZHUANG Sufeng, TU Dawei, ZHANG Can, JIN Pan
(School of Mechatronics Engineering and Automation, Shanghai University, Shanghai 200072, China)

Abstract: Binocular stereo imaging technology has a wide application prospect in underwater archaeology,
Marine geological survey, autonomous navigation of underwater robot, underwater biological investigation
and other fields. However, when the camera is applied in an underwater environment, the imaging light
enters the lens through media of water, window glass and air. Due to the different densities of the three
media, the light will be refracted and bend, and the measurement model and calibration method in air will
fail, making it difficult to realize underwater 3D reconstruction. In the early studies, the refraction effect
was ignored, resulting in low accuracy of underwater 3D measurement. Subsequently, researchers at home
and abroad believe that establishing an accurate underwater refraction imaging model is the key to
improving the calibration accuracy of binocular stereo measurement system. Therefore, based on the multi—
layer plane refraction model, this paper describes the underwater camera imaging process by using the 4D
parametric representation method of light, and establishes the underwater binocular stereo vision imaging
model. On this basis, this paper proposes the corresponding calibration method and uses the forward
projection error as the objective function to optimize the normal vector of parameter interface and the
thickness of air medium, and verifies the correctness of the calibration algorithm through MATLAB
simulation. The results show that the average error of system parameter calibration simulation analysis is
0.078 pixel, showing that the calibration algorithm is extremely accurate. Then, the system calibration
experiment, underwater precision experiment and underwater object 3D reconstruction experiment are
carried out. The results show that the average error of the system calibration experiment is less than
0.12 pixel, indicating that the proposed calibration method of underwater binocular stereo vision imaging
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system has high calibration accuracy of system parameters, which lays a foundation for pixel matching and
3D reconstruction. In the underwater accuracy experiment, the standard deviation of the underwater
standard ball rod measurement error is 0.8 mm, the standard deviation of the measurement error is 0.6
mm, and the standard deviation of the ball center distance measurement error is 1.2 mm, indicating that the
3D measurement accuracy based on the calibration algorithm is very high. The point cloud obtained by
underwater 3D reconstruction of physical objects is generally dense, without obvious holes, with good and
smooth contour and good effect of detail reconstruction, which fully indicates that the underwater stereo
vision model and calibration method proposed based on the above theory have good underwater 3D
reconstruction effect.

Key words: Underwater binocular stereo vision; Underwater imaging model; Underwater camera
calibration; 4D parametric representation of ray ; Underwater 3D reconstruction

OCIS Codes: 110.2990; 330.1400; 330.4060; 330.7326; 150.1135

Foundation item : National Natural Science Foundation of China (Nos. 62176149, 61673252)

1211002-13



	2.1　系统参数标定

