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Abstract: This paper proposed a method to observe the celestial polarization pattern and the coordinate of
zenith through Snell’ s window, which consequently yields the navigation information of the carrier, i.e. ,
yaw angle, roll angle, and pitch angle. A fish-eye lens and an imaging polarimeter were installed on the
carrier to capture the sky and obtain the celestial polarization pattern. First, a pinhole imaging model was

established to obtain both the internal and external parameter matrices of the camera and the distortion coef~
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ficients of the lens. A distortion correction was applied to the polarization pattern to obtain the solar meridi-
an characteristic region. A Canny operator was used to detect the edge of the characteristic region, after
which a Hough line detection algorithm was used to calculate the angle between the solar meridian and the
carrier's axis, yielding the Yaw angle. Second, the relationship between incidence angles and the error of
polarization angle was abstracted as a function through experiments. Error compensation based on the func-
tion was performed to reduce the measurement error of the polarization angle caused by changes in the inci-
dent light polarization state of the fish-eye lens, hence improving the accuracy of measuring the angle be-
tween the solar meridian and the carrier axis. Third, the grayscale threshold detection algorithm was used
to calculate the coordinates of the zenith in the image, and therefore the roll and pitch angles of the carrier.
The accuracy of the algorithm was verified through experiments. Lastly, an experimental platform was
constructed to simulate an underwater environment. Results show that the mean absolute error of the yaw
angle calculated by this method is 0. 530 3°. Within the range of [ —50°, 50°], the mean absolute error of
the roll angle and pitch angle are 0. 754 4° and 0. 621 3", respectively, which meets the accuracy require-

ments of underwater navigation.
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Fig.2 Diagram of image acquisition equipment
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Fig.3 Diagram of obtaining yaw angle
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Fig. 8 Experimental rendering on the morning of December 28th



5512 4] 72 A5 BT Snell T B 3R AR 2 A 7K R A4 AT 2 I B 1809
4.2 ZERHW B, 5% 6 5 0y fA R BUR , Snell B bk 2 3T A1

o — ZH P e e e 3 e AR R DR 07, IR AR
BLIEXT K2 o K P55 i 4% 5 2 1 53 A A 1A
Hh B G [ B S T Snell 5 £ HR B Sk L
PSR IR O 4% 7 57 A o A A8 2 ) g i T
KL B B e AR S IE (B e %
PP BC o AT Hoa] OB B, AR AL IE X 2K 25 i
R 4R B R B A 32 1) 0 WR A5 Sk Wy 222 47 R ) 2 00
Snell % R AJE , 76455 3k ILEF oL o B A 5 e %
5 6 Sh AR MLER , Snell % 76 40 BF 0 [ p & kA7

BF i 2k, HON R B B 46 O R E o 28 i 72 Ab
B i i 1% 22 A0 22 T B i i A7 20 A A X 4 B
B 1087 I A, AT v AT AR HRCHS K BH 5
AR T KR IR RS I B 3k T LA AR AR AR A 2
J5i B Snell 57 v 5 AR B, BV AR AR T Y R T
AR AR IR 12 A AR TR A BT AR 5 IR A
fil e AWM BIE IR 1w . ]
WL 38 3o A ST AT B A 1 A AR S R
AR BE I K T AL R o

®1 ZHHE

Tab.1 Experimental data )

S5 H 915 ) fa] T VR ) 25 % 1% 2 R A £ 28 %of 158 2 L] £ 245 % 15 2
2023-12-28 10:02 0.468 7 0.616 2 0.458 2
2023-12-28 10:13 0.706 9 0.718 3 0.464 2
2023-12-28 10:17 0.852 3 0.8374 0.528 2
2023-12-28 10:20 0.833 2 0.773 2 0.5738
2023-12-28 10:26 0.9056 0.449 1 0.604 8
2023-12-28 10:30 0.941 3 0.6518 0.884 2
2023-12-28 10:34 0.6215 0.4347 0.4312
2023-12-28 10: 36 0.7378 0.5914 0.412 2
2023-12-28 10:44 0.542 8 0.542 1 0.4794
2023-12-28 10:52 0.934 2 0.598 5 0.445 8

Xy oft 1 25 0.754 4 0.621 3 0.530 3

AT —FhAE K T 3 3 Snell % 3K HUR
P o3 A B 20 R T AR e, 4 T3 58 K 204
AT B Ik o O R T IR B Sk 1 D
P AH BL 2 23 A 2R L 75K R X RS s 4,
R 17 46 o 107 < it B A5 3 A IR J7 62 FR O3 A AR
3, X EAG UE AT AR A OE ) i it Canny 557 K
W I BH 77 2 4 i DX S8l 5, ) 8 9 722 46 46l
NG B2 T7 W), 455 i AR 5 0 £f 53 A B 2 Y X B
PERAT KB F 71 2 5 il e £ | A 1) K SCAR g 3R

S H WK

(1] seml, sk®, R, & . KFHLEAZEM SN
RERBMKRSGHH[T]. BEREELE T EFHR, 2022,
43(3): 22-29.

AU 1] £ 5 30 5 R ] Gy ) B ok T o A AR A
Pr &R TR TR A bR, 15 B RE TR f S04 ff . 45
H#TRRUK T B R ST 6, L g R R A
A5 B BT ) A O 3 46 iR 2598 0,530 3%, FE
[ —50", 50" ] #f B [l , 186 TR A1 5 00400 £ 1 35 4
SR 2R 0,754 4°5 0,621 37, W K F ALK
KEF K. N T UJGTEK T LBRAEE R, 5
SN AR SCHRE A K D R S 0 O 5 B S A
Ik A Wit —EK T IRIE-0 T4 5 0 R
gt f g H A7 AE K R R 3R - 10 T 4L A SR
G St E M,

FAN G, ZHANG Y, ZHAO H M, et al. Under-
water robot positioning and navigation technology
development status and analysis[J]. Jowrnal of Ord-
nance Equipment Engineering, 2022, 43(3) : 22-
29. (in Chinese)



K TR

32 %

1810 P
(2] #4&4E, hAF, TEL, F. WIECILEISHL

[3]

[4]

[7]

[8]

[9]

[10]

NSRBI [T]. &% % T4, 2020,
28(8): 1661-1669.

CHUJK, LINMY, WANG Y L, et al. Applica-
tion of polarization sensor to unmanned surface vehi-
cle navigation and formation [J]. Opt. Precision
Eng. , 2020, 28(8): 1661-1669. (in Chinese)

KA, AU, mEZ, F . 3T RS B AOE
HEGR T S MR 75 T 0 FAR O A5 T[] R &L
#, 2021, 29(4): 647-655.

ZHANG R, GUI XY, CHENG HY, e al. Tar-
get pose estimation based on polarization imaging in
low light and strong background noise[J]. Opt. Pre-
cision Eng. , 2021, 29(4) : 647-655. (in Chinese)
LIC, GUO C, REN W, ¢ a/. An underwater im-
age enhancement benchmark dataset and beyond
[J].
2019, 29: 4376-4389.

HAEE, REF, REL, F . A FRRE MRS K
B KT EAR s Jr ik [T]. b s T4,
2021, 29(5): 1207-1215.

CHU J K, ZHANG P Q, CHENG HY, et al. De-

scattering method of underwater image based on im-

IEEE  Transactions on Image Processing,

aging of specific polarization state [J]. Opt. Preci-
sion Eng. , 2021, 29(5): 1207-1215. (in Chinese)
ALY, #Hed, REZ, . HTREE¥TM
PR K T Ik R RG] L% HE T
#2, 2023, 31(21): 3212-3220.
GONG W Z, CHUJK, CHENG HY, et al. Un-
derwater polarization image fusion based on unsuper-
vised learning and attention mechanisms [J]. Opt
Precision Eng. , 2023, 31(21) : 3212-3220. (in Chi-
nese)

ZH A&, vk, §E R, F . OKT O AR T A
AREIRIT]. A FHHA, 2023(4): 13-25.
WU X D, SHEN C, CAO H L, et al. Survey of
underwater biomimetic polarization and geomagnetic
navigation technology[J]. Tactical Missile Technol-
ogy, 2023(4): 13-25. (in Chinese)
SCHMIDT G T. Navigation sensors and systems in
GNSS degraded and denied environments[J]. Chi-
nese Journal of Aeronautics, 2015, 28(1): 1-10.
WANG SZ, ZHAN X Q, ZHAIY W, ez al. High-
ly reliable relative navigation for multi-UAV forma-
tion flight in urban environments[J]. Chinese Jour-
nal of Aeronautics, 2021, 34(7): 257-270.

A, MR, 2R, F KT BN RIS/ 8

[11]

[12]

[13]

[15]

[16]

[17]

[18]

B/ 238 Wy AR B G RO RAELT]. R
M LA2, 2017, 25(9): 2508-2515.

XU B, HAO R, WANG C, et al. INS/USBL/
DVL information fusion and fault-tolerant verifica-
tion for underwater vehicles [J]. Opt. Precision
Eng. , 2017, 25(9): 2508-2515. (in Chinese)
HaEE, WiEs, REZ, F. RELEFWIIR
K TET f AR A BB LT ] S & AR, 2020,
40(20) : 2001002.

CHU JK, TIANL B, CHENG HY, ez al. Sim-
ulation of polarization distribution model under
wavy water surfaces dominated by skylight[J]. Ac-
ta Optica Sinica, 2020, 40(20): 2001002. (in Chi-
nese)

CHENG HY, CHU J K, ZHANG R, et al. Un-
derwater polarization patterns considering single
Rayleigh scattering of water molecules[J]. Interna-
tional Journal of Remote Sensing, 2020, 41(13) :
4947-4962.

CHENG HY, CHUJK, ZHANG R, et a/. Sim-
ulation and measurement of the effect of various fac-
tors on underwater polarization patterns[J]. Optik,
2021, 237: 166637.

BUAR, F&A&, RS, F . AT RIS
B IR K T I R B AR5 [J]. o B e g (oF &
L), 2023, 16(6): 1324-1332.

GUJQ, LIGJ, HUP W, et al. The polarization
mode of underwater waves based on atmospheric
multiple scattering [J]. Chinese Optics, 2023, 16
(6): 1324-1332. (in Chinese)

HORVATH G, VARJU D. Underwater refrac-
tion-polarization patterns of skylight perceived by
aquatic animals through Snell’ s window of the flat
water surface [J]. Vision Research, 1995, 35
(12): 1651-1666.

PARKYN D C, AUSTIN J D, HAWRYSHYN
C W. Acquisition of polarized-light orientation in
salmonids under laboratory conditions[J]. Animal
behaviour, 2003, 65(5): 893-904.

POWELL S B, GARNETT R, MARSHALL J,
et al. Bioinspired polarization vision enables under-
geolocalization [J]. Science Advances,
2018, 4(4): eaao6841.

JULIEN D, STEPHANE V, SERRES JULIEN

R. An ant-inspired celestial compass applied to au-

water

tonomous outdoor robot navigation [J]. Robotics
and Autonomous Systems, 2018, 117: 40-56.



55 12 1] A A BT Snell % B AR 20 7K T B AR A 22 I 1811
[19] PATEL RN, CRONIN T W. Mantis shrimp nav- [23] ZHANG Z. A flexible new technique for camera

[20]

[21]

[22]

igate home using celestial and idiothetic path inte-
gration[J]. Current Biology: CB, 2020, 30(11):
1981-1987. e3.

HU P W, YANG J, GUO L, ez al. Solar-track-
ing methodology based on refraction-polarization in

Snell’s window for underwater navigation[J]. Chi-

nese Journal of Aeronautics, 2022, 35 (3) :
380-389.
W Ah, Ak, R, F . 7 IFERKT i IR /45

PEHG N EL TR LRERITCl. Y8 a3
feFadEsFrEls, TEHAHLES.
% 33 /% P Bt 244l A BUE LK, 2022: 1.

HU P W, YANG J, WANG A B, et al. Shrimp-
Eye inspired underwater polarization/ins integrated
dynamic attitude determination: methodology and
system development [C]. Process Control Profes-
stonal Committee of China Automation Society,
China Automation Society Proceedings of the 33rd
China Process Control Conference School of Auto-
mation Science and Electrical Engineering, 2022:
1. (in Chinese)

KR, KL, KR, F . ZERAREMIRE W
HII] e F HE 42, 2021, 29(7) : 1499-1510.

ZHANG R, CATI H, GUAN L, et al. Polarization
orientation method for cloudy sky[J]. Opt. Preci-
sion Eng. , 2021, 29(7): 1499-1510. (in Chinese)

EE R

FiEE (2000— ), 107 K A i
+WFIT A, 2022 4F F AR LK 23R4T 2
2B, AN KN O A R R G T
L 7 1 A BF ST . E-mail: 979960592@
qq.co

[24]

[25]

[26]

IEEE Transactions on Pattern

2000, 22

calibration [J].
Analysis and Machine Intelligence,
(11): 1330-1334.

£, &S, NEw, F . IET HoughBH#H K
B A 2k R IO R LT] R R, 2020, 40
(17): 1701002.

CUIY, ZHOU X C, LIUY F, et al. Solar merid-
ian extraction method based on Hough transforma-
tion [J]. Acta Optica Sinica, 2020, 40 (17) :
1701002. (in Chinese)

Rk . AT R AL AME 6 K T 2F = R AR B AR
FRAHEAMAID]. R PR R,
2019.

ZHANG R W. Key Technology Research on Im-
age Restoration for Imaging Through Water-air In-
terface from Underwater Based on Random Distor-
tion Compensation [D]. Wuhan: Huazhong Uni-
versity of Science and Technology, 2019. (in Chi-
nese)

Ban, KA, XK, F L EIIRAT 2K i ik
SE T [T] Al TR E AR, 2021, 50(9) :
10-13.

CATH, ZHANG R, GUAN L, et al. Polarization
orientation method for whole sky area in sunny
weather[J]. Mechanical & Electrical Engineering
Technology, 2021, 50(9): 10-13. (in Chinese)

BIREE:

B #R(1984— ), 5 1L THIM AL 1
+, Bl % A A T, 2007 4F (2013
AT R0 B TR 2 4y R4S 2 1 il
A, A N5 AR 4RO T A
AR AR W K O R g
TH5 g A% R AT 55 O 1fi B

P

%% o E-mail: zhangr(@dlut.edu.cn



