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Fig.1 Schematic diagram of typical laser range—gated tomographic imaging. (a) Working principle; (b) Timing relationship
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Fig. 3 Composition and structure diagram of underwater tomographic 3D imaging system. (a) Composition; (b) Structure
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Fig. 8 Physical prototype of the system
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Fig. 11  Original image of the underwater calibration board
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Table 1 Camera Calibration Parameters

Parameters Left camera Right camera
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R 0.0133 0.9997  0.0219
—0.0297 —0.0215 0.9993
T [ —148.0108,—0.5629,2.9906 ]"
(ky s k) (—0.6535,1.9338) (—0.5018,1.0702)
(prsp2) (—0.0170,—0.0084) (—0.0035,—0.0181)
e, 0.1986 0.2076
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Fig. 12 Binocular images from binocular stereo vision system calibration experiment. (a) Before calibration; (b) After calibration
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B3 Side K AE B9 = 4 kR Sl o (a) LR BRI (b) L5 B A7

Fig. 13 2D imaging experiment of a laboratory water tank. (a) Experimental environment; (b) Experimental targe
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Fig. 14 Underwater 2D imaging and enhancement effect of dual cameras in water tank. (a) Original image; (b) Enhanced image

152 AP KH TF J T R [ K PR S il K B N i R G R e g . oK K 420 m, %29 1 m, 82 1.2 m.
SR L0 S AT K R SO I R B AL (I ik TR 99 %6 REAR 1 pm 1 SiO, FIURLAE SR WS in
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FEAS YR I 4 001 18 50T, 552 565 7K Sl 19 400 R SR 0 K B 2958 10,19 m, 75 & % UL F SR KK B s FE A 3.6 T8 g 1Y
SIOL YIS, A 20K B AL 4> BIREAK Jy 5.42 . 2.83 F1 1.95 m, R AR B . — 4 A% 5256 W &l 15 fr
N R GRENLUTE WS, i A USAF 1951 23 #5003 #0 75 0 R 00 B A5, 508 A6 B B R 40 12.6 m &b, 76 A TR
IR T WK B T 40 i S AT AR S50

F15 Ao = 4 kMg g o (a) 5230 30350 5 (D) 52 50 B A%

Fig. 15 2D imaging experiment in the pool. (a) Experimental environment; (b) Experimental target
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REARXT L EE AR T BB HEAE -2 4 6 JU R AR FE R IR TH 24 22/3-1=58.74 00 ;2) TEVR N 8g kLY )= , H1 Tl
T8 57 2% J9% TR IS ARG T TR R 5 58 AR 1 6F B B R B E LA RIUR BB bR 7R 2 X B B R OR
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AL: 1.95m

F16  F R AR Z K E AL TR = % &SR E () B4 E & (b) 38R H &
Fig. 16 Underwater 2D imaging results in the pool with different water AL. (a) Original image; (b) Enhanced image
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ST A DG T B 1k BGNet ™ 3k OB 5 40 22 181 (EHMRRSE 2l 640X 512) , MR 4 00 2 P RN S 110 3 % 5% 40 R A
SR L, i KB 5 B AR A TR EEAR B o XL 13(h) /Nl i S5 A5 (4 X H ST AR B A% ) PR % €6 T8 1] ]
L7 /i AT LA 3 0 TR B TR B R I T H bR i 5 B 15 L FLRB WS AR A8 30 0 SC BRARAE A5 2., B bR e 1l
B0 -1, G I R B . R E A AR AR B AL PC (S XiaoXinPro 16 ARH7) S2 i k47 , $47 Bif i)
Sk 38-42 ms, i AT A RS 2 7E 25 fps, Ho B iR H EZ 19 BGNet HEFRFERT N 25-30 ms, i T2 70%
B FRAT R T P 3 5 4 BE K 6-8 ms, 5 ﬁﬁﬂéé@ 17% , Hofh g0 B (B 468 57 AR IE R EETH 556 ) o LRI 4
25 13% WFia] . FPALEK T IREE T, o M 25 18 38 45 A 0 H R R 0 HL A = 4 Se it % 1 B

. )

B17 Al g/ LA AL KT XCH SR R Ry R E A

Fig. 17 Depth map of underwater binocular range—gated stereo imaging for small hills and fish models in water tank

Distance Envelop Curve

L1:Avgd.910m Rng393-431
L2:Avgd4.962m Rng498-534 .
Avg:4.962m
Avg:4.910m
386 417 448 479 510 541

Pixel Position/pixel

H18 ABATHBETIAEFREEEZLD (DFRER;(WREE;(ORFLE-RE &
Fig. 18 Depth reconstruction experiment of stereo target in underwater tank environment. (a) Experimental target; (b) Depth

map; (c) Pixel position—depth curve
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h & WLPE U F GE K T R FE E R RCR R H AR 23 BERE 1, 7E K B R T R G0 TR R AR B 5 B R A B R g
A (AN 18 BT 7R ) o P 1.2 795 5% B H 37 AR R BE AR Y (28 5K 2) 9 43 A AT 260, T B 15 22 2 R UR T A LA
BR2E G RIC A 22158 25 . AR SRR P 25 15 22 1 RN BR A2 KRBT AR B B 3 A L8 5 B ARTE L th
) B LA O s 2k /N b2 TR 4 AR T IO A OREAE DX 8, 5 350RT DG C AR AR B e /b T
TR AW 22 A 11152 22 5 R IE, K AR HICSS 25 10— 20 B AR B A RGO b B2 5005 08 B o Tl A5 AiF 48 B 5 D JE 7 AN o
PR, LR ] 25 0 3 1S RIRBEAG T2 22 o IR, AR S K B s R 8 42 W A DR OIE H AR 2L 85— @ 3 i e
B4 T BT, LA ) 40 22 3R 25 A B ARG o 1 SR I 18 () T /i T s S W A ST ARSI AR G o7 B, DR /N AR Ol
100 mm X 100 mm X 100 mm , K8 FR §i I 180 A7 T~ H BB J7 m) (9 v el Az &, BN FR B 50 mm A3 22
FCUHs B FRAR YOS R R B K R LSBT 11 4.9 m 5.4 m 5.9 m = RPN [R) 0 B HEAT 20 20 I AR T A 22 S R
TR /N A i R R R (&1 18(b) i /i ), 3 BROR B (B €8, ) 43 A1 33 50 1 — AT AR 2 43 i e iR R A TR
M2k, IF LU AT v (Range , Rng ) 8 2 (9 % B2 A VE S B0 R BE I e 25 3L, DL IR BE 1 349 25 (B4R R 7 1 A B YR
TR 22 A, o 4.9 m &b ff B vk IR B F 45 R AN R 18 (o) BT 5 e Je B ] — 2 B 1 A9 22 4L % 38 T ek &%
PEAT AL 3, B 55 ) 28 HE At B840 A 25 8K B I (B BOF 398 (Average, Avg ) 1E R e 28 H bR 09 B8 B2 I
B[] 8 2 0 {1 A, DA b AR

F 245 T PR BT VR B U R 2 MR 25 A 1R 25, AT LU T IR I R 2, R G AR KA IR

SRR BT O 10-20 mm, HOFf % S5 B R 1S O R R R 22 2 BT R A X 5 00 H ST AR TR B R 2 AR R
(/\TS)E’JW?—;E B0 TR 2200 2 R 25 0 2-2.5 mm, H i BUR IR 25 1 3 R R 208 b X 2R T
4.9-5.9 m SR P, 356388 AH HIL RS 1A B A IO AH 22 /N AS TR BE B R 37 04 DG I 1) R 2 158 22 1 30, [ B 6 SR AR o ¢
JOT B 150 A IO e A v PR 2 R 2R AR B A AN VR R 2 0 A R 22 R R UR T AN H AR 1R RO T Y 2
{8, i1 T SE BRI BE 22 A 50 mim, 33X A 26 {8 6 R B3 1) 39 DR 728 R 1) i 34 Sl 221
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Table 2 Comparison of depth errors at different distances

) Measured value of
Serial number  Actual value (m) Measured value (m) Error (mm) ] Error (mm)
depth difference (mm)

4.90 4.9105 10.5

1 52.1 2.1
4.95 4.9626 12.6
5.40 5.4131 13.1

2 52.2 2.2
5.45 5.4653 15.3
5.90 5.9160 16.0

3 52.4 24
5.95 5.9684 18.4

H19 AwEREEGERZZE . (a)EB HAr; (D) RE Z;(c) HIr &
Fig. 19 Depth image reconstruction experiment in the pool. (a) Experimental target; (b) Depth difference; (c¢) Target scene
S I R K BT R R e = 4k EE R ROCR I B, 7E K PR AN R AL R R Ge TR B AR B 5 R S ) B R
9 I B (AN &L 19 BT ) o 1 6 L 50 mm (9 TR 1B 22 [1 5 9 A Sz ARHE AR B AE B B R S LA 129 6.4 m

0711001-11



Distance Envelop Curve Distance Envelop Curve
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2632
i Ay gl
639 b 6361 0 630 1 Avg:6.308m
Avg:6.391m Avg:6.364m TR
e 634 . 628
304 342 380 418 456 495 337 373 409 445 481 517 319 357 195 3 471 509
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W20 FRFEKKETREEZRSER(2)10.19m FHK K ;(b)2.83m FH K ;(c)1.95m F R K &

Fig. 20 Depth reconstruction results under different attenuation lengths. (a) AL: 10.19 m; (b) AL: 2.83m; (¢) AL: 1.95m
Ak 5 3550 HIAE 10.19.,2.83,1.95 m = FlK 78 5K BE R AT 2 4 R 2 IR FE S (A Pl 20 BT 7w ), 22 1R 36 s
TR T B TR U R R R 2 AR 5 e S TR K R B 2 2 R R e A R AT AR B
W 5[] 2 G A A0 A 22 5 e 0 (/5 BT S50, 45 80 s ) {68 32 D00 10 00 3% 3 22 0 (R

3G T = AOKBUT BE RS2 6.4 m Kb A TR LI R 22 R 22 00 R 22, Al LR L0 T IR I A
28, RGAE KM IR =K BUR O 25-120 mm, H B 7K A 000 BE Y BEAIR, E IR R 22 B Rl B T
i IR PN Sy K A AR 22 3 T PRRON BE R B9 R O I S R AR AL MCP A e BAR X LG BE 9 ] il 51 A
TH W H 2R BUBURL X O Y 5 IR A 2 0 A5 S PR B AR X R O B A 32 B S w5 R OB E TR
85 B ARG, 37 A E T r A R 22 Al T 458 22 by s 0 1 R, %8 B 10R 22 U i 2 ke P R 5 R B 22 T 4 % 22 Oy 2.5
6.0 mm , H R/ R AE Bl 984 B2 Y B AR 52 b Th i 3, ELHG b o 1Y R T 3 3 vl i B A 15 2 Y W
JIE 3 2 52 A0 2 A T 58 2 S KA R

®3 ARARBKETRERZEIL

Table 3 Comparison of depth errors under different attenuation lengths

Attenuation lengths Measured value of

Actual value (m)  Measured value (m) Error (mm) ) Error (mm)
(m) depth difference (mm)
6.42 6.3904 29.6
10.19 52.8 2.8
6.47 6.4432 26.8
6.42 6.3630 57.0
2.83 54.3 4.3
6.47 6.4173 52.7
6.42 6.3098 110.2
1.95 44.1 5.9
6.47 6.3539 116.1
4 Zit

BEXF LA K T OG22 iR R G0 32 K RO ™ B, = 4R SRS S S i R 25 I R B 1 SR T — 3
TORUH BE R L B K R 2T = 4R SRR AR 45 G TR B 58 AR R X ST AR B AR O R T =
AR 38 A8 1 558 ICMOS + 3 28 bk w4 , BIFR] 1 — 22K N WU H 28T =2 iR S5 50 R 40 5 3 i B0 retinex
SRR KR 22 A7 T b PR AT 1 5, AR A5 8 X LU BE 4k IR 5 3 ok PR3t 37 R DT i 5375 BGNet SR 22 141,
4565002 bR 2 S 80T R4S 20U EE TR AR ICENE B bR TR B S 2 R UE T2 R G AEK T = 4E g i ]
itk RABN T REMRSE EARA LR FZ S RAERE T, LRER  RGEAHE AL=1.95 m K& H
PRI B AR T 12.6 m(6.5 AL) ,#£ 6.4 m(3.3 AL) P 2§ T A #E 25 43 BR AN T 50 mm, SE A #:1] 35 25 fps;
TEK T 4.9-5.9 m B AR BE B R & 40 09 TR BE Al 15 25 o4 10-20 mm, ¥R B 25 I 5 1% 25 4 2-2.5 mm; 7 10.19
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m,2.83 m,1.95 m =FK A IE UK B 29 6.4 m SR B b B TR BE AL TR 25 O 25-120 mm, YR BE 28 I i iR 22
K 2.5-6.0 mm, Zg R, BT R0H B B OK TR BT = 4E R R G B — o 1Y B e = 4 S R
AEJT .

x4 REMEESH

Table 4 System performance parameters

Parameters Value
Underwater detection range =6.5 AL
Range resolution <50 mm@3.3 AL
Real —time performance 25 fps
Depth estimation error 10—120 mm
Depth difference measurement error 2—6 mm

R PO B e IR BE A I B 5-7 AL RYIRIN RS, Bl AN, 78 ALA10 m By 3k K 5 RE A5 15 2] 50 m
DL AR I BE B o FEA SCSE I &R ge b, XU H IR B 2830 19 7K R J2 BT = 48 R R BR A8 4R 4 0 v o i K R
H AR SRR TE 42595 RTT OR TN B T8 AR /K P A 30T B3 A 0 46 ) Ul B A — s i B I 0 o it — 2Btk
KOG IR R D8 e 5 R o XCH S7AR DT C ) 2% 55 05 vk R BE AR AT BEAL AR TR FAR = ZE LR E BE 5 £1 X
N7 2 A R G S BT T g — 2 3R TH R GEPERE , /K R RN 5 00 45 I P 4 43 B AT 0 Bl S HE
it Rt MR B ARELE FRE S SR L&A H A RS &k IE B L8 A AR A8 ALAT )
R EAR LHFLEH .
S % Uk
[1] SHEN Ying, ZHAO Chuanjiang, LIU Yu, et al. Underwater optical imaging: key technologies and applications review[J].
IEEE Access, 2021, 9: 85500-85514.
[2] PANETTA K, GAO Chen, AGAIAN S. Human-visual-system inspired underwater image quality measures[J]. IEEE
Journal of Oceanic Engineering, 2016,41(3) :541-551.
[3] WANG Yuhang, WANG Xinyu, ZHANG Jinghui, et al. Review and prospect of underwater 3D imaging detection[J]. La-
ser & Optoelectronics Progress, 2024, 61(22): 29-42.
EFW, EHT, REE, KT =S40 R RN BoR £k KRBT ] WOt S ARt 2024, 61(22): 29-42.
[4] ZHUANG Peixian, WANG Chenyu, LIU Fei, et al. Image field-of-view enhancement: An overview[J]. CAAT Artificial
Intelligence Research, 2026.
[5] ARST H. Optical properties and remote sensing of multicomponental water bodies[ M ]. Berlin: Springer Science &. Busi-
ness Media, 2003.
[6] WANG Xiangke, ZHANG Hui, ZHENG Zhigiang. Analysis of back—scattering restraining of range-gated imaging tech-
nique[J]. High Power Laser and Particle Beams, 2007, 19(12) : 1997-2000.
ERERL, BN, AR . PR e 5E B R JE ) O AR A BRI A (7). BRI SR TR, 2007, 19(12) ¢ 1997
2000.
[7] LI Yifeng, ZHOU Shun, LI Pangyue, et al. Three-dimensional reconstruction method integrating active and passive polar-
ization based on structured light[ J]. Acta Photonica Sinica, 2024, 53(12): 1210002.
PRV, JAINT, ZEPERK, AF . LT AEHDOE A AR sl g S 4EE @I (7] e T AR, 2024, 53(12) 1 1210002
[8] ZHUANG Sufeng, JI Yong, TU Dawei, et al. Underwater RGB-D camera based on binocular stereo vision[ J]. Acta Pho-
tonica Sinica, 2022, 51(4): 0404003.
FEFREE, 5, BoRYE, % T RHSL RS KT RGB-DAALLT]. 6724, 2022, 51(4): 0404003.
[9] ZHUANG Peixian, ZHANG Xinheng, TONG Junjie, et al. Underwater light field imaging: A survey[J]. CAAT Artificial
Intelligence Research, 2025, 4: 9150051.
[10] ZHANG Jinghui, WANG Yuhang, ZHANG Tao, et al. A study on refraction error compensation method for underwater
spinning laser scanning three-dimensional imaging[ J]. Sensors, 2024, 24(2): 343.
[11] LV Wenlei, ZHANG Xu, LIU Ke. Design and Experimental Study on a Range-Gated Underwater Laser Imaging System
[J]. Journal of Ordnance Equipment Engineering, 2019, 40(8): 198-202.
BOCE, sk, XA —FPEE R pEE K T OB R kit SR e [T]. AR R TR R, 2019, 40(8) :
198-202.
[12] MACCARONE A, DRUMMOND K, MCCARTHY A, et al. Submerged single-photon LiDAR imaging sensor used
for real-time 3D scene reconstruction in scattering underwater environments[J]. Optics Express, 2023, 31(10) : 16690~

0711001-13



[22]
[23]

[24]

[25]

[26]

[31]

16708.

LI Weiwei, ZHANG Tongyi, KANG Yan, et al. Color non-line-of-sight imaging based on time—correlated single photon
counting[ J]. Acta Photonica Sinica, 2024, 53(11): 1111001.

A, TRIR R, A, A BTN R ODC B T B R G AR UK [T]. e T A4k, 2024, 53(11): 1111001,

YIN Xiaojun, CHENG Hu, YANG Kecheng, et al. Bayesian reconstruction method for underwater 3D range-gated imag-
ing enhancement[J]. Applied Optics, 2020, 59(2):370-379.

JIN Chenfei, SUN Xiudong, ZHAO Yuan, et al. Gain-modulated three-dimensional active imaging with depth-indepen-
dent depth accuracy[ J]. Optics Letters, 2009, 34(22): 3550-3552.

Walia A, Walz S, Bijelic M, et al. Gated2gated: self-supervised depth estimation from gated images[C]. IEEE, 2022:
2801-2811.

JIN Dongdong, PEI Chonglei, JI Chunheng, et al. Research on portable underwater laser range gated imaging system[C J.
SPIE, 2023, 12617: 126176T.

WU Guanlin, YU Xiangzhi, ZHU Shihao, alet, Preprocessing method for underwater time-gated SPAD-array—based im-
ages utilizing Retinex and BM3D[J]. Applied Optics, 2025, 64(14), 3842-3855.

LV Sheng, ZHANG Wenxue, ZHANG Minghua, et al. Underwater binocular 3D imaging method based on polarization
difference ghost imaging[J]. Optics and Lasers in Engineering, 2025, 186: 108856.

YamingOU, FAN Junfeng, ZHOU Chao, et al. Binocular structured light 3-D reconstruction system for low—-light under-
water environments: Design, modeling, and laser-based calibration[J]. IEEE Transactions on Instrumentation and Mea-
surement, 2023, 72: 1-14.

WANG Xinwei, SUN Liang, ZHANG Yue, et al. Advances of laser range—gated three-dimensional imaging (invited)
[J]. Infrared and Laser Engineering, 2024, 53(4): 31-49.

EHR, PhsE, kIR A HOBE B LT = 4 R BORT T HE R CRr ) [T]. £04M 5 WO TR, 2024, 53(4): 31-49.
STEFANO M. Stereo vision: algorithms and applications [D]. Bologna: University of Bologna, 2013.

TIPPETTS B, LEE D J, LILLYWHITE K, et al. Review of stereo vision algorithms and their suitability for resource
limited systems[ J]. Journal of Real-Time Image Processing, 2016, 11(1): 5-25.

RUSSAKOVSKY O, DENG Jia, SU Hao, et al. Image Net Large Scale Visual Recognition Challenge[J]. International
Journal of Computer Vision, 2015,115(3): 211-252.

JAFFE J S. Computer modeling and the design of optimal underwater imaging systems[ J]. IEEE Journal of Oceanic Engi-
neering, 1990, 15(2): 101-111.

ZHANG Zhengyou. A flexible new technique for camera calibration[J]. IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, 2000, 22(11): 1330-1334.

FUSIELLO A, TRUCCO E, VERRI A. A compact algorithm for rectification of stereo pairs[ J]. Machine Vision and Ap-
plications, 2000, 12(1): 16-22.

ULLAH H, ZHOU Shun, DU Kaiyu, et al. Intrinsic dark—field Fourier ptychographic diffraction tomography under non—
matched illumination[ J]. iOptics, 2025, 1(1): 100006.

LI Dayi, ZHOU Jingchun, WANG Shiyin, et al. Adaptive weighted multiscale retinex for underwater image enhancement
[J]. Engineering Applications of Artificial Intelligence, 2023, 123: 106457.

DING Kun, HUANG Youwei, JIN Weiqi, et al. Experimental study on the relationship between attenuation coefficient of
Blue—green laser transmission and the water turbidity[J]. Infrared Technology, 2013, 35(8): 467-471.

THE, WA, &, S KT ISR L Y R R RS K R B G R S IR IR [T ], ZDANE R, 2013, 35(8)
467-471.

XU Binfeng, XU Yuhua, YANG Xiaoli, et al. Bilateral Grid Learning for Stereo Matching Networks[ C]. CVPR, 2021
12492-12501.

An Underwater Tomographic 3D Imaging Method and System Based on
Binocular Range Gating

SHEN Lei', QIU Su', JIN Weiqi', ZHONG Xin®, ZHU Shihao', YU Xiangzhi', PENG
Guangyue'
(1 MOE Key Laboratory of Optoelectronic Imaging Technology and System , School of Optics and Photonics, Beijing
Institute of Technology, Beijing 100081, China)
(2 Optoelectronics System Laboratory, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083,

0711001-14



VL, 45— TP e T 00 R RS 08 1K R R = 4R ik S R 4

China)

Abstract: With the proposal of China’ s maritime strategy, the demand for underwater observation
technologies and equipment has become increasingly urgent. Existing underwater optical imaging methods
often focus on improving a single aspect, such as imaging range, clarity, 3D reconstruction accuracy, or
real-time performance, yet face limitations in achieving a balanced integration of these factors. The three—-
dimensional detection range remains insufficient, and there are challenges in balancing real-time operation,
accuracy, and system control complexity. To address these issues, this study proposes an underwater 3D
imaging method that combines range-gated imaging with binocular stereo vision. The aim is to integrate the
advantages of range—gated imaging in long—distance tomographic imaging and the efficiency of binocular
stereo vision in 3D reconstruction, enabling high-resolution, real-time 3D imaging in complex underwater
environments. In particular, the proposed method seeks to simultaneously improve imaging distance,
reconstruction accuracy, and computational efficiency within a unified framework. To conduct underwater
three-dimensional imaging, we design and develop a binocular range—gated underwater tomographic 3D
imaging system. This system primarily consists of a blue—green pulsed laser emission module, a gated
imaging module, a power supply and communication transmission module, an optical-electrical composite
cable, a pressure-resistant housing, and an upper computer. Each module is integrated to ensure stable
operation under underwater pressure conditions and to support underwater communication and real-time
data processing. The system achieves gated imaging through the synchronized control of pulsed laser
illumination and gated camera exposure, thereby suppressing backscatter and enhancing image contrast. To
address the issue of refractive effects at water interfaces during underwater imaging, an underwater camera
model that considers the refraction effects at the water—glass—air interface is established. Combined with
Zhang Zhengyou's calibration method, underwater camera calibration and correction are implemented. This
calibration process ensures accurate estimation of intrinsic and extrinsic parameters, which is essential for
reliable depth recovery. For the preprocessed and corrected left and right original underwater images, a
Retinex—based adaptive histogram equalization algorithm is applied to enhance contrast. This enhancement
step effectively improves the visibility of low—contrast regions and increases the robustness of subsequent
stereo matching. A fast neural network-based stereo matching algorithm (BGNet) is then employed to
generate dense disparity maps. Finally, using calibrated parameters (reprojection matrix Q) , the disparity
maps are converted into depth maps to obtain depth information of the target objects, thereby achieving
three-dimensional reconstruction of the underwater scene. The entire processing pipeline is optimized and
accelerated to ensure that image enhancement, disparity estimation, and depth reconstruction can be
executed efficiently in real time. We conduct underwater two—dimensional imaging experiments and depth
reconstruction experiments in both laboratory water tanks and outdoor pools. In the two—-dimensional
imaging experiments, combined with image enhancement algorithms, the system achieves high-resolution
imaging detection of various targets such as USAF 1951 resolution target, fish models, and coral models in
the water tank environment. Compared with the original gated images, the enhanced results exhibit
significantly improved contrast and clearer structural details. In highly turbid water (with an attenuation
length of 1.95 m), the imaging distance exceeds 6 attenuation lengths. This demonstrates the effectiveness
of range—gated imaging in suppressing backscatter and extending the imaging range under severe scattering
conditions. In the depth reconstruction experiments, the system performs real-time three-dimensional
imaging of different targets in the water tank environment, achieving a frame rate of 25 fps. Within the
distance range of 4.9 to 5.9 meters underwater, the depth estimation error is 10-20 mm, and the depth
difference measurement error is 2-2.5 mm. In pools with varying turbidity levels (attenuation lengths of
10.19 m, 2.83 m, and 1.95 m), the system achieves a range resolution better than 5 cm at 3 attenuation
lengths, with depth estimation errors of 25-120 mm and depth difference errors of 2.5-6.0 mm. Although
the reconstruction accuracy decreases with increasing turbidity, the system still maintains stable depth
estimation capability. The experiments demonstrate that even under low illumination and high scattering
conditions, the system can effectively reconstruct three-dimensional scenes while maintaining good texture
and edge information preservation. The proposed binocular range—gated underwater tomographic 3D
imaging system successfully integrates the advantages of range—gated technology for long—distance
underwater tomographic imaging with the efficiency and effectiveness of binocular stereo vision in 3D
reconstruction. It demonstrates robust performance across various water quality conditions and distance
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ranges, providing a new research approach and practical solution for long—distance, high-resolution, real-
time 3D underwater imaging. The system shows promising application potential in underwater engineering
exploration, marine scientific surveys, and dam safety inspections. Future work may focus on optimizing
laser beam emission through specialized coupling lenses to homogenize the laser spot, thereby improving
underwater illumination uniformity and reducing the impact of lighting variations on accuracy. Additionally,
leveraging underwater binocular datasets for training or integrating other stereo matching algorithms will
enhance the stereo network’s matching precision, further improving the system’s 3D imaging accuracy in
dynamic and turbid underwater environments. Further improvements in hardware integration and algorithm
optimization are expected to enhance system stability and broaden its practical application scope.

Key words: Underwater optical imaging; Tomographic three-dimensional imaging; Binocular stereo
vision; Underwater scenes; Range—gated; Range resolution; Image enhancement
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