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Fig. 2 Experimental principle and device diagram of underwater pseudo-thermal light ghost imaging. (a) Underwater ghost imaging

principle diagram; (b) underwater ghost imaging device diagram
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Fig. 3 Original image of three-slit target simulation

i 4 s 5 5 MTE H 7B B = 50908 40 m
60 m .80 m [ 45 F T , 43 B HE T 22 B B SR K TR
(G HUBE IR AL AN — B SC B A (DCGD) (T
th 3 A (PG | 8 BE B 1k #b 2 19 fh 36 &
(DCPGI) 5% , T # BIAZ A W (B 15 W8 L an 2% 1 T
TEAG ELHE B 2 4051 40 m .60 m .80 m i, FH T BiA% i1y
=8 BB E R RS 435125 0.0024 m,0.0036 m,
0.0048 m. M [&l 477 DL Y« bifi 45 BE B8 B9 35, 6 g 2
GIE % & PGIRA L BMRR L™ 5 . 51 4(b) Lh & 4
(a) M B AL B8 ™ 5, [ AR O ¢ 1, B8R fb A Y
T O A 1) PG I AT M L L D s B QB EE A
SEETRRET 3.84 dB, I B4R 5 5 (15) Frs i #LE 4
Mrat AR & T 4(d) Fe L 4 (o) r il TG 5 4
R R AR R 2% 1, BOBREAR fh M 2 A Oh 35 3 4 11 [
PRV AE A W LE LL i B 3 F AL P 2 4 5 1 5.33 dBL By
FLZE R 5 30(16) FrR B9 BRS04 SR A AT 6

0601003-5



#4435 & 6 H/2024 £ 3

10 —
~5os || /A\/
45506 Ak b [ \‘J“
2=80 m R0 ,'/\/
EH04 " /
3
Zgo.z/

0 5 10 15 20

Size /pixel
1.0 F -
+DCGI
B % 08 f\ PGI
% an 6 | DCPGI
2=60 m = EF04 /
RE - 2202
0 5 10 15 20
Size /pixel
10
3 % 0.8
N>
= JZ>0.6
2=40 m é g 0.4
o =
ZZ0z2
0 5 10 15 20
Size /pixel
(b) © (d) (e)

P4 B o AL 45 X HE I (a) 5L ER GTZE S 5 (D) HUBE DCGIAE SR 5 (o) JER PGIAE R 5 (d) HUE DCPGIZE R 5 () HEFE bRic ity =
SV —Ak o el £ 5
Fig.4 Comparison of reconstruction results for simulated data. (a) Raw GI results; (b) pattern DCGI results; (¢) raw PGI results;
(d) pattern DCPGI results; (e) three-slit normalized resolution plot marked in frames
F 1 TR S 0T O LR B oA P05 A R L
Table 1 Peak signal-to-noise ratio of reconstructed images of

simulation data obtained by different algorithms

SRR BOGEE .CCD  PMT 7£ [7) 45 55 55 2 55 (1) 45
T 58 UBOE 1Y SR 45, SR T K ek B AR SEAT R, S2 56
REE WA 2 R . SEER AT B bR b R SR 0.5

o /m Signal-to-noise ratio /dB B R IR AE B9 = 28 80 A, 34> = 48 80 4% 1 o0 ]

GI DCGI PGI DCPGI BE 4391 3.5 mm 4.5 mm Al 5.6 mm. 555K 1 4% Pt
380 15.29 9.56 16.93 24.85 (8] #E 4.5 mm B = L = 28 FURR B PMT SR AE [l 35k il 2%
60 17.43 13.30 20.49 25.14 WmE S . B 5(a) MR RCRAE RN £k 18] . 141 5(b)
40 19.35 17.77 21.50 24.93 Ry 22 YR 2 P 349 14 T35 ol 2 T, G v o — A e

9 KR S i) B L B A VA D [ b el U £
I B AR v AR s i 0 Ak Y 58 JRE AR AR O A R T
B, e b ml LU H AR AL 1 19035 45 5 10 15 W 1 4%

TR E % AR B Y v B A sk [
TR UEFR I AE M L B = 4% H AR E T K R RS 2

F4: 38 m ik, BRI 2 256 pixel X 256 pixel, 555 e R BRI T oK

(a) 60 ®7

g Bt

E target » g 5 target -

= 40 £

E !

B back o °

= < back

g, 20 scattering 22 scattering
10 1 g 1 —/‘\J
0 100 200 300 400 500 0 100 200 300 400 500

Time /ns

Time /ns

FIS  PMT SRAF [ 2k 18] (a) BUCRAE TR 26 5 (b) 22 YR A 2 i 4 11358 it 2%

Fig. 5 Graphs of PMT sampling echo curves. (a) Single sampling echo curve; (b) multi-sampling superimposed echo curve

0601003-6



MRILEX
X 3 A RS A = 4% #0 AR AT E A A9 T 5 45 R A
F6 B s, o T 07 7R, R ROBAR 45 2R b H s X
FHBIR, BT H T AMER P WE6(e) ] LIE
s BOBE IR AR B2 ) B SCIBRAR LE UG B SR ER
HE AR T, ORI AL AN 2 B D 326 5 AL 7 3 B R AR

E 445 F 6HI/2024 £ 3 B/FFR
Fo T D Ak P 3 A B AR v S BROHE Y A 4 2R
HAAA(15) X (16) 15 2 I 45 RAHW) & o [F)
BF, &6 (d) H fd 3 A R BT A B AL 6 () 75 21 B I
P, 3K 0 5 R T T 4R S Y K OB A% A A Y GE
Pk .

1.0 :
A \ ~GI
=508 A i\ /\--pcar
tol] W AAR/A B!
= > 0.6 / \4| 1"/ |—pcpar
5.6 mm g & g A
52 04 A
z ’
202 /] .
sy ‘e
0 5 10 15 20 25
Size /pixel
1.0
208 A ’3("\ « oar
E-he A\ ‘;"N\ PGI
% > 0.6 / \—DCPGI
4.5 mm é g 0.4 | '\
2302 | 4
Y )/ X
- Y
0 5 10 15 20
Size /pixel
10 SN
208 AN A
' 30'6 / 'V Tq
3.5 mm E @ 0.4 ) &
S5 : \
g0z J
o 5 10 15
Size /pixel
@ (b) (© () (e

F6  Seondd 2 py A 45 R 18 (a) JRUIR GIZEAR s (D)HRE DCGIZE R ; () PGIZE R s () BBE DCPGIZE R 5 (o) =484 Fr fh 4k 1A
Fig. 6 Experimental reconstruction results. (a) Raw GI results; (b) pattern DCGI results; (¢) PGI results; (d) pattern DCPGI results;

(e) three-slit resolution curves

4 4 ®

e A 2] T AT RO 7E KT AL AT A K
R MTF il 5 % 2 2% 8 WOt o 15 5 W0 5B A () 1k
PR R OE , 52 3G P R BB AR Ak i 2 A5 P R
B S % B O B — Bk AT AT, it
PG M A BRSSP T HOREE AL Az AT —
By G 156 145 B 4 2 o il T 45GR Ak T Dk 3 = A4 ) T A
P MG 43 PR AR i o 107 6 TPt O ik K
BEF /N e B i HoAth ST AR S K T B AR BR EAY
BA—E LB X9 T 5 R % 0 im0k
BEAR M Tk A MTF 8% PSF 9ORE 6 A5 1, 8% 5 0 i
Al 2 W Ak 545 E A MTF A9 IE Bk 5 1% 0 ik
AR 5t b R — 3 T K AR IR R R ) i S RO TR A
PR A5 W Eb A0 B 1 50 T 23 77 A IR 4% 50 T IR 7
K, il 45 TR T AR 22 X R SR O T B A O
Ji] 251

[1] Shapiro J H, Boyd R W. The physics of ghost imaging[J].
Quantum Information Processing, 2012, 11(4): 949-993.

[2] Moreau P A, Toninelli E, Gregory T, et al. Ghost imaging
using optical correlations[J]. Laser &. Photonics Reviews, 2018,
12(1): 1700143.

[3] HanS S, YuH, Shen X A, etal. A review of ghost imaging via
sparsity constraints[J]. Applied Sciences, 2018, 8(8): 1379.

[4] #saR, RAL, MRS . KT RGBSR St %,
2022, 42(17): 1701003.

Yang M C, Wu Y, Feng G Y. Research progress on underwater
ghost imaging[J]. Acta Optica Sinica, 2022, 42(17): 1701003.

[5] Gong W L, Han S S. Correlated imaging in scattering media[J].
Optics Letters, 2011, 36(3): 394-396.

[6] Le M N, Wang G, Zheng H B, et al. Underwater
computational ghost imaging[J]. Optics Express, 2017, 25(19):
22859-22868.

[7] Zhang Q W, Li W D, Liu K, et al. Effect of oceanic turbulence
on the visibility of underwater ghost imaging[J]. Journal of the
Optical Society of America A, 2019, 36(3): 397-402.

(8] Uk, thikdk, &I KN R BTHL3h BE 1 B9 52 B BF 5T
(] WOt 5 72, 2021, 58(10): 1011031,

Wu Y B, Yang Z H, Tang Z L. Experimental study on anti-
disturbance ability of underwater ghost imaging[J]. Laser &
Optoelectronics Progress, 2021, 58(10): 1011031.

[9] Chen Q, Mathai A, Xu X P, et al. A study into the effects of
factors influencing an underwater, single-pixel imaging system’s
performance[J]. Photonics, 2019, 6(4): 123.

[10] WuH D, Zhao M, Li F Q, et al. Underwater polarization-based
single pixel imaging[J]. Journal of the Society for Information
Display, 2020, 28(2): 157-163.

0601003-7



a4 % F 6 H1/2024 £ 3 B/HEER

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Yang X, Liu Y, Mou X Y, et al. Imaging in turbid water based
on a Hadamard single-pixel imaging system[J]. Optics Express,
2021, 29(8): 12010-12023.

Wu H, Zhao G P, He C H, et al. Sub-Nyquist underwater
denoising ghost imaging with a Coiflet-wavelet-order-based
Hadamard matrix[J]. Physical Review A, 2022, 106(5): 053522.
Bina M, Magatti D, Molteni M, et al.
differential ghost imaging in turbid media[J]. Physical Review
Letters, 2013, 110(8): 083901.

FEPE, ABRE, RS, S M BT 04 Bk 22 23 G IR
G5 1]. Jes 24, 2021, 41(15): 1511004,

LiY Z, Deng C J, Gong W L, et al. Polarization difference
ghost imaging in turbid medium[J]. Acta Optica Sinica, 2021, 41
(15): 1511004.

Wang T, Chen M Y, Wu H, et al. Underwater compressive

Backscattering

computational ghost imaging with wavelet enhancement[J].
Applied Optics, 2021, 60(23): 6950-6957.

Li M D, Mathai A, Lau S L H, et al. Underwater object
detection and reconstruction based on active single-pixel imaging
and super-resolution convolutional neural network[J]. Sensors,
2021, 21(1): 313.

Yang X, YuZ Y, Xu L, et al. Underwater ghost imaging based
on generative adversarial networks with high imaging quality[J].
Optics Express, 2021, 29(18): 28388-28405.

Sahu S K, Shanmugam P. Semi-analytical modeling and
parameterization of particulates-in-water phase function for
forward angles[J]. Optics Express, 2015, 23(17): 22291-22307.
Wells W H. Loss of resolution in water as a result of multiple
small-angle scattering[J]. Journal of the Optical Society of
America, 1969, 59(6): 686-691.

Gong W L. High-resolution pseudo-inverse ghost imaging[J].
Photonics Research, 2015, 3(5): 234-237.

Zhang C, Guo S X, Cao J S, et al. Object reconstitution using
pseudo-inverse for ghost imaging[J]. Optics Express, 2014, 22
(24): 30063-30073.

Luo C L, LiZL, XulJH, et al. Computational ghost imaging
and ghost diffraction in turbulent ocean[J]. Laser Physics
Letters, 2018, 15(12): 125205.

Luo C L, Wan W X, Chen S'Y, et al. High-quality underwater
computational ghost imaging with shaped Lorentz sources[J].
Laser Physics Letters, 2020, 17(10): 105209.

Zhang Y, Li W D, Wu H Z, et al. High-visibility underwater
ghost imaging in low illumination[J]. Optics Communications,
2019, 441: 45-48.

SRR B ER, XVEE, AF L S R U AR AE TV i I T A R

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

(37]

0601003-8

BAYHTLI]. S T244E, 2020, 49(9): 0901002,
Zhang Q W, Cao L. Z, Liu X, et al. Imaging analysis of

reflective ghost imaging in oceanic turbulence[J]. Acta Photonica
Sinica, 2020, 49(9): 0901002.

Hou W L, Gray D J, Weidemann A D, et al. Comparison and
validation of point spread models for imaging in natural waters
[J]. Optics Express, 2008, 16(13): 9958-9965.

Duntley S Q. Underwater lighting by submerged lasers and
incandescent sources, instituition of oceanography[D]. San
Diego: University of California, 1971.

Voss K J. Simple empirical model of the oceanic point spread
function[J]. Applied Optics, 1991, 30(18): 2647-2651.

Jaffe J S. Monte Carlo modeling of underwater-image formation:
validity of the linear and small-angle approximations[J]. Applied
Optics, 1995, 34(24): 5413-5421.

Petzold T J. Volume scattering functions for selected ocean
waters[R]. San Diego: Scripps Institute of Oceanography, 1972:
72-78.

WY B, WAL, FAEIR, KT BRI A5 R
HEJRLT]. [ P G B 224, 2017, 22(3): 273-287.

Guo J C, Li C Y, Guo C L, et al. Research progress of
underwater image enhancement and restoration methods[J].
Journal of Image and Graphics, 2017, 22(3): 273-287.

Chen Y Z, Xia M, Li W, et al. Comparison of point spread
models for underwater image restoration[J]. Optik, 2012, 123
(9): 753-757.

Fan F, Yang K C, Fu B,
deconvolution approach with image quality metric in underwater

et al. Application of blind

image restoration[C]//2010 International Conference on Image
Analysis and Signal Processing, April 9-11, 2010, Zhejiang,
China. New York: IEEE Press, 2010: 236-239.

Fan F, Yang K C, Xia M, et al. Comparative study on several
blind deconvolution algorithms applied to underwater image
restoration[J]. Optical Review, 2010, 17(3): 123-129.

Zhang J L, Zhang Q H, He G M. Blind deconvolution:
multiplicative iterative algorithm[J]. Optics Letters, 2007, 33
(1): 25-27.

Lane R G. Blind deconvolution of speckle images[J]. Journal of
the Optical Society of America A, 1992, 9(9): 1508-1514.

Cheng C Y, Sung C C, Chang H H. Underwater image
restoration by red-dark channel prior and point spread function
deconvolution[C]//2015 1EEE
Signal and Image Processing Applications (ICSIPA), October
19-21, 2015, Kuala Lumpur, Malaysia. New York: IEEE
Press, 2016: 110-115.

International Conference on



a4 F 6 H1/2024 £ 3 B/HEER

Underwater Ghost Imaging Based on Speckle Degradation Compensation

Li Yuliang'?, Qi Jinquan'’, Chen Mingliang", Deng Chenjin', Shao Xuehui’, Tao Bangyi',
Han Shensheng"*’
'CAS Key Laboratory of Quantum Optics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, Shanghai 201800, China;
*Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences,
Beijing 100049, China;
‘National Laboratory of Aerospace Intelligent Control Technology, Beijing 100089, China;
‘State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography, State
Oceanic Administration, Hangzhou 310012, Zhejiang, China;
°School of Physics and Optoelectronic Engineering, Hangzhou Institute for Advanced Study, University of
Chinese Academy of Sciences, Hangzhou 310024, Zhejiang, China

Abstract

Objective For the problem of poor reconstruction quality and resolution degradation of underwater ghost imaging, an
underwater ghost imaging method based on speckle degradation compensation was proposed to recover the target image
degraded by the water body. Compared with ghost imaging in air medium, underwater ghost imaging has been studied by
scholars in many aspects, such as the absorption effect of the water body, signal-to-noise ratio detection of the system,
backward scattering noise, underwater illumination spot, and underwater turbulence. Image degradation and recovery
methods based on underwater optical transmission models have been used in array detector optical imaging. However,
there is no relevant study to analyze and solve the problem of degradation of underwater ghost imaging starting from the
inherent optical properties of the water body. The scattering effect of the water body on the beam reduces the contrast of
the speckles shining on the surface of the target and degrades the resolution, which deteriorates the intensity fluctuation
characteristics of the target obtained by bucket detection, thus affecting the reconstruction quality of ghost imaging.
Therefore, we hope to recover the underwater ghost imaging results affected by the water body through a method similar

to deconvolution by introducing a point spread function (PSF) related to the intrinsic optical parameters of the water body.

Methods In this research, the water body scattering degradation model was introduced into the ghost imaging image
reconstruction to improve the image quality. First, the S-S (Sahu-Shanmugam) scattering phase function was linearly
approximated in logarithmic coordinates in a small angular range (0.1°-5°). Then, the Hankel transform of the scattering
phase function was substituted into the Wells modulation transfer function (MTF) model to obtain the modulation transfer
function for image propagation in water. The MTF is a frequency domain expression of the PSF, which can better describe
the degradation effect of real seawater on the scattering spot. The intrinsic optical parameters of the water body (such as
scattering coefficient, absorption coefficient, and scattering phase function) and the imaging distance were used to
construct this MTF. Finally, the obtained MTF was used for correcting the reference arm speckles, so as to compensate
for the object arm speckle degradation of the target surface. Meanwhile, we represented the process of convolution PSF of
speckle patterns as matrix multiplication. In addition, the role of the speckle degradation compensation method in the
image reconstruction process was studied theoretically by the second-order correlation algorithm and the pseudo-inverse
algorithm, respectively. Finally, the usefulness of the speckle degradation compensation method and the correctness of the

theoretical model were verified by simulation and experiment.

Results and Discussions In this study, the matrix form of the speckle degradation compensation method is derived
theoretically. The mathematical nature of the correction compensation of the reference arm speckle before reconstruction by
the second-order correlation algorithm or the pseudo-inverse algorithm is analyzed. Equation (16) shows that in the second-
order correlation calculation, the reference arm speckle is convolved with the PSF of the water body equivalent to the
image convolved with the PSF of the water body obtained by second-order correlation for the original non-degradation
compensation. Therefore, this method, for second-order correlation reconstruction, will make the reconstruction effect
doubly degrade. As shown in Eq. (17), the pseudo-inverse ghost imaging with speckle degradation compensation is
essentially a method of deconvolution by obtaining the convolution kernel of the PSF of the water body from the optical
parameters of the water body. If the correction compensation of reference arm speckles is consistent with the actual
degradation of the object arm, the degradation of the water body can be better removed. The simulation results and

experimental validation results are shown in Fig. (4) and Fig. (6), respectively. The reconstruction results of the second-
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order correlation algorithm with speckle degradation compensation deteriorate the image quality compared with the original

second-order correlation algorithm. The image quality and resolution of the reconstruction results of the pseudo-inverse
algorithm with speckle degradation compensation are significantly improved compared with the original pseudo-inverse

algorithm.

Conclusions In this study, an MTF of the water body that can describe the underwater speckle transmission is derived,
and the reference arm speckle is corrected with the same degree of degradation as the object arm speckle, so as to
compensate for the degradation of the object arm speckle. The method restores the congruence between the object arm
speckle and the reference arm speckle and then performs the reconstruction calculation of the target image. Through
theoretical analysis, simulation, and experiments, it is proved that the spot degradation compensation will aggravate the
image degradation for the second-order correlated image reconstruction, while it can improve the image resolution and
imaging quality for the pseudo-inverse reconstruction. The method has some degradation removal effect for pseudo-inverse
algorithm and greedy algorithm based on least squares in underwater target image reconstruction. Unlike blind
deconvolution, the accuracy of the method depends on the accuracy of the MTF or PSF of the water body, and the
improvement of the image reconstruction quality characterizes the correctness of the derived MTF. The method is
essentially a deconvolution method based on the scattering model of the water body, which generates ringing artifacts and
noise amplification in the case of the low signal-to-noise ratio of bucket detection, making the reconstruction quality worse,

which is also an important direction for subsequent research.

Key words ocean optics; underwater ghost imaging; speckle degradation compensation; modulation transfer function of

water body; second-order correlation; pseudo-inverse
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