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Abstract The Scheimpflug imaging in the air can increase the depth-of-view and has been well studied with an accurate
Scheimpflug imaging model. However, there is no corresponding underwater light-sheet Scheimpflug (ULSS) imaging model.
As a result, imaging accuracy cannot be ensured in the design phase, which mainly relies on the post-calibration. In this paper,
the ULSS imaging model is firstly established, which gives the relationship between the pixel number and target distance, as
well as that between the target distance and range resolution. A new experimental bracket and an underwater Scheimflug
imaging lens were designed and developed. Based on this new device, several experiments were carried out in a pool to study
the range resolution of this ULSS LiDAR, by which the correctness of the imaging model was verified. It also shows that the
newly designed ULSS LiDAR can achieve a millimeter-level resolution within 8 m.
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1 Introduction

Underwater optical imaging technology has been widely
used in seabed target monitoring, marine resources ex-
ploration [1], seabed topography surveys, underwater rescue,
marine biology, and many other aspects [2]. It effectively
supplements underwater acoustic detection technology, as
underwater optical imaging has higher spatial resolution and
a more intuitive imaging effect than sonar detection tech-
nology [3]. However, when light travels underwater, it will
be strongly absorbed and scattered by water, which limits the
imaging distance and resolution of underwater optical ima-
ging [4].

Due to the wavelength selectivity of light absorption in
water, illumination light sources with a wavelength of
around 532 nm are typically chosen for underwater optical
imaging since these lasers can travel farther underwater [5].
Active lighting technology can alleviate the impact of light
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absorption on the imaging range, but it brings scattering
aggravation. The scattering, especially backscatter, will re-
duce the signal-to-noise ratio of underwater optical imaging.
In general, there are mainly three kinds of technologies used
to reduce the impact of backscattering and achieve long-
distance underwater 3D imaging: (1) underwater range-gated
technology [6—8]; (2) underwater synchronous laser line scan
(LLS) technology [9-12]; (3) light-sheet combined with long
baseline technology (LLB) [13,14]. Underwater range-gated
technology requires a larger volume and power consumption.
The underwater three-dimensional imaging laser sensor de-
veloped by Imaki has a size of 25 cm in diameter, 60 cm in
length, and the most extended detection range of 20 m. The
sensor’s transmitter was a 532-nm pulsed laser with a peak
power of 5 kW, pulse width of 1 ns, and repetition rate of
50 kHz, the volume and power consumption are enormous
[15]. Range-gated technology uses gate time to filter out
backscatter. If the gating time is too long, the backscatter
filtering effect will be affected. The width of the gate directly
limits the depth-of-view in range-gated imaging, making it
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impossible to achieve large depth-of-view detection. The
synchronous LLS imaging technology does not apply to
detecting underwater large-range targets or large depth dif-
ference terrain. When the detection distance changes from
5.2 to 9.2 m, the lateral displacement of the imaging spot
reaches 2.5 mm, much larger than the width of the linear
sensor [16]. The first two technologies are unsuitable for
carrying by small and medium-sized underwater carrier
platforms, such as unmanned underwater vehicles (UUVs)
and autonomous underwater vehicles (AUVs), to realize the
large depth-of-view and high-precision underwater three-
dimensional optical detection. The LLB technology utilizes
the Scheimpflug principle to achieve a large depth-of-view,
triangulation to achieve two-dimensional measurement, and
a long baseline to reduce water scattering [17,18].

The Scheimpflug principle indicates that if the object
plane, image plane, and lens plane intersect are in a straight
line, all points on the object plane can be clearly imaged on
the image plane [19]. Inspired by this principle, the one-
dimensional (1D) Scheimpflug LiDAR was developed [20].
The Scheimpflug LiDAR can image laser lines entering the
atmosphere onto a tilted camera, and the image of the laser
lines on the camera is distributed in a straight line. Different
positions on the straight line represent different distances
[20]. The 1D Scheimpflug LiDAR is widely used in fields
such as atmospheric aerosol remote sensing [21-24], in-
dustrial combustion process observation [25], and aquatic
ecosystem analysis [26]. Mei and Brydegaard [27] proved
the feasibility of a novel concept of differential absorption
LiDAR based on the Scheimpflug principle. Zhang et al. [28]
proposed an optical measurement technique based on the
Scheimpflug principle, which provides the possibility for
measuring the small angle backscatter intensity of marine
water bodies. However, they did not perform scattering angle
correction when extracting backscatter intensity values. Liu
et al. [29] developed a water-body Scheimpflug LiDAR and
measured the dynamic attenuation coefficient of the water-
body by the LiDAR system. They addressed the refractive
effect at the interface of air-glass water and modified the
pixel distance relationship during water measurement. A
two-dimensional (2D) Scheimpflug LiDAR system for 3D
profiling of opaque objects in air was introduced in ref. [30].
An overwater light-sheet Scheimpflug LiDAR system with
the addition of a digital camera for underwater 3D profiling
was presented in ref. [31]. Lyu et al. [32] proposed a Ha-
damard single-pixel imaging based visible region location
method to reduce the measurement time. Wang et al. [33]
proposed an underwater structured light vision calibration
method considering unknown refractive index. Xu et al. [34]
proposed a novel reconstruction method based on multi-re-
fraction to remedy the nonlinear refraction. Li et al. [35]
proposed a high-accuracy refraction-considered and in-
stallation-error-independent calibration method for the un-
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derwater one-mirror galvanometric line-laser scanner.

The Scheimpflug LiDAR systems described above all are
operated in the air. Even if the method in ref. [31] can detect
the underwater target, it can only correct the measurement
deviation caused by the refraction of the air-water interface,
while the LiDAR system is still located above the water
surface, making it unsuitable for deep-sea target detection. In
this work, we introduce an underwater light-sheet
Scheimpflug (ULSS) LiDAR system in which both the
system and the detected target are all underwater. We es-
tablished its imaging model, verified the accuracy of the
model from both theoretical and experimental aspects, and
researched its range resolution for underwater target detec-
tion.

2 Principles and methods

The principle of Scheimpflug imaging in air is shown in
Figure 1(a), where the dashed line 44" represents the lens
optical axis and BB’ represents the marginal ray. 44" is the
reverse extension line of 44, and BA" is the perpendicular
line of 44'. B'C is the perpendicular line of 44'. AO re-
presents the object distance /, and OA' represents the lens
focal length f'. AB is the object detection depth relative to
the reference plane, which is represented by y. A'B’ is the
image height, which is represented by x. By using AOA"B
and AOCB' as similar triangles, the expression for the re-
lative depth of object AB, which is represented by y, can be
obtained as
—lxsin

Y= s st =g) ()

In eq. (1), ¢ is the Scheimpflug angle between the optical
axis of the underwater imaging lens and the camera image
plane. 6 is the angle between the optical axis of the under-
water imaging lens and the laser beam. / is the optical axis

objective distance. ' is the focal length of the underwater
imaging lens.

The principle of Scheimpflug imaging in water is shown in
Figure 1(b). Due to the different refractive indices of the
object and image media, the marginal ray deviates in the
image space relative to the object space, resulting in AOA"B
and AOCB' not being similar. Therefore, the Scheimpflug
eq. (1) in the air is unapplicable for ULSS imaging, and it is
necessary to derive a formula specifically for ULSS imaging.

The marginal ray is deflected according to Snell’s law in
the water Scheimpflug imaging. The incident angle £ BOA,
represented by i, and the refraction angle Z B'OC, defined by

i', have the following relationship [36]:

nsini = n'sini’. 2)
When the measurement plane is below the reference plane,
from the right triangle AOA"B and right triangle AOB’C in
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Figure 1 (Color online) Schematic diagram of the Scheimpflug principle
when the measurement plane is below the reference plane (a) Scheimpflug
principle in air. (b) Scheimpflug principle in water (When light or a plane is
rotated at an acute angle to the optical axis, the angle formed by clockwise
rotation is positive, and the angle formed by anticlockwise rotation is ne-
gative. Object height and image height are positive above and negative
below the optical axis. The object distance and focal length are defined by
the lens’s negative left and positive right sides. According to the definition
in Figure 1, the y, /, and ¢ are negative, the /' and x are positive). The dotted
black line represents the lens axis; the red line represents the edge field-of-
view light; the green line represents the laser plane or object plane; the
brown line represents the lens plane; the blue line represents the image
plane.

Figure 1(b), the expressions of sini and sini’ can be obtained
respectively as follows:

A'B _ —ysind

sinj =48-Sl 3
OB )2 +12+2ylcosO 3)
A p— L )

sz +f% = 2xf" cosg .
Then we bring eqs. (3) and (4) to eq. (2), which yields the
following expression:

2

+ 2§cos0 +

[
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OB’ = sz Jrf'2 —2xf'cosp .

By solving the above quadratic equation, the expression
for I/y can be obtained as

nOB' ]2 B (6)

= —cosf £sind, [ —
n'xsing

<=

6 is less than 90°, and I/y is taken as positive values.
Therefore, the positive and negative signs in the above
equation are positive. After organizing and deforming the
above equation, the expression for y can be obtained as
follows:
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Eq. (7) is the expression for the relationship between the
object’s depth and the image’s height in ULSS imaging, re-
spectively. The Scheimpflug imaging eq. (1) in air is a spe-
cial form when n=n"=1 in eq. (7). Because when
n=n'= 1, there is the following relationship:

2
\/ [ﬂ] OB~ (xsing)? = N OB?~B'C? = OC

=f" —xcosp. (8)

The range resolution of ULSS LiDAR is expressed as the
depth value of the object space corresponding to each pixel
on the camera. It can be obtained by taking the derivative of
eq. (7):

Ay =y'Ax. )

3 Experiment

A ULSS LiDAR experiment was designed to verify the
theoretical analysis’s correctness. The experimental system
used an experimental bracket instead of an underwater
transport platform, as shown in Figure 2, which consists of
an experimental bracket, laser, camera, industrial computer,
and counterweight. The bracket is made into an isosceles
trapezoidal structure, and counterweights are installed in
symmetrical positions to ensure that the entire experimental
system remains balanced and stable in air and water.
Meanwhile, the bracket is 6.8 m long and 1 m high, equipped
with adapter clamps, and can be used to fix and install
emission, receiving, and control systems.

The emission system consists of a laser and a laser-shaping
lens. The laser is a commercial 532 nm continuous laser (5 W
maximum output power), customized by Changchun New
Industries Optoelectronics Tech. Co., Ltd. A Powell lens
shapes the emitted laser and emits divergent sheet light with
a divergence angle of 15° in length and 0.06° in width. The
laser is encapsulated in a titanium alloy pressure-resistant
seal housing, and the laser beam is emitted from the sapphire
optical window at the front end of the pressure-resistant
shell. The laser beam is perpendicular to the lower cross-
beam of the bracket, while the plane of the light-sheet is
perpendicular to the plane of the bracket.

The receiving system consists of an imaging lens and a
low-light camera. The imaging lens is a specialized
Scheimpflug objective designed and processed by us for
ULSS imaging, in which the field of view angle is 41.7°,
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Figure 2 (Color online) Physical diagram of the underwater light LIDAR experimental device, including the experimental bracket, transmission system,
receiving system, control system, and counterweight. The experimental bracket is a symmetrical structure, with the transmitting system and receiving system
installed on both sides of the experimental bracket. Counterweights are seated at symmetrical positions to ensure the balance and stability of the experimental
bracket in air and underwater. The experimental bracket and control system casing in the figure are only temporary structures used in the water tank
experiment and are not components of the actual system. When the actual system is installed on the UUYV, there will be no need for experimental brackets and
control system casings. The circuit board in the control system will be dismantled and installed inside the UUV. Therefore, in practical applications, there are
only three parts: the transmitting system, the control circuit board, and the receiving system. The volumes of these three parts are & 149.99 mm x 256.10 mm,
69.89 mm x 176.10 mm x 58.34 mm, and & 149.97 mm x 349.19 mm, respectively.

with a focal length of 22.87 mm. The low light camera adopts
a commercial backlit Cmso, model HS-95-U3, produced by
Fuzhou Indigo Imaging Technology Co., Ltd. The size of the
photosensitive chip is 2 inches (2048 pixels x 2048 pixels,
11 pm x 11 pm pixel size, quantum efficiency 94.5% @ 570
nm). The camera and lens are packaged in titanium alloy
pressure-resistant housing, which can withstand a pressure of
4000 m underwater.

The control system comprises a micro-industrial computer
and a control circuit. It is completely sealed in a pressure-
resistant housing. It can control laser output, adjust camera
shooting parameters, and save captured images. The control
system is installed in the middle of the experimental bracket
to maintain the balance of the experimental bracket.

The focal length of the system is determined based on the
field of view angle and the size of the camera chip. The
project requires a field of view angle of 2w > 40°, which is
to ensure sufficient scanning efficiency. The focal length can
be determined by the following equation:

, n'Hj
f= m : (10)

According to eq. (10), the relationship between the system
field of view angle and the system focal length can be ob-
tained. Using our proposed theoretical model, the relation-
ship between the distance resolution at the farthest detection
distance of 8.1 m and the lens focal length can be calculated.
Two curves are plotted in one graph as shown in Figure 3.

From Figure 3, it can be found that the field of view angle
decreases with the increase of focal length. The project re-
quires a field of view angle greater than 40°, so the focal

length of the lens should be less than 23.1 mm. The larger the
focal length, the higher the distance resolution (the smaller
the distance that a single pixel can distinguish). To achieve
the highest resolution, the focal length of the lens should be
as large as possible. Based on the relationship between the
comprehensive field of view angle, resolution, and focal
length, the system focal length should be smaller than 23.1
mm, and the larger the better. Leave a certain margin for the
field of view angle. In actual design, the focal length is 22.87
mm and the field of view angle is 41.7°.

Using our proposed theoretical model, when the focal
length is 22.87 mm, the center field of view distance is
4.24 m, and the HS-95-U3 camera is used, the relationship

120 40
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110} Range resolution at 8.1 m
100 ./ 5 2
X23.1 g
= Y-5.26376 £
P 90 =
[=4 10 E
< 80 ©
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° 2
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50 X231 {20 §
Y40.1413 =
40 '\
30 L L L \
5 10 15 20 25
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Figure 3 (Color online) Relationship between focal length, field of view
angle, and distance resolution (when the baseline length is 4800 mm, the
angle x between the lens axis and the laser line is 48.57°, and the HS-95-U3
camera is used).
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between the distance resolution at 8.1 m and the baseline
length is shown in Figure 4.

From Figure 4, it can be found that the longer the baseline,
the higher the distance resolution (the smaller the distance
that a single pixel can distinguish). Due to the length lim-
itation of the UUV used in the project, the system has chosen
a baseline length of 4800 mm, which is the maximum
available baseline length for the UUV.

The mutual relationship between the emission and re-
ceiving systems is shown in Figure 5. The baseline distance
D between the camera and the laser is 4.8 m. The angle 6
between the optical axis of the imaging lens and the laser line

Range resolution at 8.1 m |

Range resolution at 8.1m (mm/pixel)

o4 . L L
1000 1500 2000 2500 3000 3500 4000 4500 5000
Baseline length (mm)

L 1

Figure 4 (Color online) Relationship between distance resolution at
8.1 m and baseline length (when the focal length is 22.87 mm, the center
field of view distance is 4.24 m, and the HS-95-U3 camera is used).

Figure 5 (Color online) Relative position relationship between the
emission and receiving systems. D represents the baseline distance, and /
represents the center field of view object distance. f represents the imaging

lens focal length. 4, ;. and H,,, represent the nearest and farthest detection

in
distances, respectively; 0 represents the angle between the laser beam and
the optical axis of the imaging lens. w represents the field of view angle of

the imaging lens. ¢ represents the angle of Scheimpflug.
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is 48.57°. The imaging lens underwater field of view angle
2w is 41.7°. The focal length f of the imaging lens is
22.87 mm. The Scheimpflug angle ¢ is 89.82°.

We use a tower-shaped cooperative target with a step
height of 50 mm to measure the range accuracy of the ULSS
LiDAR system. The tower-shaped cooperative target is
shown in Figure 6(a). We sink the cooperative target into the
bottom of the pool. The water in the pool is tap water with a
refractive index of 1.3346. Then we lift the experimental
bracket with a bridge crane, tie anti-oscillation ropes at both
ends, and control the bracket’s position and height so that the
emission system’s laser can shine on the cooperative target.
The experimental process is shown in Figure 6(b). The
bridge crane is used to control the distance between the ex-
perimental bracket and the cooperative target. Due to the
cooperation target of having a 50 mm high staircase, laser
lines on different steps are imaged at different pixel positions
on the camera. The positions vary with the distance between
the experimental bracket and the cooperative target.

4 Results and discussion

We collected 12 underwater surface stripe images of targets
at distances of 2.6, 3.1, 3.5, 3.95,4.5, 5, 5.5, 6, 6.5, 6.9, 7.4,
and 7.9 m, respectively. The captured image is shown in
Figure 7. Based on the experimental parameters and theo-
retical model described in the previous chapters, we can
obtain the theoretical relationship between pixel position and
target distance, as shown by the red curve in Figure 8. In
Figure 8, we calculated that the detection range of our ULSS
LiDAR is 1.9-8.1 m.

According to eq. (7), the theoretical relationship function
between pixel position and target distance can be calculated
under the experimental parameters. The cooperative target of
the experiment is to have three steps, and each image at
different distances will have three line segments, each re-
presenting the height of one step. Through reading the pixel
positions of the line segments in Figure 5, the results are

Figure 6 (Color online) Experimental arrangement for range detection
accuracy of ULSS LiDAR. (a) Cooperative target, step height 50 mm.
(b) Sink the cooperative target into the bottom of the pool, use a bridge
crane to control the distance between the experimental bracket and the
cooperative target, and capture laser lines on the surface of the cooperative
target at different distances. The experiment was conducted in a pool.
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Figure 7 (Color online) Laser stripe images taken at different distances.
In the figure, (a)—(1) correspond to 2.6, 3.1, 3.5, 3.95,4.5, 5, 5.5, 6, 6.5, 6.9,
7.4, and 7.9 m, respectively. The visible target distance is different, and the
pixel positions in the image are different. Moreover, for the same step
height, the number of pixels occupied by the step height varies depending
on the distance.

shown in Table 1.
Figure 8 shows that the underwater optical imaging model

Table 1
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Figure 8 (Color online) Interrelationship between pixel number and tar-
get distance. The red solid line is the relationship curve between the
number of pixels and the distance calculated according to the theoretical
model, and the blue spots are the distribution of the number of pixels and
the distance from the target in the actual image taken in the experiment. It
can be found that the experimental data and the theoretical calculation
curve are completely consistent, which verifies the correctness of the ULSS
LiDAR detection model.

of the ULSS LiDAR we established is consistent with the
experimental data, verifying the correctness of the theoretical
model.

Because of the inability to provide continuously variable
cooperative targets with precise heights, we used a tower-
shaped target with a step height of 50 mm as the precision
measurement cooperative target in the experiment. The de-
finition of resolution is the object space distance corre-
sponding to each pixel. In the experiment, cooperative target
steps with different distances were collected, and each
50 mm step occupied a certain number of pixels in the image.
Then, the object space distance corresponding to each pixel

Experimental shooting of target distance and laser line pixel position results

Distances Pixel number for Pixel number for Pixel number Pixel number between Pixel number between Average pixel The distance corresponding

(mm) step 1 step 2 for step 3 steps 1 and 2 steps 2 and 3 number to each pixel (mm)
—2600 434 456 477 23 22 22.5 —-2.22
—3100 674 694 713 21 20 20.5 —2.44
—3500 847 864 881 18 18 18 —2.78
—3950 1029 1045 1059 17 15 16 -3.13
—4500 1209 1222 1235 14 14 14 —3.57
—5000 1365 1379 1392 15 14 14.5 —3.45
—5500 1487 1500 1512 14 13 13.5 =3.70
—6000 1613 1624 1636 12 13 12.5 —4.00
—6500 1718 1728 1739 11 12 11.5 —4.35
—6900 1816 1826 1835 11 10 10.5 —4.76
—7400 1902 1911 1920 9 10 9.5 —5.26
—=7900 2000 2008 2016 9 9 9 —5.56
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was calculated, which is the distance resolution. The calcu-
lation results are shown in the last column of Table 1. Ac-
cording to eq. (9), the theoretical resolution at different target
distances can be calculated. The experimental data and the-
oretical resolution curve are plotted on the same data graph,
as shown in Figure 9. It shows that the experimental data are
basically consistent with the theoretical model, which veri-
fies the correctness of the distance accuracy calculation
model of ULSS LiDAR. It indicates that the underwater
sheet light Scheimpflug LiDAR can achieve millimeter-level
distance resolution within 8 m.

According to the refractive index data in the paper [37], it
can be found that the maximum variation range of seawater
refractive index is 1.33445-1.34507 when seawater tem-
perature is between 0 and 30°C and salinity varies between
0%0—33%o. When the refractive index reaches the maximum
and minimum extreme values, the relationship between pixel
position and distance, as well as the relationship between
distance and range resolution, are shown in Figures 10 and
11. It can be found that the change in refractive index has a
relatively small impact on distance and range resolution.

5 Conclusion

In this paper, a theoretical model for the ULSS LiDAR is
proposed, based on which the relationship among the range
resolution, the target distance, and other system parameters
was derived. With the help of this model, a large depth-of-

@ Experimental data
Theoretical data

Range resolution (mm/pixel)
y & ]
o

6 . . , . . . |
-9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000
Target distance (mm)

Figure 9 (Color online) Relationship between the target distance and the
distance resolution. The solid red line in the graph represents the re-
lationship curve between the target distance and the distance resolution
calculated by the theoretical model. The blue dots in the figure represent the
object space distance corresponding to each pixel calculated from the
50 mm step captured in the experiment, representing the distance resolution
measurement value. It can be seen that the experimental results are basi-
cally consistent with the theoretical curve, which verifies the correctness of
the theoretical resolution calculation model.
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Figure 10 (Color online) Relationship between pixel position and dis-
tance when the refractive indices of water are 1.33445 and 1.34507. The
refractive index of the red curve is 1.33445, and the refractive index of the
blue curve is 1.34507.

Range resolution (mm/pixel)

L L L L L L L |

-6
-9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000
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Figure 11 (Color online) Relationship between target distance and range
resolution when the refractive indices of water are 1.33445 and 1.34507.
The refractive index of the red curve is 1.33445, and the refractive index of
the blue curve is 1.34507.

view and high-resolution ULSS LiDAR was designed and
demonstrated. Several pool experiments were carried out, in
which a millimeter-level distance resolution was achieved.
Moreover, to verify the correctness of the theoretical model,
the distance resolutions in different target distances were
tested, and the result shows a good consistency with the
theoretical model. This study can provide academic support
for the design of ULSS LiDAR and improve the accuracy of
underwater Scheimpglug LiDAR design.

The underwater LiDAR significantly reduces the back-
scattered light from the water body using light-sheet illu-
mination and increases the baseline. It can still maintain
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good backscattering suppression ability without using po-
larization and distance gating backscatter filtering techniques
and is suitable for underwater 3D target imaging.

To further increase the depth range of ULSS LiDAR, a
single illumination light source, and dual camera imaging
ULSS LiDAR system can be formed by adding a Scheimp-
flug imaging camera without reducing the underwater dis-
tance resolution. The depth range of ULSS imaging can be
increased to 1.9-50 m, which can meet most underwater
application needs, such as underwater terrain exploration,
underwater target survey, underwater rescue, exploration of
underwater cultural relics, and other fields.
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