Pre prints.org

Article Not peer-reviewed version

A Study on Refraction Error
Compensation Method for

Underwater Spinning Laser
Scanning 3D Imaging

Jinghui Zhang , Yuhang Wang ", Tao Zhang *, Kai Yang, Jian Zhang , Xinyu Wang
Posted Date: 13 November 2023
doi: 10.20944/preprints202311.0842.v1

Keywords: underwater 3D imaging; self-rotating; line laser scanning; refraction error compensation
algorithm; fixed light window and laser spinning(FWLS)

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3255025
https://sciprofiles.com/profile/3123331
https://sciprofiles.com/profile/578643
https://sciprofiles.com/profile/2074862

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2023 doi:10.20944/preprints202311.0842.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
A Study on Refraction Error Compensation Method
for Underwater Spinning Laser Scanning 3D Imaging

Jinghui Zhang, Yuhang Wang *, Tao Zhang *, Kai Yang, Jian Zhang and XinYu Wang

Mechanical and Electrical Engineering College, Northeast Forestry University, Harbin 150040, Heilongjiang,
China; zjjhhh12138@163.com (J.Z.); yangkai@nefu.edu.cn (K.Y.); freezeman007@nefu.edu.cn (J.Z.);
w17616199828@126.com (X.Y.W.)

* Correspondence: wangyuhang@nefu.edu.cn (Y.W.); sxh_00664@163.com (T.Z.)

Abstract: Laser scanning 3D imaging technology, because it can get accurate three-dimensional
surface data, has been widely used in the search for wrecks and rescue operations, underwater
resource development, and other fields. At present, the conventional underwater rotating laser
scanning imaging system maintains a relatively fixed light window. However, in low-light
situations underwater, the rotation of the scanning device causes some degree of water fluctuation,
which warps the light strip data that the system sensor receives about the object's surface. To solve
the problem, this research studies an underwater 3D scanning and imaging system that makes use
of a fixed-light window and a spinning laser (FWLS). A refraction error compensation algorithm is
investigated that is based on the fundamentals of linear laser scanning imaging and the dynamic
refraction mathematical model is established by the motion of the imaging device. During the
imaging process, the incident angle between the laser and the light window varies due to the
scanning mode of the system. The experimental results show that the reconstruction radius error is
reduced by 60% (from 2.5 mm to about 1 mm) when the measurement data for a standard sphere
with a radius of 20 mm are compensated. Moreover, the compensated point cloud data exhibits a
higher degree of correspondence with the model of the standard spherical point cloud. This study
has a specific reference value for the refractive error analysis of an underwater laser scanning
imaging system, and it provides certain research ideas for the subsequent refractive error analysis
of various scanning imaging modalities.

Keywords: underwater 3D imaging; self-rotating; line laser scanning; refraction error compensation
algorithm; fixed light window and laser spinning (FWLS)

1. Introduction

In recent times, conventional underwater imaging techniques relying on sonar or stereo vision
have faced challenges due to their susceptibility to underwater noise. Consequently, achieving high-
precision three-dimensional reconstruction of underwater targets has become difficult. As a result,
there has been a growing interest in underwater optical three-dimensional reconstruction technology
[1]. Among these technologies, underwater laser scanning imaging stands at the forefront of non-
contact, three-dimensional data acquisition. It is distinguished by its high precision and resolution,
making it suitable for accurately acquiring underwater topography and object surfaces. Underwater
laser scanning imaging serves multiple purposes, including target identification of underwater
robots, high-resolution imaging of structures, real-time data assistance for underwater rescue
operations, detection of underwater torpedoes, and identification of hostile undersea buildings. In
the industrial sector, this technology finds extensive applications in several areas, such as industrial
product quality inspection, engineering mapping, building analysis, water conservancy
troubleshooting, path planning, and other related sectors. Marine scientific research uses technology
to investigate various aspects of the ocean, including the exploration of oil and gas resources beneath
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the seabed, mapping the topography of the seabed, and the search for submerged archaeological
structures of historical significance [2-5].

Line-structured light three-dimensional reconstruction is an active optical measurement
technology that enables the attainment of high precision in the 3D reconstruction of measured targets
[6]. The fundamental principle underlying this technique involves the utilization of a laser beam to
generate a line, which is subsequently rotary-scanned by a turntable. During this scanning process,
the distance and angle of each laser point are meticulously recorded. Consequently, three-
dimensional coordinate data pertaining to the target object can be obtained [7]. The line laser scanning
system primarily consists of three major components: a charge-coupled device (CCD), a line laser,
and a scanning turntable. The calibration of system parameters is a crucial step in achieving accurate
three-dimensional reconstruction [8]. This process involves calibrating various parameters, such as
the CCD internal and external reference matrix, light plane equation, and system rotary axis equation.
Among these parameters, the calibration of the light plane holds particular significance due to its
direct impact on reconstruction accuracy. By conducting camera parameter calibration, it becomes
possible to establish the transformation relationship between the pixel coordinate system and the
camera coordinate system. Combining this transformational relationship, the plane equation of the
laser plane in the camera coordinate system can be derived by fitting multiple laser stripes on the
calibration target. The equation of the plane representing the light plane in the camera coordinate
system can be derived by fitting the target light bar [9]. The calibration of camera parameters and
light plane calibration predominantly rely on the simple and dependable Zhang [10] method. This
method is highly favored in the field. However, alternative techniques such as the Dewar method
[11], sawtooth method, and step measurement method [12] can also yield a specific quantity of
calibration points with high precision, facilitating the achievement of camera calibration. Regarding
the calibration of the rotary axis, there are several regularly employed methods, namely the cylinder-
based approach, the standard ball-based method, and the checkerboard grid calibration method.

In the context of addressing the issue of refraction error in a system, As seen in Figure 1's (a) and
(c) [13] schematics, it is common practice in underwater 3D reconstruction to establish a fixed
relationship between the light window, laser scanning imaging system, and rotary table. By
maintaining a fixed configuration between these components, the system's refraction error can be
analyzed in a more stable manner. Consequently, this enables the development of a static
compensation algorithm for analyzing the refraction process and effectively mitigating the effects of
refraction on the laser scanning imaging system. The utilization of this technology allows for
enhanced visibility of the refraction error process. However, the analysis process lacks specificity and
does not thoroughly account for the mechanical parameters of the imaging system [14]. In addition,
certain individuals further elaborate on the stable refraction process by conducting a comprehensive
analysis of the two refraction processes involving three media. They also incorporate system
mechanical parameters, such as the distance between the optical center and the window plane, to
enhance the effectiveness and credibility of the established refraction compensation model [15].
However, it is worth noting that the calibration method for determining the distance between the
optical center and the window plane often heavily relies on the aforementioned compensation model.
The complexity of the problem-solving process is noteworthy. In addition to doing an analysis of the
refraction process in order to mitigate the inaccuracy, Miguel Castillo A novel three-dimensional laser
sensor was presented by Miguel Castillon et al. [16], wherein the inherent properties of a two-axis
mirror are utilized to transform the projected curve into a straight line upon refraction in water. This
strategy effectively mitigates the occurrence of refraction errors. The refraction compensation
algorithm employed in the FWLS scanning imaging system, as investigated in this study, bears
resemblance to the refraction compensation method utilized in the galvanometer-fixed light window
imaging system [17,18]. However, it is worth noting that the refraction compensation algorithm in
the latter system typically only takes into account the pixel coordinate shift in the return light. As
seen in Figure 1's (b) and (d) schematics, this study presents the development of a model that
simulates the dynamic process of a FWLS scanning imaging system based on the imaging principle.
The refraction compensation algorithm for the FWLS scanning imaging system is developed by
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solving the equations for the laser plane and the dynamic pixel coordinate offsets associated with

dynamic refraction.
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Figure 1. Scanning schematic and equipment schematic of the laser scanning imaging system. (a)
Common laser scanning imaging system's scanning schematic; (b) FWLS scanning imaging system's
scanning schematic; (¢) Common laser scanning imaging system's equipment schematic; (d) FWLS

scanning imaging system's equipment schematic.

In their study, Palomer et al. integrated a mechanical arm with a 3D scanner and investigated a
calibration technique to establish the spatial relationship between the underwater scanner and the
mechanical arm [19]. This enabled the successful manipulation of objects located at the bottom of a
water tank. A laser scanning system operating at a wavelength of 525 nm has been created by Michael
Bleier from Julius Maximilians University in Germany. This system enables the static and dynamic
scanning of objects within a water tank. Based on the acquired point cloud data, it is evident that the
reconstruction error of the two-state systems is below 5 cm. Hildebrandt et al. [20]. implemented a
servo motor with a rotation range of 45° to position the laser line, achieving an accuracy of around
0.15. The camera's sensor is 640 x 480 CMOS, capable of capturing and scanning images at a rate of
200 frames per second. The imaging system has the capability to retrieve 300,000 data points within
a time frame of 2.4 seconds, enabling it to acquire a substantial amount of information regarding the
surface of the item. In the pursuit of investigating an algorithm for compensating underwater
refraction errors, one approach is to make modifications to the existing method in order to minimize
the errors [21]. Alternatively, a novel correction algorithm can be developed with the specific
objective of addressing refraction-related distortions [22]. Hao [23] and Xue developed a refraction
error correction algorithm based on their system's refraction model. This technique effectively
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enhances the three-dimensional image accuracy of the system to approximately 0.6 mm. In their
study, Ou et al. employed a combination of binocular cameras and laser fusion technology to develop
a model of the system. They conducted an analysis of the refraction error, performed system
calibration, and ultimately achieved high-precision imaging in low-light underwater conditions.
This paper studies an underwater self-rotating line laser scanning 3D reconstruction system to
enable the high-precision 3D reconstruction of underwater targets. The second section introduces the
coordinate transformation and parameter calibration needed for 3D reconstruction. The building of
the point cloud and the extraction of the light stripe center are covered in the third section. A
refractive error compensation algorithm for the system's underwater refractive error is presented in
the fourth section. The standard sphere is utilized as the measured target in the fifth part, where
refraction error analysis is conducted both before and after correction. Here are the specifics [24].

2. Description of the underwater imaging device

As depicted in Figure 2, the hardware component of the underwater imaging equipment
comprises a CCD camera, a line laser, a rotating table, a controller and a driver. The camera utilized
in this study is Thorlabs' DCU224C industrial camera, which offers a resolution of 1280 x 1024 pixels.
It operates within a spectral range of 350 nm to 600 nm. The camera is equipped with an 8-mm focal
length lens, specifically the MVCAM-LC0820-5M model, providing a field-of-view angle of 46.8°
horizontally, 36° vertically, and 56° diagonally. For the line laser, a 530 nm line laser with a power
output of 200mW is selected. The rotary table employed in this setup consists of a 42-stepping motor,
along with its corresponding controller and driver.
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Figure 2. Hardware components of homemade underwater imaging device.

As seen in Figure 3, the camera and laser are affixed to opposite ends of the rotary table beam,
with their relative locations remaining constant. The motor rotation axis is positioned at a vertical
distance of 9cm from the light window. By manipulating the motor rotation speed and direction at
the controller end, the beam may be rotated. This allows for horizontal scanning of the system at a
fixed point within a 360° range. The entire apparatus is enclosed behind a waterproof cover made of
ultra-white clear glass, with dimensions of 30x30x40cm and a wall thickness of 5mm.
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Figure 3. Physical drawing of underwater imaging device.

2.1. The calibration of light planes and rotation axes
2.1.1. Light Plane Fitting Utilizing the Least Square Method

The CCD internal and external reference matrix, as well as the transformation matrix between
the camera coordinate system and the tessellated coordinate system [25], can be readily derived using
the Zhang calibration method. As seen in Figure 4, if ax + by + cz = d is the light plane equation,
then finding the coefficients of this plane equation only requires four locations. Using the
checkerboard calibration method, first create two sets of checkerboard calibration images, one with
and one without light strips. Next, use the light strip extraction method in Section 3.1 to extract the
actual coordinates of the light strips on the target. Finally, use the conversion matrix to convert the
coordinates to the camera coordinate system. From the two sets of images, two linear equations can
be extracted, and the light plane equation can be found using least squares fitting [26,27].

image
plane

L

Figure 4. Schematic diagram of light plane calibration.

Error equation from plane equation:

N1
s= Z (ax; + by; + cz;)? ()
i=1

L

By streamlining the error equation's partial derivation, we can obtain:
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N1

Z(axiz + bx;y; + cx;z; + x) =0
=1
N1

D (@xyi + by} + vz + y) = 0 ®
1

Z(azixi + binL' + CZL-2 + Zi) =0

=1

Since the system of equations is linear, Clem's approach can be used to solve it and obtain the
final coefficients of the plane equation as:

D’ D (4)

In conclusion, the equation for the light plane derived from the experimental calibration is:

—0.7467

[xyz1] 0.01058 | _ 0
0.6649 (5)

12.2539

2.1.2. The calibration of rotary axis

In the context of rotary scanning measurement, if the rotation angle is known (which is
determined by the motor controller), it is possible to obtain the point cloud data of the entire object
surface by performing a coordinate solution using the camera external reference matrix and the laser
plane equation, provided that the linear equation of the rotation axis is obtained [28]. As depicted in
the theoretical model of the imaging device illustrated in Figure 5, it is observed that the Zr axis aligns
with the rotational axis of the system. The coordinate system for the rotation axis is denoted as
X,0,Y, . The camera coordinate system at the initial scanning location of the device is denoted as
X:0.Y,, while the CCD optical center is represented as Oc. After rotating clockwise by an angle of
around the rotation axis Zr, the camera coordinate system is denoted as X;O0,Y;.

Figure 5. Theoretical model of the imaging device.

As depicted in Figure 6, the schematic figure illustrates the process of rotary axis calibration. It
is imperative that during the rotation and scanning of the device, each point on the target's trajectory
must be on a circle centered on the axis of rotation. As a result, the checkerboard grid's corner points
that rotate at a specific angle are first calibrated using the Zhang method. The corner points'
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coordinates are then converted to the camera coordinate system, and they are subsequently fitted to
a circle. Subsequently, the property that the angle points of various heights on the chessboard target
are placed at different places on the rotation axis is used to generate a series of coordinates of the
center of a circle. Finally, the circle's centers' coordinates are fitted to a straight line, allowing the
equation of the straight line for the rotary axis in the camera coordinate system to be obtained as
a,x+ b,y +c.z=d [29-31].

|
)
| T Laser

| g

Figure 6. Schematic diagram of rotary axis calibration.

The conversion of pixel coordinates to the rotary axis coordinate system is performed in the
following manner-.:

X, u
¥r|=RA™ H +T 6)
Z, 1

where A is the internal reference matrix of the camera and R, T are the rotation and translation
matrices from the pixel coordinate system to the rotational coordinate system, getting the matrix A
is simple as:

A= 0 1806.51 0

634.62 51350 1

In conclusion, the equation for the plane of the rotary axis derived from the experimental

7)

1806.73 0 0]

calibration is:

0.4999

eyz1]| 3713%% | =0 ®)

108.6590

The CCD optical center exhibits circular motion with the rotating shaft as its center. According
to the aforementioned calibration, the vertical distance between the CCD optical center coordinate
and the rotating shaft is determined to be R =109.7855mm. The measured distance between the center
of the rotating axis and the center of the camera is approximately 110mm, which closely aligns with
the calibration findings of the rotary axis in determining the value of r. The credibility of the
calibration data pertaining to the rotational axis is evident.

3. Laser strip center extraction and point cloud construction

Rapid and precise extraction of the laser stripe centerline of the measured object surface is
required to achieve the high precision of the laser scanning reconstruction system, as the laser stripe
reflects target surface shape information.

The flowchart of the light bar center extraction algorithm used in this paper is shown in Figure
7. In order to obtain a smoother denoised image, we first apply Gaussian filter denoising, which
involves summing up all of the image's pixel values and dividing each value by itself as well as by
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the values of the other pixels in the area around the weighted average of the value. Next, the
IterationBw algorithm updates the adaptive threshold for light stripe extraction, and the Steger
algorithm extracts the light stripe's center point [32-34]. This method makes it possible to rapidly and
accurately acquire the light bar center coordinates of the scanning data. Figure 8(a) and 8(b) illustrate
the extraction impact during the actual measurement.

| | Gaussfilter+IterationB !

UV ——» wAdaptive —>» Edge Inspection —» Hough transform —¥ Hine ﬁltermg +Edtracting — Xc,Yc
% Light Bar Centers
Thresholding

s, e i s e E S

Steger's algorithm

Figure 7. Flowchart of the light bar center extraction algorithm.

(c) (d)

Figure 8. Diagram of the light bar center extraction effect. (a) Extraction effect of standard sphere
stripe center; (b) Extraction effect of coral stripe center; (c¢) 3D point cloud model of a standard sphere;
(d) 3D point cloud model of a coral;.

f 0 0 0 R vo OI[R T )éw
0 010 1 0 1 i’"
ax +by+cz=d

In Equation (9), Zc signifies the Z-coordinate of the observed point on the camera's optical axis,
i.e., the object's depth or distance in the camera's coordinate system. dx, dy are the unit pixel's physical
dimensions in the X and Y axes; fx, fy are the camera's focal point coordinates; and R, T are the
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translation and rotation matrices from the camera coordinate system to the world coordinate system.
After obtaining the two-dimensional pixel coordinates of the center of the light plane, the laser plane
and coordinate system transformation connection found in Sections 2.1.1 and 2.1.2 can be combined
to acquire the point cloud data of the observed target, as indicated in Formula (9). The system's
motion parameters (motor speed) are then inserted, and the 3D point cloud data is stitched to produce
the 3D point cloud model of the observed target, as shown in Figures 8(c) and 8(d).

4. Refractive error compensation in underwater light windows

In the context of underwater measurements, the FWLS scanning imaging device is enclosed
within a waterproof cover to ensure its functionality. Consequently, the device and the object being
measured are situated in distinct media. When the instrument is operational, the laser will be emitted
towards the object being measured by passing through the light window and water. The light that is
reflected back from the object will likewise pass through the light window and water and be
subsequently detected by the CCD. Hence, it becomes apparent that the laser plane and the CCD
image coordinate experience an excursion due to refraction [35-37]. To address this issue,
mathematical models are established based on the measurement process, allowing for the
determination of equations describing the dynamic laser plane refraction and the offset of pixel
coordinates on the plane [38]. This mathematical model is illustrated in Figure 9.

Pt F
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Light plane ¢ y /
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|
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|
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Figure 9. Refractive error modeling of FWSL scanning imaging devices.

As indicated in Figure 9, where Ro is the rotating axis's center, angle @, represents the
inclination between the normal vector of the light plane a and the horizontal direction, while angle @,
denotes the inclination between the light plane c and the vertical direction. @, denotes the angle at
which the laser light enters the light window, while @; represents the angle at which the laser light
exits the light window and enters the water. Similarly, @ signifies the angle at which the return light
enters the light window from the water, and 6; denotes the angle at which the return light exits the
light window and enters the air. P' is the coordinate point on the image plane of the theoretical return
light of the measured target point Pt, and position P is the coordinate point on the image plane of the
actual return light of the measured target point Pt. The angle formed by the laser and the rotating
table's beam is o. When the device is in its original position, the CCD is at position Oc, and it rotates
counterclockwise for t seconds to reach position Oc’, with a rotation angle of 6. The simple geometric
connection can be used to calculate the relationship between @, and the angle of rotation at moment
t:

0, =a+6—90° (10)
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The variable fcan be mathematically represented as (N — 1)Tw, where N is the number of
frames associated with the image, T represents the camera frame rate, and w signifies the minimum
rotation unit speed of the device.

4.1. Resolving the light plane’s dynamic refraction equation

Let us consider a refracting plane with a normal vector D(0,0,1). The incident light plane, with a
normal vector (g, b, c) denoted as (a), is refracted through the glass and forms a new light plane,
denoted as (b), with a normal vector (a’, b’, c’). Subsequently, the light plane b enters the water
through the glass and is refracted again, resulting in a new light plane denoted as (c), with a normal
vector (a”, b"”, b'"). The refractive index ratio between air and water is denoted as n,,. By Snell's law:

ng, sing, cosg;

Ny (11)

" n. sing; cosg,
D D
—_— nW
va? + b? + c? va'"? +b"% +c'"?
Normalize the light plane c's normal vector:

JaT et =1 (13)

Putting this into equation (12) results in:

(12)

D
D'=n 14
WJaHZ + bHZ + CHZ ( )

We know that since the normal of the light plane (a), the refraction plane (D), and the refracted
light plane (c) are coplanar:

aq’ a"" 01"
[4 =xF~ +yo (15)
C Cll 1
Equation (14)(15) provides us with:
. |a*ny?(a® + b? 4 c?) —a’c?
© T A @+ b2+ )@ + b?) 16)
a’b
bll —_—
a

If we substitute the intersection point of the light plane (c) with the light window
(0,(H + f)cot®,,H + f) into the equation for the light plane (c),where H is the distance from the
CCD optical center to the light window, we get:

{b”(H +f)cot@, +C"(H+f)+d" =0

b(H+f)cot@, + C(H+f)+d=0 (17)

In conclusion, only the distance between the CCD optical center and the glass is unknown. The
CCD optical center rotates in a circular motion with Ro serving as the center and R as the radius from
the Oc position to the Oc’ position, as seen in Figure 9's right panel. The equation for the circle with
center Ro and radius r, denoted as ®RoOc, can be derived as x,2 + z,2 = r2. When the device is
mounted, the distance from the spinning shaft's center to the light window-water side is 90 mm, and
the equation of the line of refraction D is z = 90,.It is easy to obtain H = /72 — x,2 — 90. Next, by utilizing
Equation 6, the H expression may be converted to align with the camera coordinate system. Consequently, the
plane equation of the refracted laser plane (c) can be derived by employing the coupling equation (16)(17).

4.1. Solution for the pixel coordinate offset coefficient

The schematic picture 9 illustrates the mapping of the underwater target point Pt onto the image
plane, resulting in the imaging point P (u, v). If the return light is not subject to refraction by the water
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body and the light window, it will be observed directly at the location of P'. By determining the
offset coefficient 1 between the two points, it is possible to achieve refraction correction for each
measured point [39-42]. The offset 1, which represents the difference between the point P’ on the
image plane corresponding to the theoretical return light and the point P on the image plane
corresponding to the actual return light, can be mathematically described as the ratio of the tangent
of 6; to 6,, as seen in Figure 9.

tan6, tan 0; tan 64

= tan6, tanf, 0.J/P] (18)
also known as:
I =+ u?+v?
PJ =f
(18)
0. = Vu? + v?
Pl =f

Where: f is the camera's focal length. By Snell's law: tan6; = tan @5 = tan @3 = tan @, Then
bring equation (10) into (18)to get:

tan[arcsin (sm(a;ﬂ)]

n= (19)
VuZ +v2/f
that is:
tan[arcsin (sin(a ha (N; DTw = 90))] (20)

"= VuZ +v2/f

5. Error analysis experiments

To evaluate the precision of the system, we conducted multiple scans and reconstructions of a
standard ball with a radius of 20 mm. This was done within a range of 30 cm to 80 cm, with D
representing the working distance. Additionally, we selected six positions within the imaging field
of view at different distances. The objective was to calculate the measurement radius of the standard
ball before and after correcting for refraction errors. The radius of the standard sphere measurement
underwater, without the use of the refraction compensation method, is represented by the symbol R.
Conversely, the radius of the measurement after accounting for the correction of refraction errors is
marked by Rw. The radius of the standard ball can be determined through a computation, and the
measured radius of the standard ball is presented in the table provided.

Table 1. Analysis of standard ball error.

D/cm R/mm Er/mm Rw/mm Er/mm
30 18.87 -1.13 20.27 0.27
40 19.33 -0.67 20.68 0.68
50 18.76 -1.24 20.25 0.25
60 21.65 1.63 20.41 041
70 21.14 1.12 20.18 0.18
80 22.36 2.36 20.90 0.90

As seenin Table 1, in the absence of the refraction error compensation method, the measurement
error of the standard ball remains within a range of 2.5mm. The largest measurement error observed
is 2.36mm, while the minimum measurement error is -0.67mm. Upon the implementation of the
refraction error compensation algorithm, the reconstructed standard ball radius exhibits a minimum
error of 0.18mm and a maximum error of 0.9mm. It is apparent from this observation that the addition
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of the refraction error correction method improved the system's reconstruction accuracy to some
extent. Subsequently, the point cloud data obtained before and following the application of refraction
adjustment were chosen for comparison with the point cloud data of the standard ball, which has a
radius of 20mm. The distances between the point clouds are illustrated in Figures 10(a) and 10(b).

(a) (b)

Figure 10. Point cloud error plotted before and after refraction error compensation (a) The distance

between the point cloud before refraction error compensation and the standard sphere point cloud.;
(b) The distance between the refraction error compensated point cloud and the standard spherical
point cloud.

The measured point cloud with the addition of the refraction compensation method clearly
matches the actual standard sphere model better, as shown in Figures 10(a) and 10(b), and the overall
curvature and other details are enhanced.

Five sets of point clouds were chosen, both before and after compensation. These point clouds
were registered with the standard sphere point cloud, and the distances between the five groups of
point clouds and the standard sphere point cloud were obtained. The box plots regarding distance
distribution are presented in Figure 11 (a) and 11 (b). The box plots diagrams reveal that the disparity
between the measured point cloud and the standard sphere is primarily concentrated within the
range of (-1, +1) prior to compensation. However, after compensation, the disparity is predominantly
distributed within the range of (0.25, 0.75). This observation substantiates the authenticity and
efficacy of the compensation algorithm.

~ 1 Box o )
Lo 1 Box Box .25k
LOJF
J o o 1.00

0.25F -

0.00

Point cloud disatnce/mm
T
Point cloud disatnce/mm

B 1 Box 1 Box
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Figure 11. Point cloud error distribution diagram (a) Before compensation, the distribution of

distances between the point cloud and the standard sphere; (b) Distance distribution map between
the compensated point cloud and the standard ball.
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6. Conclusions

This study presents a comprehensive description of an advanced underwater fixed light window
and laser spinning scanning 3D imaging system. The system is designed to achieve enhanced
accuracy in acquiring 3D point cloud data of underwater targets. It accomplishes this through the use
of a green line laser, a CCD camera, a rotary table, and a drive unit. The study employs a meticulous
calibration process for the light plane and rotary axis to guarantee the precision and correctness of
the collected data. The extraction of point cloud data involves the utilization of the Steger method,
which is complemented by Gaussian filtering and iterative binarization techniques. This combination
is employed to achieve a superior level of accuracy and precision in the extraction light stripe center
data process. Furthermore, the research presented a novel technique for compensating refraction
errors caused by the dynamic refraction process induced by the laser passes through different media
in the fixed light window and laser spinning scanning 3D imaging system. Experimental evidence
substantiated the efficacy of this algorithm in enhancing the accuracy of the collected data. The
experiments involved conducting an error analysis utilizing a standard sphere. The findings
indicated that the reconstruction error ranged from 2.5 mm when the refraction error compensation
was not applied. However, after implementing the compensation algorithm, the error reduced to less
than 1 mm, resulting in the attainment of highly precise point cloud data. Furthermore, it can be
observed that the point cloud model exhibits a closer resemblance to the actual object model
following the implementation of refraction compensation. This serves as empirical evidence
supporting the efficacy of the compensation method. To a certain degree, it partially compensates for
the limited study on the compensation algorithm employed in this particular dynamic refraction
process. In summary, this work presents an underwater imaging system that exhibits a broad
spectrum of engineering applications. The system demonstrates exceptional precision, rapid data
collecting, and superior data quality within a certain measurement range. The implementation of
refraction error compensation in this study leads to improved accuracy in the capture of point cloud
data. This finding holds significant reference value for both underwater scientific research and
engineering applications.
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