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Abstract—This paper presents an extensive approach into the capability of terrestrial laser scanning (TLS)
operating at the 532 nm green wavelength for modelling submerged targets under varying water depths with the
effects of refraction acting upon the targets. In this research, a Leica 0 C10 TLS was deployed to scan a controlled
rectangular pool containing a submerged cuboid target and check markers positioned equally at depths ranging
from 0 to 15 cm incrementally. The Point cloud data were processed using Leica Cyclone Register and 3DSurvey
software, while a MATLAB-based algorithm to solve the refraction correction based on Snell’s law was applied.
Results demonstrated accountable horizontal and vertical displacements of submerged markers, which are
consistent with theoretical refraction effects, averaging 2cm and 2mm for the horizontal and vertical displacement,
respectively, with the presence of water depth at 3cm assessed by visual evaluation of the markers. The post-
processing correction using MATLAB significantly improved the alignment precision and allowed 3D mesh
models to approximate the true target dimensions more accurately, presenting the mean error vectors of 1.36m for
0, 0.34m for 0, and 0.41m for 0. This paper highlights the potential of 532 nm TLS for shallow-water 3D modelling
applications and the significance of refraction correction.
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1. Introduction

Three-dimensional (3D) modelling has become an essential tool across multiple industries
ranging from urban planning, reverse engineering, to maritime surveys. Laser scanning systems
such as LiDAR provide high-density point clouds for accurate 3D reconstruction (0 & loannidis,
2023). However, most commercially used terrestrial laser scanners employ near-infrared (NIR)
wavelengths, which are significantly absorbed by water, limiting their ability to model
submerged objects. Recent developments have seen the introduction of green wavelength (532
nm) lasers, which are capable of penetrating shallow water, enabling terrestrial laser scanning of
submerged targets. Nonetheless, the impact of refraction at the air-water interface on modelling
accuracy remains insufficiently quantified, while the more well-known existing method of using
sonar is well documented and utilized in the industry (Latifi et al., 2023). This study addresses
this gap by evaluating the precision and capability of 532 nm TLS for modelling submerged
entities under refractive conditions caused by shallow water in a controlled environment. It
further highlights the importance of recognising refraction error as a factor affecting data
precision, examines the general limitations of green-wavelength LiDAR, and assesses a

MATLAB-based refraction correction approach using point cloud data.

1.1. Terrestrial Laser Scanning (TLS)

Point cloud data is the output of a laser scanning device. By producing laser beams and
measuring the time it takes for the beams to return to the scan station, the system can estimate
the target's distance from the scan station and get point cloud data. Due to the flawless
redundancy of laser scanning data, this survey approach has grown increasingly common. The
point cloud is guaranteed to be accurate and immersive digital copies since the laser beams that
are emitted make direct contact with the targets, which increases the trust levels of users (0 et
al., 2024). Either having the ability to obtain precise 3D data and estimate the parameters at the
pixel scale, or by employing voxels to expand into 3D space (Maxwell et al., 2023).

A single scan position is typically insufficient to accurately represent the target in a 3D
representation. Multiple scans are required to illustrate a target that is adequate in terms of
standard surveying standards because the scan positions can significantly affect the findings
when determining the distances between the targets. The locations of the scan stations that must
be appropriately encircling the target are one of the key elements that have a greater impact on
data quality. Obtaining a high point density helps compensate for low positional quality in
isolated points and increases geometric precision, but failing to place the scan stations around

the target optimally could make registration problematic (Alves et al., 2023).
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1.2. Green Wavelength Penetrating Water

Typically, for a laser scanning system to successfully gather the set of data, the projected laser's
ability to reach the target is a crucial component. In this regard, the laser type and projected
light wavelength are very important aspects that will determine the reliability of the data
(Janowski et al., 2022). The features of wavelengths vary gradually along the electromagnetic
spectrum, which is the reason why choosing the right wavelength is essential to the success of
a laser scanning project (Janowski et al., 2022). In contrast to the NIR wavelength, the majority
of TLS that use NIR only obtain data on the water's surface. This occurs because NIR is greatly
absorbed by the water's surface when it contacts it, resulting in the data only obtaining the point
cloud for the water's surface (Janowski et al., 2022).

The green wavelength can map or simulate the submerged creatures from a different medium
because it can pass through the water's surface. Green wavelengths can penetrate the sea surface
to a certain degree since their rate of absorption by water is lower than that of near-infrared
radiation (Janowski et al., 2022). But according to Miura & Asano (2013), who conducted a
study aimed at comprehending and forecasting the movement of water and sediment in
mountain channels for efficient disaster risk management, the 532 nm green wavelength seemed
to be a step forward in handling the air-water interface situation because it is less absorbed by
water than the NIR wavelength in terms of laser scanning. Nevertheless, a systematic
inaccuracy known as the refraction error, which results in a displacement of light propagation,
is unavoidable and must be addressed when data collecting involves several media, in this case,
water and air (Zhang et al., 2022). Figure 1 presents the capability of the green wavelength laser
to reach the ground surface and penetrate the water surface which allows and opens various

possibilities in data capturing.
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Figure 1: Green Wavelength Penetrating the Water Surface (Islam et al., 2023)

1.3. Refraction Effects and Correction

It is possible to say that light is traveling through the air, which is a solitary medium, when a
light beam is released into the atmosphere. Refraction happens, for instance, when a light beam
1s focused into a pool of water, allowing it to travel through both air and water as a multi-
medium. Refraction is the process by which a light beam changes its direction as it travels
through a new medium, which often has a different refractive index (Britannica, 2023). The
computed ratio of the speed of light in a vacuum to the speed of light in a second medium with
a higher or lower density is known as the refractive index (Britannica, 2019).

In terms of demonstration, air and water are typically utilized as the media. The air has a
refractive index of one since it is known as the vacuum mentioned previously. Since water has
a slightly higher density than air, its refractive index is typically 1.33 (Britannica, 2019). It may
be stated that refraction will take place when a light beam travels through air, which is a less
dense medium, and then into water, which is a denser medium because of this. Light is
redirected from the angle of incidence into the angle of refraction because of refraction (0,
2022).

The light beam will undergo a similar directional change but a different magnitude when it
passes through any other denser media after exiting air. Equation 1 presents the Snell’s law that

is applied to calculate the results of refraction of a light ray through different densities. ((Jaud

et al., 2025).
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Nn41SiNgy = N,SiNg, (equation 1)

n, = Incident Index

n, = Refracted Index
sing; = Incident Angle (i)
Sing, = Refracted Angle (r)

1.4. Water Surface Modelling and Signal Attenuation

The modelling of the water surface is crucial for any refraction correction algorithm. In this
study, the water surface was approximated as a mean plane derived from averaged pulse returns.
However, natural water bodies are dynamic, with waves and ripples altering the interface plane
and complicating refraction correction. Another critical factor is signal attenuation. Even at the
green wavelength, scattering by suspended particles and absorption by water molecules reduce
signal strength with depth. At depths beyond 12—15 cm in the experiment, point density dropped
sharply. These effects must be accounted for in operational surveys, where turbidity can vary

dramatically.

2. Research Methodology

Figure 2 presents the flowchart of how this research project was approached and executed.
Generally, the whole methodology can be split into 3 phases which 1 phase is mainly focused
on background studies for the problem identified, 2" phase’s primary objective was to obtain
the data properly as so in the 3™ phase, the data was discussed and analysed systematically.

A controlled experiment was conducted in a rectangular frame pool (3 m*x2 mx0.75 m). The
pool allowed precise control of water depth. A solid cuboid brick target (215%102x70 mm)
wrapped with a checkered control-point design and five distributed check points served as
references. The markers provided ground truth for displacement measurement under increasing
water depths.

The Leica 0 C10 TLS, operating at 532 nm, scanned from four stations surrounding the pool
at water depths of 0, 3, 6, 9, 12, and 15 cm. Each station was carefully positioned to maximize
overlapping fields of view and reduce blind spots. The scan rate was up to 50,000 points per
second with an angular resolution adequate to produce a dense point cloud of the submerged

target.
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Figure 2: Methodology Flowchart

Data registration employed Leica Cyclone, using the 0 cm water dataset as a reference
control. Cloud-to-cloud registration errors were computed and monitored to ensure quality.
MATLAB scripts implemented Snell’s law to correct for refraction: the interface plane was
computed from averaged pulse returns, and correction vectors were applied to each point in the
submerged point cloud.

Finally, 3DSurvey software was used to transform corrected point clouds into 3D meshes.
The meshing resolution was set to closely approximate the true dimensions of the cuboid target.
Metrics such as mean edge length deviation and volumetric error were computed to quantify
mesh accuracy. Figure 3 presents the data acquisition layout of where the rectangular pool is

placed on the floor with several control and check markers placed inside and outside of the pool
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for reference. A cuboid brick is placed inside the pool used as the target for the point cloud

modelling assessment.

Figure 3: Data Acquisition Layout

3.Results and Discussion

The results are discussed and expanded upon the pre-processing and point cloud transformation,
visual assessment of refraction effects, quantitative analysis of marker coordinates, refraction
correction using a MATLAB approach, and 3D mesh assessment. Each section contains the
tables and figures showing displacements, correction improvements, and finally the mesh
quality at various depths.

For the pre-processing and point cloud transformation procedure, Leica Cyclone software
was used to import the raw scans captured from four scan stations. The 3 cm dataset registered
correctly, but it was unable to produce an error report, most likely because of refraction-induced
misalignment; meanwhile, the control dataset registered with a cloud-to-cloud error of 0.004
m. It was necessary to do a transformation process on the point cloud data, following the pre-
processing step, since Leica Cyclone software does not align different datasets into one. Figure

4 shows the translation process between the control dataset and the 3cm water level data set.
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Figure 4: Point Cloud Translation between Control Dataset & 3cm Water Dataset

Some of the procedures done to ensure alignment of the datasets were to translate the datasets
into a common coordinate system, according to the vector units of AX, AY, and AZ, the datasets
were shifted to a common origin by employing obvious and observable shared reference points
from the point cloud. Achieving this allows correcting orientation by yawing the CAD-
calculated data in kappa units. Comparative analysis was made possible by ensuring that the
control and water datasets were in alignment.

Regarding the next step of analysis (i.e. visual assessment of refraction effects), both the 3
cm water dataset and the control dataset (0 cm water) displayed distinct visible displacement of
submerged markers when both datasets were superimposed. Higher incidence angles caused
the edge markers to show larger shifts, but lower incidence angles caused the central marker to
show smaller shifts. As predicted theoretically by Snell's law, the displacements seemed to rise
linearly with water depth.

For the quantitative analysis of marker coordinates, the horizontal and vertical displacements
were identified as the calculated vectors between the shift of the data and the effects of
refraction. 3 common check markers were chosen from both the control and the 3 cm water
dataset and used for assessment.

The horizontal displacement was calculated using equation 2 (Lam, 2024):

Axy = \/(xdepth - xo)z + (ydepth - }’0)2 (equation 2)
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The vertical displacement was calculated using equation 3 (Shentu et al., 2011):

AZ = Zgeptn — Zo (equation 3)

To determine the vector shift of the point cloud from the effects of refraction, the visual
assessment is first done by identifying 3 identifiable check markers from the control set data
and from the varying, 3cm water level data. The markers are identified by the difference in
colour of the marker with the rest of the floor of the rectangular pool. The coordinates of the
markers from the control set data is displayed in Table 1 while the vertical difference of the

coordinates of the control set data markers with the 3cm water level is shown in Table 2.

Table 1: Horizontal Displacement (0) of markers at 3 cm water level

Marker | x (3 cm) y (3 cm) Axy (m)
ID
CM1 999.9090 | 996.8570 0.023345
CM2 999.5990 | 997.1620 0.014318
CM3 999.2300 | 996.9630 0.019647

Table 2: Vertical displacement (0) of markers at 3 cm water level

Marker ID Az (m)
CM1 0.0010
CM2 0.0000
CM3 -0.007

To visualize the conditions of the point cloud from the control and the 3cm data set, Figure
5 shows the check markers from the control dataset while Figure 6 shows the check markers

from the 3cm water level dataset.
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Figure 6: A 3 cm Water Level Dataset Point Cloud Highlighting the Location of Check
Markers

For the refraction correction using MATLAB, this study modelled and minimized refraction
at a water level of 3 cm using a correction technique. The angular displacement of the incident
laser rays, the interface plane, which represents the mean water surface, and the water's
refractive index (n = 1.33), were all considered throughout the correction procedure.

To analyse the resulting refraction errors on the point cloud data, the error is identified and
corrected using MATLAB. 3 check markers were chosen as the sample markers to apply the
refraction correction is shown in Table 3, the corrected coordinates of the check markers after
applying the refraction correction is displayed in Table 4 while the amount of refraction

correction for each of the check markers is shown in Table 5.
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Table 3: Coordinates three sample points captured at a water depth of 3 cm with refraction

Point | x(m) y(m) | z(m)
P1 3.358 -0.584 |-1.613
P2 3.255 -1.066 |-1.615
P3 2.949 -0.770 |-1.618

correction are applied

Table 4: Coordinates of three sample points captured at a water depth of 3 cm after refraction

Point x Shift y Shift | z Shift (m)
(m) (m)
P1 1.9291 -0.33549 -2.0678
P2 1.8699 -0.61238 -2.0752
P3 1.6933 -0.44213 -1.9316

Table 5: Summarizes resulting refraction error vectors (0, 0, 0)

Point 0 (m) 0 (m) 0 (m)
P1 1.4289 -0.2485 0.4548
P2 1.3851 -0.4536 0.4602
P3 1.2557 -0.3279 0.3136

About the 3D mesh assessment, the datasets were classified using a two-tier classification
approach, which distinguished between non-ground points that matched the submerged target
and ground points that represented the environment and pool surface. This categorization
allowed for the extraction of the target-specific cloud, which was subsequently modelled.

In the registered point clouds obtained at incremental water depths of 3 cm, 6 cm, 9 cm, 12
cm, and 15 cm, target clarity progressively decreased. Direct comparison of the data sets
following the influence of the water level is made possible by employing the same parameters
for all data sets during the classification procedure.

The cuboid target at a 3 cm water level was consistently and clearly depicted by the non-
ground categorization. However, fewer valid results could be obtained as the depth grew. Edge
continuity started to partially disappear, and scattered noise spots started to appear more

frequently at 6 cm. The target's silhouette was faint, disordered, and asymmetrical in space by
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9 cm. By 12 and 15 cm, classification revealed a sparse cloud devoid of any recognizable
structure, suggesting that the laser returns from the submerged object had been nearly entirely
attenuated.

The mesh reconstructions from the non-ground point sets provide a clear visual
representation of the progressive decline of visibility with depth of the object. The mesh at 3
cm preserved the target's geometric integrity, including its sharp edges and flat surfaces. At 6
cm, the object was still recognizable, but distortions in the form of uneven surfaces and
incomplete geometry were visible. At 9 cm, the mesh was still degrading, displaying large
gaps, twisted edges, and surface irregularities. The resulting mesh was inappropriate for any
reliable dimensional analysis or modelling because it disintegrated into a fragmented and
incoherent structure at 12 cm and 15 cm. Figure 7 shows the steady decline of non-ground
points identified of when the water level is increased while Figure 8 shows the steady decline
of clarity and general shape of the cuboid target of when the water level is increased

accordingly.

Figure 7: Decline of the density of the non-ground point cloud class centring the submerged

target from a similar perspective
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Figure 8: Decline of shape on the 3D mesh centering the submerged target from a similar

perspective

This study confirms that TLS operating at 532 nm can model submerged entities in shallow
water, though refraction introduces systematic displacement that must be corrected. The
proposed MATLAB refraction correction approach effectively reduced displacement and
improved 3D modelling accuracy. Beyond quantitative results, practical considerations include
critical placement of scan stations for high point cloud density and the observation that
backscatter and signal attenuation increased with depth, reducing point density at 12 cm and
15 cm depths. Future work should examine greater depths, varying turbidity, and dynamic
water surfaces to expand the applicability of green-wavelength TLS for hydrographic and

engineering surveys.

4. Conclusion

The findings of this research project indicates that the green wavelength at 532 nm has the
potential and the capability to effectively capture and simulate submerged objects to a certain
level. This capability is the result upon the use of appropriate parameters and controlled
conditions, as detailed in the analysis. By carefully optimizing these factors, the green
wavelength can provide considerate data for underwater imaging and object detection,

demonstrating its practical applicability in relevant fields.
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However, an essential aspect that cannot be overlooked is the necessity to conduct the
refraction corrections. When light passes from one medium to another that possesses different
densities, such as from air to water, conceptually according to Snell’s law, the light ray bends
due to differences in refractive indices. This bending can manipulate the captured data, leading
to inaccuracies in the representation of submerged objects. The study emphasizes that without
properly addressing these refraction effects, the reliability of the measurements is compromised,
which can undermine the overall effectiveness of the imaging process.

Furthermore, the importance of refraction corrections becomes even more critical in
industrial applications where precision is essential. The results of this research highlight that
neglecting to apply these corrections can significantly degrade the accuracy of the data obtained,

potentially leading to errors in measurements and flawed outputs.
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