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Abstract

This study empirically evaluates the geometric accuracy of point cloud data acquired using an underwater lidar (ULi) system in a
tropical shallow water environment. The field test was conducted in the tropical waters of the Seribu Islands, Indonesia, characterised
by relatively low turbidity. Terrestrial laser scanning (TLS) and close-range photogrammetry were employed as independent reference
datasets. Geometric discrepancies between datasets were quantified using the multiscale model-to-model cloud comparison (M3C2)
algorithm, and errors were statistically characterised using the median and median absolute deviation (MAD) to ensure robustness
under non-normal distributions. The results indicate that the error of ULi relative to TLS is 0.008 + 0.012 m, while the error relative to
photogrammetry is 0.006 + 0.013 m. In comparison, the discrepancy between photogrammetry and TLS is smaller, at 0.002 + 0.004 m.
Dimensional analysis of an acoustic Doppler current profiler (ADCP) frame further shows that ULi agrees with TLS and
photogrammetry within the millimetre to centimetre range (0.000—-0.015 m). Larger deviations in specific segments are attributed to
local effects, including edge-related artefacts. Overall, the results demonstrate that ULi provides reliable geometric measurements in
shallow-water conditions with low turbidity. Despite slightly lower accuracy compared to terrestrial methods, the system shows

potential for underwater mapping applications, particularly in shallow water environments.

1. Introduction

The growing development of underwater infrastructure has
increased the demand for underwater inspection and maintenance
operations (Serensen et al., 2025). The effectiveness of these
activities depends on accurate measurements (Koziel et al.,
2021). Current underwater surveying technologies rely primarily
on cameras and sonar. However, underwater imaging is affected
by multiple factors, including image blurring, reduced contrast,
turbidity, and non-uniform light attenuation caused by the
seawater medium. In parallel, sonar performance is limited by
suspended solids, air bubbles, and interference from nearby
acoustic sources. Moreover, the predominantly downward-facing
acquisition geometry leads to reduced point density along the
sides of underwater structures (Rho et al., 2025; Serensen et al.,
2025; Yang et al., 2019). To address the need for detailed
underwater surveys, light detection and ranging or lidar systems
have been developed and gradually commercialised for
underwater applications (Fraunhofer Institute for Physical
Measurement Techniques IPM, 2024; Kraken Robotics, 2025;
Voyis, 2021).

Lidar systems have been widely applied across various spatial
domains (Hillman et al., 2021; Li et al., 2022; Rashdi et al.,
2024). In recent years, studies on the range precision and spatial
resolution of underwater lidar (UL1i) systems have primarily been
conducted under controlled laboratory conditions with static
configurations (Heffner et al., 2025; Walter et al., 2025).
However, assessments of their geometric accuracy in real-world
environments remain limited. This gap is significant, as the
accuracy of laser scanner-derived point clouds is essential for

capturing detailed environmental information and enabling
efficient data use by engineers and scientists (Rashdi et al., 2024).
Because geometric accuracy is affected by multiple systematic
error sources, including environmental conditions and the
accuracy of the navigation solution, its impact on point cloud
quality is difficult to predict (Bobrowski et al., 2023; Rashdi et
al., 2024; Walter et al., 2025). Therefore, robust ground-truth
data are crucial for evaluating and constraining the geometric
accuracy of ULi systems.

The performance of underwater lidar is strongly influenced by
water turbidity, as signal penetration depth decreases with
increasing turbidity (Saylam et al., 2017; Zimmerman et al.,
2013). Under controlled laboratory conditions with a turbidity
level of 0 NTU, Heffner et al. (2025) reported a range precision
of 1.95 mm from repeated measurements on a metal plate, while
Walter et al. (2025) showed a spatial resolution of up to 2.95 mm
from Bohler star measurements for scanning distances of up to
8.03 m. In the same study, field experiments involving dynamic,
vessel-based operations were conducted in the Elbe River. Due
to the high turbidity, which exceeds 6 NTU, the Secchi depth was
less than 1.1 m. For that reason, it was not possible to acquire
scan data of any structure.

To address this research gap, we conducted an experiment to
assess the performance of an ULi system in a real-world setting.
The ULi system, developed by Fraunhofer IPM, was tested in the
tropical waters of the Seribu Islands, Indonesia, by mapping a
geometrically constrained object. The resulting point clouds were
evaluated using cloud-to-cloud comparisons against ground-truth
datasets obtained from terrestrial laser scanning (TLS) and

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIX-B2-2026-923-2026 | © Author(s) 2026. CC BY 4.0 License. 923


mailto:25125014@mahasiswa.itb.ac.id

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIX-B2-2026
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission I, 4-11 July 2026, Toronto, Canada

photogrammetric mapping of the same object, thereby
establishing a new reference for ULi performance in clear,
shallow-water environments.

2. Data and Methods

2.1 Field data acquisition

A stainless-steel frame of an acoustic Doppler current profiler
(ADCP) with known dimensions was selected as the
measurement target due to its structural rigidity and reflectivity.
Although highly reflective materials can be challenging to scan
with laser scanning instruments, the frame has a relatively matte
surface, which reduces potential issues during data acquisition
(Figure 2b). According to Chen et al. (2020) and Werner et al.
(2023), ULi systems operate based on the pulsed time-of-flight
(ToF) principle, measuring travel time between pulse emission
and the detection of the reflected signal. Lower system errors are
typically observed for highly reflective materials, such as metals,
making the ADCP frame well-suited for this experiment.

Figure 1. (a) Ground-trut data acuisition; (b) TLS setup
during the measurement of the ADCP frame.

L . N Y
Figure 2. (a) ULi mounted on a fisherman’s vessel; (b) a

dimensionally constrained ADCP frame used as a mapping
target (c) ULi system; (d) GNSS receiver for positioning.

Ground-truth  measurements  using both TLS  and
photogrammetric methods were carried out in an open field at
Institut Teknologi Bandung (Figure 1). The site is constrained by
three semi-permanent benchmarks with known geographic and
projected coordinates, ensuring strong geometric control for the
terrestrial measurements. Several control points were installed on

the frame and measured using a total station employing the
intersection methods, providing constraints for both the TLS and
photogrammetric point clouds during processing.

TLS data acquisition was conducted from four stations to ensure
complete coverage of the ADCP frame. The resulting datasets
were subsequently merged and georeferenced using Trimble
Business Centre software. Pairwise registration was applied to
align point clouds from different stations, followed by
georeferencing based on the measured control point coordinates.
Meanwhile, photogrammetric data were acquired by
systematically capturing images around the ADCP frame to
ensure full coverage and sufficient overlap. The images were then
processed into point clouds using Agisoft Metashape software.

Figure 3. ULi point cloud acquired along a single survey line,
showing the ADCP frame and its surrounding environment
before segmentation.
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Figure 4. The acquisition distance to the ADCP frame in local
coordinates.
Point clouds Number Mean
data Instrument of points Surface
Density
Fraunhofer
. IPM
ULi Underwater 6,549 18,687
Lidar
Trimble X7
TLS 3D Lasser 1,253,707 1,130,294
Scanners
Photogrammetry Nikon Z50 384,528 480,127

Table 1. Datasets used in this study

While the ground-truth measurements were conducted in a
controlled environment, the field survey was carried out in the
shallow waters of the Seribu Islands, where the ADCP frame was
submerged and scanned kinematically using the ULi system. The
study area was selected for its high water clarity, with visibility
ranging from 9 to 12 m, as indicated by Secchi disk
measurements. The ULi system was side-mounted on a 12-m-

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIX-B2-2026-923-2026 | © Author(s) 2026. CC BY 4.0 License. 924



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIX-B2-2026
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission Il, 4—11 July 2026, Toronto, Canada

long wooden vessel, with positioning derived from post-
processed global navigation satellite system—inertial navigation
system (GNSS—-INS), as presented in Figure 2. The dataset used
in this study was limited to a single survey line, yielding point
clouds of the ADCP frame and its surrounding environment at
distances ranging from 5 to 6 m (Figures 3 and 4).

The datasets acquired during the field surveys are summarised in
Table 1.

2.2 M3C2 distance calculation

The geometric accuracy of the ULi data was assessed by
computing model-to-model cloud comparison (M3C2) distances
between the UL point cloud and reference point clouds derived
from TLS and photogrammetry, using CloudCompare.
According to Lague et al. (2013), the M3C2 algorithm is
designed to provide accurate orthogonal distance measurements
between two point clouds without requiring meshing or gridding.
It is also robust to missing data and variations in point density
between datasets.

Following the computation of M3C2 distances, the statistical
distribution of the distances was evaluated using skewness and
kurtosis to assess normality. Skewness is a measure of the
asymmetry of a distribution, where a value of zero indicates a
normal distribution (Iacobucci et al., 2025; Kim, 2013). It is
expressed in Equation 1:
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Skewness =

where x; represents the individual M3C2 distance value, X is the
mean M3C2 distance, and o is the standard deviation, and n is
the number of observations.

Kurtosis describes the peakedness and tail behaviour of a
distribution. In this study, excess kurtosis is considered, which is
obtained by subtracting 3 from the kurtosis value. A value of zero
indicates a normal distribution (lacobucci et al., 2025; Kim,
2013). It is defined in Equation 2:
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2.3 Error analysis

Following the computation of M3C2 distances and the
distribution analysis, the resulting values were analysed to obtain
statistical parameters such as the mean (u), standard deviation
(o), median (m), and median absolute deviation (MAD).

The measurement error of the ULi was evaluated based on the
distribution of the M3C2 distance values. In the presence of
outliers that lead to non-normal distributions, a robust
nonparametric approach is required. In such cases, the median
and the MAD are used as robust measures instead of the mean
and standard deviation, respectively (Toschi et al., 2015).

Accordingly, the error (¢) is expressed in Equation 3, and the
MAD is defined in Equation 4:

&= /m/+MAD 3)
MAD = m(fx; — m(x)[) “4)

in which x; represents the individual M3C2 distance value, m(x)
is the median of the dataset, and |x; — m(x)| denotes the absolute
deviation from the median.

2.4 ADCP frame dimension comparison

The dimensions of the ADCP frame were evaluated using point
clouds generated from ULi, TLS, and photogrammetry. Manual
digitisation in CloudCompare was performed to extract
geometric features for dimensional comparison.

3. Results

3.1 Control point coordinates and point cloud datasets

The control point coordinates obtained using the intersection
method were used to transform all point cloud datasets into a
common reference frame, as shown in Figure 5. All datasets were
subsequently segmented manually using CloudCompare
software to obtain a representative 3D model of the ADCP frame.

3.2 M3C2 distance calculation results

The results of the M3C2 distance calculation are shown in Figure
6. Descriptive statistics of the M3C2 distance values are
presented in Table 2, while skewness and kurtosis values shown
in Table 3.

Dataset Comparison n m c MAD

ULi-TLS -0.007  -0.008 0.023  0.012
ULi—Photogrammetry  -0.003  -0.006 0.022  0.013
Photogrammetry—TLS  -0.002  -0.002  0.008  0.004

Table 2. Descriptive statistics of M3C2 distance values for all
dataset comparisons, including mean (), median (m), standard
deviation (o), and MAD in metres.

The M3C2 algorithm computes distances based on local
neighbourhoods defined along the normal surface, where subsets
of points from both the reference and compared point clouds are
projected on the cylinder axis. As a result, reliable distance
estimation depends on the availability of sufficient neighbouring
points within the defined cylindrical volume for both datasets
(Lague et al., 2013).

M3C2 distances were computed using TLS as the reference
dataset for comparisons with ULi and photogrammetry. An
additional comparison was performed between ULi and
photogrammetry using photogrammetry as the reference.

As shown in Figure 6, the M3C2 distance values range from —8
cm to +8 cm. Positive values indicate that the compared point
cloud is located above the reference surface along the normal
direction, whereas negative values indicate that it is located
below the reference.

Based on Table 3, the skewness values for all M3C2 distance
comparisons are positive and close to zero, with the
photogrammetry—TLS comparison showing the lowest value
(0.211). This indicates that the distributions are generally normal
with only slight positive skewness.

Dataset Comparison  Skewness  Kurtosis Excess'
Kurtosis
ULi-TLS 0.247 3.223 0.223
ULi—Photogrammetry 0.363 3.316 0.316
Photogrammetry—TLS 0.211 7.368 4.368

Table 3. Skewness and kurtosis of M3C2 distance distributions

In contrast, the excess kurtosis values show notable variation.
The photogrammetry—TLS comparison exhibits a relatively high
excess kurtosis value (4.368), indicating a heavy-tailed
distribution. As illustrated in Figure 7c, although the centre of the
distribution appears close to a Gaussian shape, slight deviations
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can be observed in the tails, reflecting the occurrence of
infrequent but significant extreme values. Meanwhile, the ULi—
TLS and ULi—photogrammetry comparisons yield excess
kurtosis values close to zero, suggesting distributions that are
more consistent with normal behaviour.
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Figure 5. Processed point clouds of the ADCP frame derived
from ULi (a), TLS (b), and photogrammetry (c). Control points
are depicted in (c), which coordinates were measured using a
total station from multiple benchmarks with known coordinates.

These results indicate that not all dataset comparisons follow a
normal distribution, particularly the photogrammetry—TLS case.
Therefore, error estimation based on parametric measures may
not be appropriate. Instead, a robust approach using the median
and MAD, as defined in Equation 3, is adopted because it is less
sensitive to outliers.

Further outlier analysis based on the interquartile range (IQR)
confirms the presence of outliers across all M3C2 distance
datasets. The outliers are defined as values exceeding the upper
bound (Q3 + 1.5 X IQR) or falling below the lower bound
(01 - 1.5 xIQR), where QI and Q3 represent the first (25th
percentile) and third (75th percentile) quartiles, respectively
(Walpole et al., 2011). As presented in Figure 8 and Table 4, the
box-and-whisker plots clearly show the presence of outliers in
each dataset.

Dataset Comparison Number of Number of
outliers (points) outliers (%)
ULi-TLS 17,907 3.11
ULi—Photogrammetry 94,02 4.09
Photogrammetry—TLS 52,325 5.08

Table 4. Number and percentage of outliers identified in M3C2
distance using the IQR method for each dataset comparison
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Figure 6. Visualisation of M3C2 distance results between ULi
and TLS (a), ULi and photogrammetry (b), and photogrammetry
and TLS (c).
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These findings demonstrate that M3C2 distance data are affected
by outliers and do not fully conform to a normal distribution,
thereby reinforcing the use of median and MAD as robust
measures for error assessment.

In comparisons involving ULi data, the lower point density limits
the number of valid neighbourhoods where the M3C2 distances
can be computed. Consequently, the number of detected outliers
in ULi-TLS and ULi—photogrammetry comparisons appears
lower, not necessarily due to better data quality, but rather due to
the reduced number of valid comparison points. This is consistent
with the smaller number of UL points, as presented in Table 1.
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Figure 7. Histograms of M3C2 distance distributions with fitted
normal probability density function (PDF) for dataset
comparisons: TLS—ULi (a), ULi—photogrammetry (b), and

photogrammetry—TLS (c).

3.3 Error measurement of underwater lidar

Based on the statistical parameters presented in Table 3 and
calculated using Equation 3, the resulting deviations are
summarised in Table 5.

The smallest M3C2 distance error is observed in the
photogrammetry—TLS comparison, with a value of 0.002 = 0.004
m. In comparisons involving ULi data, the ULi—photogrammetry
pair shows a lower error (0.006 + 0.013 m) compared to the ULi—
TLS pair (0.008 + 0.012 m), indicating that ULi measurements
are slightly more consistent with photogrammetric data than with
TLS.

Dataset Comparison Error (g)
ULi-TLS 0.008 £ 0.012 m

ULi—Photogrammetry 0.006£0.013m

Photogrammetry—TLS 0.002 £ 0.004 m

Table 5. Deviation derived from M3C2 distance distributions
for each dataset comparison, expressed using the median and
MAD
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Figure 8. Box-and-whisker plots of M3C2 distance
distributions: TLS-ULi (a), ULi—photogrammetry (b), and
photogrammetry—TLS (c).
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Overall, the median error values remain within the millimetre
range, whereas the MAD values are notably larger, reaching the
centimetre scale. This indicates that while the central tendency of
the M3C2 distances suggests good geometric agreement, the
dispersion of the data is influenced by the presence of outliers.
Consequently, the geometric error of ULi relative to both TLS
and photogrammetry can be considered to range from millimetre
to centimetre levels.

3.4 Comparison of ADCP dimensions

Dimensional  discrepancies among ULi, TLS, and
photogrammetric measurements for each segment are presented
in Figure 9. These discrepancies are expressed as pairwise
differences between datasets, namely ATLS-ULi (ULi
dimensions referenced to TLS), Aphotogrammetry—ULi (ULi
dimensions referenced to photogrammetry), and ATLS-
photogrammetry (photogrammetry dimensions referenced to
TLS). The corresponding segments are illustrated in Figure 10
and were selected based on the completeness and availability of
the ULi point cloud data.

® ATLS-ULi APhotogrammetry — ULi ATLS - Photogrammetry
0.016
[ ]
0.014 @
0.012
£ o010
Z
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g
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Segment
Figure 9. Absolute dimensional discrepancies between ULi,
TLS, and photogrammetric measurements for each segment.

In general, the measurements exhibit differences generally within
the centimetre to millimetre range. For segments 1-4, the ULi
measurements are larger than those obtained from TLS and
photogrammetry, with differences of approximately 0.002—0.015
m. In contrast, segments 5—7 exhibit very close agreement among
all datasets, with differences typically below 0.002 m. Similarly,
for segments 811, the measurements from all datasets are
consistent, with differences generally within 0.001-0.002 m, as
shown in Figure 9.

TLS and photogrammetric data acquisitions were conducted in
land conditions, whereas the ULi data were acquired in shallow
marine environments. This difference in acquisition conditions
contributes to the observed discrepancies in the results,
particularly for segments 2 and 4, where larger deviations were
identified.

The performance of underwater lidar is strongly influenced by
water turbidity, as signal penetration depth decreases with
increasing turbidity (Saylam et al., 2017; Zimmerman et al.,
2013) and the quality of the navigation solution. In this study, the
shallow-water environment with low turbidity conditions was
considered sufficiently suitable for data acquisition. Although
only a single survey line was used, the ULi system was able to
reconstruct the ADCP frame with dimensional differences
generally within the centimetre to millimetre range when
compared to TLS and photogrammetry results.

DY
4 i 3

Figure 10. Locations of the 11 selected measurement segments
on the ADCP frame used for dimensional comparison.

However, several factors inherent to underwater laser scanning
may influence the accuracy of the ULi measurements. One
important factor is the edge effect, where the finite size of the
laser footprint causes partial reflections when the beam intersects
object boundaries. In such cases, only part of the emitted energy
is reflected from the target surface, while the remainder may be
reflected from adjacent surfaces or lost, leading to measurement
bias (Bohler & Marbs, 2005). During the segmentation process,
outliers and reflections associated with edge effects were
manually removed. Nevertheless, to further improve the results,
the application of automated filtering methods could be
considered to more effectively detect and eliminate such
artefacts.

Another key factor is the difference in sensor distance to the
object (Bohler & Marbs, 2005). The TLS and photogrammetric
datasets were acquired at relatively close range, with an average
sensor-to-object distance of approximately 2—3 m. In contrast, the
ULi data were acquired at a greater distance of approximately 5—
6 m. This increased range, combined with underwater attenuation
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effects, likely contributes to the slightly higher discrepancies
observed in the ULi measurements.

4. Conclusion

This study presents a geometric accuracy assessment of point
cloud data acquired using an ULi system, evaluated against
reference datasets obtained from TLS and photogrammetry. The
ULi data were collected in shallow water environments, whereas
TLS and photogrammetric data were acquired on land.

Geometric discrepancies were quantified using the M3C2
distance, and error estimation was performed using robust
statistical measures, the median and MAD. The results indicate
that the error of ULi relative to TLS is 0.008 + 0.012 m, while the
error relative to photogrammetry is 0.006 £0.013 m. In
comparison, the discrepancy between photogrammetry and TLS
is significantly smaller, at 0.002 £ 0.004 m. Overall, the ULi
achieves accuracy within the millimetre to centimetre range,
although it does not reach the precision level of the terrestrial
reference datasets.

Dimensional analysis of the ADCP frame further supports these
findings. Larger discrepancies were observed in segments 2 and
4, with differences reaching the centimetre level, whereas the
remaining segments had differences generally within the
millimetre range. These variations are likely influenced by local
factors, particularly in the upper parts of the ADCP frame, where
edge effects may introduce additional uncertainties. The
underwater environment also plays a role in the accuracy of ULi.
Despite the ULi system being specifically designed for
underwater operation, factors such as water properties and
measurement range still affect the results.

In general, the ULi-derived point cloud demonstrates reliable
performance in tropical shallow water with low turbidity,
indicating its potential for underwater applications. However,
further improvements, particularly in handling edge effects and
optimising data processing, are recommended to enhance
measurement accuracy.
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