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Abstract

Next to the known photogrammetric or acoustic measurement techniques, nowadays LiDAR is a promising option for high-resolution
surveys or monitoring of underwater structures in low turbid and shallow waters. The objective of this investigation is to determine
the performance of an underwater laser scanner and an air-borne bathymetric laser scanner for mobile data acquisitions. For this pur-
pose, the underwater LiDAR (ULi) from Fraunhofer IPM is installed on a vessel. To enable the registration and georeferencing of the
scan data, ULi is added by an Inertial Navigation System (INS) and two GNSS antennas. On the other hand, the air-borne bathymetric
laser scanner (ABS) is integrated into an unmanned aerial system (UAS). Both systems are used to survey in the same measurement
area to acquire comparable data sets. With the selected measurement settings, both systems can penetrate through water for more than
10 m and are able to resolve small underwater structures. Caused by shorter measurement ranges, ULi offers a point density which is
approximately four times higher than the ABS and is able to resolve vertical underwater structures. The advantage of the UAS mounted

ABS is that it can survey in shallow areas which cannot be accessed by vessels.

1. Introduction

High-resolution and high-precision surveys or monitoring of
fine-scale underwater structures is still challenging, especially if
a 3D point cloud is required. Modern acoustic instruments, multi-
beam echo sounders (MBES), can achieve an accuracy from a to
few centimetres up to 1 dm in shallow waters. For detailed object
acquisition, MBES with measurement frequencies of 300 kHz —
700 kHz are used. However, even if certain MBES with deeper
measurement frequencies can cover measurement ranges of sev-
eral kilometres, measurement frequencies of 700 kHz can nor-
mally only be used for much shorter measurement ranges. Kongs-
berg (2022) indicates a typical range of 45 m for the Kongsberg
EM 2040P MKII in cold ocean water. However, the resolution is
limited by the wavelength of the acoustic signal. For underwater
close-range applications, there is also a potential to use optical
systems. Generally, the measurement range of optical acquisition
methods is limited by turbidity, varying refraction coefficients
and the absorbing characteristics of water. Thus, they can only be
used for close range under water applications. Balletti et al.
(2015), Burns et al. (2015), Lochhead and Hedley (2022) and oth-
ers have shown, that underwater photogrammetry can achieve
high quality in clear water if the light conditions are favourable
and adequate enhancement methods are applied. Structure from
Motion (SfM) can be used to calculate 3D point clouds.

Besides, laser scanners for underwater applications have been de-
veloped. Airborne based bathymetric LIDAR were developed in
the 1960s (Guenther, 1995). The emergence of efficient un-
manned aerial systems (UAS) enables area-wide surveying with
these instruments. This development is supplemented by purely
underwater laser scanners. These scanners are already used on
Remotely Operating Vehicles (ROV) and Autonomous Under-
water Vehicles (AUV) for several years (Bleier et al., 2019, Cas-
tillén et al., 2019). In recent years, underwater laser scanners with
mechanical beam steering by rotating prisms have been further

developed. For instance, Fraunhofer IPM has developed an Un-
derwater LiDAR instrument (ULi) whose scan pattern can be
adapted by the user as well as an air-borne bathymetric scanner
(ABS) (Werner et al., 2023). Both systems, the underwater laser
scanner and the air-borne laser scanner are used for mobile data
acquisition. In this context, they are investigated in a real-world
environment in shallow seas with clear water conditions. The pre-
sented study intends to verify the performance of the ULi and the
ABS in comparison.

2. Concept of the investigation

For the real-world scenario, the instruments will be used in or
respectively above the sea in very shallow waters. It will be in-
vestigated which performance and quality can be achieved for
mobile data acquisition and if the acquired 3D data of the sea
ground can supplement each other in mapping very shallow wa-
ters.

2.1 Objectives

While the ABS has already been used for mobile mapping appli-
cation (Werner et al., 2023), ULi was mostly used in static un-
derwater set-ups (Heffner et al., 2025a, Heffner et al., 2025b, Lan
et al., 2025). This investigation focuses on its installation for a
mobile data acquisition. For this purpose, a workflow is pre-
sented starting with installation, calibration and data processing.
In order to investigate the performance of the ULi and the ABS
in shallow sea environments, different criteria are considered to
evaluate the quality of the point cloud. The geometric quality of
the point cloud depends highly on the performance of the navi-
gation solution. Therefore, its estimated accuracy is considered.
The penetration depth or respectively measurement range ex-
presses the maximum distance between an underwater object and
the scanner (ULI) or respectively the water surface (ABS). In or-
der to express the completeness, its radial, along-track and across
track resolutions, and the point density are determined. Here, the
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point density P, the number of neighbouring points, is calculated
within a radius of 1 m. The completeness of object acquisition or
respectively coverage of the point cloud is also calculated. For
this purpose, selected point cloud sections are represented by a
best-fit plane and its normal vector n. Each plane is used to es-
tablish a local coordinate system (x;, y;, z;) whose vertical axis
(z) is parallel to the z-axis of the point cloud coordinate system.
The x;,y, axes are aligned in a plane which is parallel to the hor-
izontal plane of the point cloud system, and one of them is aligned
along the horizontal component of n. In the next step, the rotated
point cloud is projected onto a horizontal plane and a vertical
plane, similar to Rebolj et al. (2017). Each projection plane is
rasterized into square cells. To ensure a representative cell size,
its definition depends to the determined along-track resolution of
the point cloud. In each case, the omission rate OmR quantifies
the number of empty cells (k,) with respect to the complete num-
ber of cells (k) covering the complex hull of the respective point
cloud section,

_k (@)
OmR = o
The structure of the sea ground can be expressed by the distance
between a local best-fit plane and an individual point. Cloud-
Compare (2022) describes it as parameter roughness. By using
small best-fit planes, whose size depends to the resolution of the
point cloud, this approach can also be used to express the noise
level of the point cloud. Here, this parameter is labelled noise
distance (nd) in order to distinguish it from parameter roughness.
The roughness (rough) is calculated for best-fit planes with a ra-
dius of 1 m.

2.2 Measurement site

The measurement site is in the Seribu National Park, Indonesia,
close to Pulau Pramuka and Pulau Panggang. The ULi and the
ABS are operated in waters with a Secchi depth of 10 m — 13 m.
The seafloor in this area consists of flat, likely sandy areas, reefs,
and of natural (e.g., rocks, sea grass, corals) and artificial objects
(e.g., tyres, piles). The measurement campaign took place in Sep-
tember 2025. The World Ocean atlas (NOAA, 2023) indicates an
average salinity of 33 % - 34 % and a water temperature of ca.
30 °C for this month. According to Hohle (1971), this causes a
refraction index of approximately 1.342.

igure 1-:ery shal 0 ater area with a seagrass field and a wa-
ter depth of ca. 1 m

The measurement site caused certain challenges for the survey
campaign. Since the islands are surrounded by very shallow areas
and reefs with water depth of less than 2 m, usually ships cannot

approach these parts of the coast. These areas could only be sur-
veyed by the UAS-integrated ABS. An example for such an area
is the seagrass field in Figure 1. Nevertheless, the range and bat-
teries of the UAS are limited, so the reefs and objects behind a
distance of approx. 500 m away from the islands could only be
mapped with ULi. Certain parts of the measurement site could be
surveyed by both systems. While the UAS could fly along the
planned survey lines, it was not possible to follow planned lines
with the ship and UL.i due to external circumstances and incom-
pletely mapped shallow waters.

3. Instruments and Measurement configuration

Both instruments, the ULi and the ABS, are installed on mobile
platforms for mobile data acquisition. While the ABS is installed
on a remotely controlled platform (UAS), ULi is mounted on a
small vessel. In both cases, the installation set up is adapted to
their individual characteristics.

3.1 Underwater LiDAR system (UL.i)

The underwater laser scanner ULi (Figure 2a) emits a rotating
laser beam, which is controlled by a rotating double wedge prism
(Werner et al., 2023). The scan pattern can be adjusted within a
field of view of 44° (IPM, 2026). Here, the laser beam rotates
with a constant tilt of the rotation axis, so the resulting scan pat-
tern is a spiral. The ULi uses a laser wavelength of 532 nm and
the Time-of-Flight (ToF) principle to determine the distance be-
tween scanner and object (Werner et al., 2023). It has a sampling
frequency of up to 100,000 points per second. To optimize the
data acquisition in different environments, the energy of the emit-
ted laser beam can be adapted. There are two laser operation
modes which can be selected according to the water turbidity and
the material of the scanned object: the unfiltered laser mode
which is classified as a 3B laser and a filtered adjustment mode
with laser class 2M (according to EN 60825-1:2014). Heffner et
al. (2025) describe a maximum measurement range in the unfil-
tered mode of 17 m in low turbid fresh water (0.9 NTU), while
the range is reduced to 1.4 m in turbid water (4.5 NTU). In each
case, the lateral resolution is better than 2.95 mm for a stable
scanner position (Heffner et al., 2025). Heffner et al. (2025) also
determine the size of underwater objects and derives a relative
range accuracy of -3.37 mm for 1 cm object distance. Walter et
al. (2025) investigate the performance of the scanner for different
object materials and describe that bright, reflective materials re-
duce the measurement noise compared to dark, matt materials.
Similar to terrestrial laser scanners, the scattering of the point
clouds increases with the roughness of the object surface. This
investigation confirms the results of Chen et al. (2020).

@) (b)
Figure 2: (a) ULi (Fraunhofer IPM) with attached INS housing,
(b) pole-mounted installation of ULi
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For mobile applications, ULi is installed on a vessel and it is
mounted on a pole (Figure 2b). Therefore, additional sensors
have to be added to enable the determination of a georeferenced
point cloud. For this project, ULi is equipped with an Inertial
Navigation System (INS, Figure 2a), a SBG Quanta Micro with
a MEMS inertial measurement unit, which is connected to two
multi-frequency GNSS antennas. The INS itself is in a water-
proof case and is firmly attached to the backend of ULi’s cylin-
drical housing. SBG (2025a) states a roll and pitch accuracy of
0.01° and a heading accuracy of 0.035° in post-processing mode.
This enables flexible trajectory determination and the ULi does
not have to be connected to another motion sensor onboard. To
be able to survey vertically aligned structures (e.g. quay struc-
ture), the sea ground but also natural reefs or ridges, an inclined
installation of the laser scanner is beneficial. The scanner is
mounted with an inclination of 30° with respect to the horizontal
plane and it is roughly orientated to the ship’s transverse direc-
tion. Table 1 shows for simulated measurements that this config-
uration allows the acquisition of different types of underwater en-
vironments.

Table 1: Simulated amount of points in a 1 m wide cross section
on a plane (vertical or resp horizontal distance: 10 m) for the ap-
plied measurement settings within an assumed measurement
range of 13 m; installation angle with respect to the horizontal

plane
Installation o o o o
angle of UL 0 30 60 %0
Flat ground 0 3,211 15,519 24,276
Slope (45°) 10,368 24,339 24,337 10,368
Vertical wall 12,136 15,526 3,215 0

3.2 Air-borne Bathymetric Laser Scanner

The ABS, a topobathymetric LIDAR system, uses two wave-
lengths: a green laser with a wavelength of 532 nm and a 1,064
nm infrared laser (Werner et al., 2023). While the green laser
penetrates the sea surface, the infrared pulse reflects off the sea
surface (Mandlburger and Pfennigbauer, 2011). The used system
applies a Nd: YAG laser. The system operates with a nominal
pulse repetition rate of 35 kHz for short range applications and
was adopted for 1-2 Secchi depths (IPM, 2025). Rather than lim-
iting each transmitted laser pulse to a single detected return, mod-
ern systems take advantage of high-speed field-programmable
gate arrays (FPGAS) to record the entire backscattered signal at
high temporal resolution (Mandlburger and Pfennigbauer, 2011).
This approach, commonly referred to as full-waveform pro-
cessing, provides valuable information about the vertical struc-
ture and density of underwater vegetation and improves the in-
terpretation of complex aquatic environments.

Figure 3: ABS (Fraunhfer IPM) mounted on a UAV

The ABS has a weight of 2.5 kg without batteries. For mobile
measurements, it is firmly attached to an UAS (Figure 3). The
laser scanner features an elliptical scan pattern with a maximum
inclination of 15° off-nadir (Werner et al., 2023). For positioning
and attitude determination, this mobile system is equipped with a
GNSS-antenna and the same INS as the ULi.

3.3 Calibration

Next to a variety of internal parameters, the offsets and boresight
angles between the IMU and the GNSS-antenna(s) within the
platform coordinate system have to be determined. Since the set-
up of the ABS on a UAS does only slightly change between sub-
sequent flight-campaigns, it is assumed that the installation of
UL.i is more prone to deviations in the installation parameters. On
one hand, this can be attributed to the pole-mounted installation
which is influenced by the relative water current and the stability
of the installation. On the other hand, ULi can be installed on
different vessels. Subsequently, the installation parameters have
to be newly determined in a system calibration (field calibration).
In hydrography, offsets are often determined with a total station
or a laser tracker on a shipyard. This concept allows to determine
offsets with an accuracy of a few millimetres (Briiggemann,
2013). Meanwhile, boresight angles and synchronization param-
eters are often determined by a field calibration, e. g. the Patch
test (IHO, 2011) or the MIBAC test (Seube and Keyetieu, 2017).
Here another approach is applied for both systems: It requires to
fly or drive multiple curves, e.g. eight-shaped curves (SBG,
2025b) which cause a significant change of attitude. The lever
arms between the INS and GNSS antenna(s) are roughly deter-
mined before. The software Qinertia/SBG Systems can estimate
and improve the offsets (lever arms) and the boresight angles by
considering them as state variables within the applied Extended
Kalman Filter (SBG, 2025b).

The alignment of the internal scanner coordinate system with re-
spect to the INS coordinate system is determined in a system cal-
ibration before the survey campaign.

3.4 Processing

The measurement data is stored in the instruments themselves
and can be transferred after the measurements. The data recorded
on the mobile platforms have to be post-processed. Firstly, the
navigation data is processed with the software Qinertia by apply-
ing a forward-backward filter.

Figure 4: Section of the ABS point cloud including an underwater
slope at a reef edge, visualization with CloudCompare (2024),
colorized by vertical distance
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Figure 5: Details of the ABS point cloud: Seagrass field (green)
and sandy ground (orange/red), visualization with CloudCom-
pare (2024), colorized by intensity

Figure 6: Processed mobile ULi data — point cloud with (a) sloped
ground with rocks, (b) piles as a quay foundation and (c) small
structures like a tyre — visualization with CloudCompare (2024),
colorized by distance

For a precise navigation solution, a control point on Pramuka is-
land is used to set up the GNSS base station. It provides further
GNSS observations to determine a precise differential GNSS so-
lution. The required offsets and installation angles are estimated
and improved within this step.

The navigation solution and the stored LiDAR data are imported
in the proprietary Software Pulsalyzer to process and georefer-
ence the scan data. For that purpose, the correct refraction index
has to be selected. Even though both instruments are designed to
acquire full waveform signals, only the strongest pulse reflection
of each signal are detected during the performed first data pro-
cessing.

The resulting point cloud is exported in the *.las format for fur-
ther analysis. The processed point cloud of the ULi indicates
small natural and artificial objects on the sea ground (Figure 6a
and c) and vertically aligned infrastructure objects (Figure 6b).
Also, the ABS data contain details of rocks on a underwater slope
(Figure 4). Another ABS point cloud shows the appearance of a
seagrass field (Figure 5) which is also depicted in Figure 1.

4. Analysis

The surveys of ABS and the ULi were not operated parallelly in
the same measurements site. The analysed ABS data were ac-
quired on 21 and 23/09/25 while the presented surveys with the
UL.i were performed on 23 and 24/09/25. For this reason, the ex-
ternal condition (e.g., water turbidity, atmospheric parameters)
for the measurements are slightly different.

4.1 Navigation solution

The GNSS observations are processed as a precise differential
GNSS-solution by using observations of a GNSS base station.
The baseline has a length of maximum ca. 1.1 km. The accuracy
of the post-processed navigation solution for the individual sur-
vey lines highly depends on the quality of the acquired GNSS
data and also to the stability of the determined calibration param-
eters. The considered accuracies are calculated with the software
Qinertia. The quality of the GNSS data for this campaign was not
ideal. It was not possible to achieve a fixed GNSS solution for
certain parts of the trajectory. The UAS flights were conducted
with a velocity of ca. 5 m/s and a flight height of 20 m above the
sea surface while the ship was moving with a velocity of ca. 1 —
2 m/s. Due to the current and the manoeuvres, the vessel velocity
varies within each survey line.

Table 2: Standard deviations (Stdv) of the post-processed, fil-
tered position and attitude

Stdv. - component Vessel (ULi) UAS (ABS)
o — East[m] <0.017 <0.013
o — North [m] <0.013 <0.010
o — Height [m] <0.027 <0.014
o —Roll [°] < 0.009 < 0.007
o — Pitch [°] < 0.007 < 0.006
o — Heading [°] < 0.027 <0.070

According to Table 2, the standard deviations o of the UAS co-
ordinates are smaller than those of UL.i. The difference in the East
and North coordinate component is 3 mm or respectively 4 mm.
Even if it has to be mentioned that the standard deviation of the
UAS is increased to 1.7 cm for a short time interval, its heights is
up to 1 cm more accurate compared to the vessel’s heights. The
standard deviations of the roll and pitch angles are also slightly
more accurate for the UAS. These results benefit from the dy-
namic trajectory. In contrast, the heading solution for the vessel
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is ca. factor 2.6 more accurate compared to the UAS results. This
is because two GNSS antennas are installed on the vessel. Their
base length of ca. 3.2 m contributes to a more accurate heading
solution while the UAS is only equipped with one GNSS antenna.

There are different reasons for the lower positioning accuracy of
the vessel: On the one hand, there were multiple outages of the
GNSS base station on 24/09/2025. But on the other side, it is as-
sumed, that there was a deformation of the installation framing
on the ship itself. This resulted in deviations of the installation
parameters compared to the parameters determined in the cali-
bration.

4.2 ULi point cloud

On 24.09.2025, the determined Secchi depth varied between
10 m to 12 m in the direct vicinity of the measurement areas.
However, local variations might have occurred. Depending on
the selected filter of the transmitted laser, the achievable meas-
urement range differs. As Figure 7 shows, the range in the direc-
tion of the longitudinal axis of the laser scanner in the unfiltered
laser mode (none) varies between ca. 10.17 m and 14.3 m, while
the filtered laser mode (medium) results in ranges between ca.
8.55 m and 10.08 m. Mounted close to the water surface, ULi
achieves a penetration range of approx. 1.16 = Secchi depths for
this inclined installation. The maximum longitudinal ranges re-
sult in measured 3D distances (scanner — distinct surveyed points
on an object) of up to 15.76 m. It has to be remarked, that the
results in Figure 7 highly depend to the distribution of the objects
within the measurement area.
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Figure 7: Maximum range in longitudinal scanner direction for
the filtered (medium) and in the unfiltered (none) laser mode
(24.9.2025)
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The radial resolution is provided with a sub-millimetre resolu-
tion. The considered measurements were carried out either by
surveying artificial structures or a reef consisting of a rocky
slope. The resolution between two consecutive points in the point
clouds is mainly influenced by the laser rotation frequency and
measurement distance. In the considered datasets, the mean dis-
tance between two consecutive points in regularly scanned sec-
tions is approx. 1.4 cm. Besides, the along-track resolution (dis-
tance between two consecutive laser rotations) of the point cloud
depends highly to the vessel’s velocity. For the considered da-
tasets the resolution is determined exemplarily in distance ranges
of approx. 10 m and ranges from ca. 7.6 cm of up to 9.9 cm. This
allows the detection of small objects like it is depicted in Figure
6¢. The object has an estimated diameter of ca. 46 cm and a
height of approx. 6 cm above ground. It is assumed to be a tyre.
The radii of 15 randomly selected piles depicted in Figure 6b are
also estimated. For that purpose, best-fit circles are estimated in
a cross section of the point cloud with CloudCompare (2024).

The mean radius is 0.409 m, with an empirical standard deviation
of 3.9 cm.

The point density P of the point cloud is calculated in CloudCom-
pare (2024). For that purpose, three point cloud sections are con-
sidered. The results in Table 3 emphasize that section #2 having
the closest distance to the scanner has the highest point density
and also the lowest roughness. The large difference between
max(P) and median(P) in section #3 is caused by changing
roughness. This section partly includes some rocks.

Table 3: Section characteristics and point densities [Points/m?] in
the UL point cloud for the individual sections

Section #1 #2 #3
Max(rough) 61 cm 51 cm 64 cm
Mean(nd) 1,3cm 1,3cm 1,2cm
Inclination 37,71° 39,21° 39,80°
Point density P

Mean (P) 12,507 11,897 10,514
Median (P) 13,467 11,452 10,866
Max (P) 22,783 25,431 21,599
Min (P) 1 1 13

The scattering of the points in the three section is approx. 1.3 cm
(Table 3) with respect to the surrounding points. Considering the
accuracy of the navigation solution, this is an acceptable result.
The respective noise distances for the complete survey line’s
point cloud are always lower than 8.7 cm.

4.3 ABS point cloud

Caused by the shallow water area, the ABS cannot use its full
penetration depth potential. For a flight height of approx. 20 m
above the water surface, its laser beam could penetrate 12,28 m
into the water with the chosen scan settings. In this case, the
across track resolution is approx. 3.9 cm in a water depth of ca.
3 m. The along-track resolution is approx. 11 cm.

However, the ABS point cloud contains a higher degree of meas-
urement noise. Considering the bathymetry, the noise distance is
ca. 3 cm. The roughness of the sea ground in the point cloud is
up to 52 cm in a steep and deeper water zone (section #A2) which
is depicted in Figure 5a. This roughness value (Table 4) is partly
originated by the inhomogeneous, rocky structure of the sea
ground. But it is obscured by scattering in the water column. In
flat and very shallow water zones (section #Al with ca. 2.5 m
water depth) the maximum roughness is ca. 31 cm for some ob-
jects which are assumed to be stones. Nevertheless, the height of
the seagrass field in the point cloud (Figure 5) above ground is
determined to be ca. 1 m which approximately coincides with the
real situation. Table 4 also presents different point densities in
the two sections: The mean and the median point densities in sec-
tion #A1 are 1.9 or resp. 2 times higher than in section #A2. For
the complete data set (including #A1 and #A2), mean(P) is 2883.

Table 4: Point densities [Points/m?] in one line of the ABS point
cloud for the individual sections and section characteristics

Section #Al #A2
Max(rough) 31cm 52 cm
Mean(nd) 3cm 3cm
Inclination 2,62° 38,05°
Point density P

Mean (P) 3014 1622
Median (P) 2767 1416
Max (P) 5838 4871
Min (P) 836 5
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4.4 Potential for a combined survey

Neither of the investigated surveying systems can achieve a per-
fect 3D coverage of the point cloud on a rough sea ground. De-
pending to the instrument’s mounting, the acquired parts of the
sea ground differ. To emphasize this aspect, the omission rates
OmR within a convex hull around the projected point cloud is
determined. The parameter h_OmR indicates the OmR for a pro-
jection onto a horizontal plane and v_OmR for a vertical plane.
The considered cell size is 10 cm x 10 cm. As expected, Table 5
shows that the ABS achieves a very low h_OmR of less than 0.04
which indicates a very high coverage in the horizontal compo-
nent. The v_OmR values are higher and range from 0.212 to
0.269. The v_OmR values for the ULi point cloud are similar.
But these values are strongly influenced by the structure of the
sea bed. Especially the sections #1 and #3 have a rougher struc-
ture of the sea ground (

Table 4) compared to the sections #Al and #A2. The vertical
structures tower other elements inside the section. Therewith,
they enlarge the area of the projected point cloud. This issue
partly influences the number of empty cells within the considered
convex hull and the seemingly high omission rates.

Table 5: Omission rates of the projected point clouds

Section h_OmR v_OmR

ULi

#1 0.173 0.195
#2 0.250 0.212
#3 0.228 0.244
ABS

#A1 0.027 0.269
#A2 0.0353 0.212

5. Conclusion

This investigation shows first results for a mobile data acquisition
with the ULi. The resulting point cloud is extended to very shal-
low waters (water depth < 2 m) by ABS operations. Both instru-
ments provide good results in the shallow tropical sea. At a Sec-
chi depth of 10 m to 12 m and a salinity of ca. 34 %, the under-
water measurement range of the ULi is up to 13.7 m in sea water
while the ABS can penetrate ca. 12.3 m into the water. The results
highly depend to the applied driving or flying speed, to the spec-
ified scan settings, the environmental parameters and to the geo-
metric quality of the navigation solution. The applied settings and
speed the detection of objects with a size of a few centimetres in
beam direction and in the direction of the tangent. In normal di-
rection, the objects should cover an area of a few decimetres. This
value might be improved by reducing the speed of the mobile
platform. The improvement of the accuracy of the navigation so-
lutions, especially the GNSS solution, offers further potential for
more accurate point clouds. However, the water temperature and
salinity must be known.

Caused by the different installation direction of the ULi and the
ABS, the coverage of the data sets differ. The ULi can scan ver-
tical underwater structure while the ABS only scans the top side
of these structures. However, its installation on a UAS allows the
data acquisition of wider area stripes compared to ULi and it can
access very shallow waters which are not approachable for most
of the ships. For this reason, the two instruments complement
each other well for applications in this measurement site. Gener-
ally, the UAS mounted ABS can be used to cover a large area
quickly and efficiently. Based on this data, the ULi mounted on
a ship or oven on an autonomous or remotely operated vehicle is

able to survey or monitor certain objects in close range with a
high resolution.

Future work will focus on data collection using ABS, ULi, multi-
beam echo sounders, and a hyperspectral camera in the same area
for combined analysis. The integration of a hyperspectral camera
will be helpful for the advanced analysis and validation of the
features detected from the ABS and ULi. Furthermore, upcom-
ing research will explore the application of advanced machine
learning and deep learning approaches for automatic feature de-
tection and classification using ULi and ABS data.
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