Journal of
Marine Science

and Engineering

Article

Bathymetric Survey of the St. Anthony Channel (Croatia) Using
Multibeam Echosounders (MBES)—A New Methodological
Semi-Automatic Approach of Point Cloud Post-Processing

Ante Siljeg '©, Ivan Mari¢ 1*

check for
updates

Citation: Siljeg, A.; Mari¢, 1;
Domazetovié, E.; Cukrov, N.; Lovri¢,
M.; Panda, L. Bathymetric Survey of
the St. Anthony Channel (Croatia)
Using Multibeam Echosounders
(MBES)—A New Methodological
Semi-Automatic Approach of Point
Cloud Post-Processing. J. Mar. Sci.
Eng. 2022,10,101. https://doi.org/
10.3390/jmse10010101

Academic Editor: Anders
Jensen Knudby

Received: 9 December 2021
Accepted: 11 January 2022
Published: 13 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 2

, Fran Domazetovié¢ 1, Neven Cukrov 2(, Marin Lovri¢ 2 and Lovre Panda !

1 Department of Geography, University of Zadar, 23000 Zadar, Croatia; asiljeg@unizd.hr (AS);
fdomazeto@unizd.hr (ED.); lpanda@unizd.hr (L.P.)

Department for Marine and Environmental Research, Ruder Boskovié Institute, 10000 Zagreb, Croatia;
ncukrov@irb.hr (N.C.); marinl@irb.hr (M.L.)

*  Correspondence: imaricl@unizd.hr; Tel.: +385-958219909

Abstract: Multibeam echosounders (MBES) have become a valuable tool for underwater floor map-
ping. However, MBES data are often loaded with different measurement errors. This study presents
a new user-friendly and methodological semi-automatic approach of point cloud post-processing
error removal. The St. Anthony Channel (Croatia) was selected as the research area because it is
regarded as one of the most demanding sea or river passages in the world and it is protected as a
significant landscape by the Sibenik-Knin County. The two main objectives of this study, conducted
within the Interreg Italy—Croatin PEPSEA project, were to: (a) propose a methodological framework
that would enable the easier and user-friendly identification and removal of the errors in MBES data;
(b) create a high-resolution integral model (MBES and UAV data) of the St. Anthony Channel for
maritime safety and tourism promotion purposes. A hydrographic survey of the channel was carried
out using WASSP S3 MBES while UAV photogrammetry was performed using Matrice 210 RTK V2.
The proposed semi-automatic post-processing of the MBES acquired point cloud was completed in
the Open Source CloudCompare software following five steps in which various point filtering methods
were used. The reduction percentage in points after the denoising process was 14.11%. Our results
provided: (a) a new user-friendly methodological framework for MBES point filtering; (b) a detailed
bathymetric map of the St. Anthony Channel with a spatial resolution of 50 cm; and (c) the first
integral (MBES and UAV) high-resolution model of the St. Anthony Channel. The generated models
can primarily be used for maritime safety and tourism promotion purposes. In future research,
ground-truthing methods (e.g., ROVs) will be used to validate the generated models.

Keywords: multibeam echosounders (MBES); St. Anthony Channel; CloudCompare; integral model

1. Introduction and Background

Multibeam echosounders (MBES) are recognized as one of the most powerful and
popular mapping technologies available for modern underwater (e.g., sea, river, lake)
exploration [1-5]. MBES have been publicly available since the 1970s [6-8]. MBES are now
advanced to a level where the ultra-high-resolution (cm) of underwater floor mapping [9]
is performed at a similar spatial resolution as the remote sensing of the terrestrial environ-
ment [10]. MBES systems can typically collect high-resolution bathymetry (the travel time
of the sound), water column [11], and backscatter (the intensity of the returned signal) data
simultaneously [1,12-14]. Therefore, the MBES systems have a wide range of applications,
which include: the acquisition of bathymetric data [15-17]; hydrographic charting [4,7,18];
habitat mapping [4,9,12,18-20]; the analysis of the benthic fauna [21]; the production of the-
matic maps [22]; tidal channels modeling [23]; geomorphometric analysis [2,24-26]; seafloor
facies classification [4,27,28]; habitat suitability modeling [29,30]; the mapping of underwa-
ter archaeological sites [31-36]; morphological and sedimentological evolution [7,37]; the
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mapping of seafloor substrates [38]; geohazard assessments [39]; analyzing the challenges
associated with climate change [40]; modeling the ocean circulation [41]; monitoring marine
infrastructure development [42]; fisheries assessments [43]; the detection of areas suitable
for seafloor mining [44]; marine conservation [45]; marine protected area planning [46]; and
the mapping of submerged landscapes [47]. Lecours et al. [2] provided a detailed overview
of the possible applications of multibeam data. However, despite MBES systems being
state-of-the-art and even with careful and diligent data acquisition that follows all rules and
recommended guidelines, the collected point clouds may contain undesired errors due to
various external factors. The transformation of point cloud data into more complex accurate
models is only possible if the data are processed in an appropriate manner, respective to the
quality level of input data provided [48]. The rapidly evolving MBES underwater mapping
technology generates large amounts of data [14,49-52]. Some less efficient MBES can collect
around 30 million points per hour in shallow water [51]. MBES systems, in most cases,
deliver data in the form of a georeferenced file consisting of a point (xyz) cloud with billions
of individual points [8], 48, pp. 187, [53]. In most cases, the acquired raw MBES data are
processed in gridded DTM at the best possible resolution [7]. These raw 3D point clouds
are often contaminated with noise and outliers [54-56]. The outliers can be defined as
inaccurate data (unordinary value) collected during an MBES survey [8,57] that statistically
deviate from the other elements of the sample [50], meaning that they are inconsistent or
atypical values [58]. The outlier rate is much higher in a MBES system than in a terrestrial
survey due to the complexity of the data acquisition process. It can affect up to 25% of
the data, depending on the sensor characteristics and environmental conditions [8]. This
type of error can be the result of user errors at the time of acquisition (gross error) [58],
acoustic contrast linked to the presence of hydrothermal vent or fish [54], the malfunction
of the MBES [59], the poor performance of the algorithms, bad weather conditions, the
presence of air bubbles in the face of the transducers, etc. [8,51,54]. Therefore, the post-
processing of stored MBES data is regarded as the most important step in hydroacoustic
measurements ([52], p. 259). Although commercial robust automatic cleaning algorithms
exist [53,54] and some authors (such as [1], p. 3) state that “processing MBES bathymetry
data is well-established and implemented in the software provided by the sonar manu-
facturers”, it is widely recognized that the post-processing of MBES data is a challenging
task [7,50,51,53,54,60] from both hydrographic and technological perspectives [48,61].
Therefore, the automatic cleaning of MBES data is recognized as a critical issue in
data processing [8]. Most of the commercially available automatic cleaning methods
rely on the CUBE (Combined Uncertainty and Bathymetry Estimator) algorithm [8,51,54].
CUBE estimates multiple depths for a single grid node, depending on the sounding data
variation [23]. However, the careful examination of the MBES data by the user is considered
necessary [7]. The application of these automatic processing methods is recommended by
the International Hydrographic Organization (IHO) S-44 standard ([8], p. 254). The majority
of algorithms for outlier detection are based on non-supervised methods where the data-
oriented detection of outliers is performed by working directly on the data [8]. Data
cleaning is often performed manually [54] and it is a time-consuming process that can take
several times longer than a multibeam survey [8,51,53,54]. Data point clouds acquired
with MBES systems often contain irregularities, which can include: strong variability
in point density; missing data (holes) [56]; overlapping points; and errors (systematic
errors, abnormal sounding/outliers, and noise/random errors) [8,50,54,56] caused by the
scattering characteristics of the environment [48,62]. These automatic cleaning algorithms
are also not always perfect, and they can result in the propagation of errors and the loss of
information [7]; therefore, the inspection and data point cleaning must be finalized manually
by the user [50,53]. For these reasons, the processing of the MBES points clouds can be
challenging and time-consuming, especially in the context of generating 3D models [48].
Le Deunf et al. [8], Ferreira et al. [51], Makar et al. [52], and Calder et al. [60] provide
excellent overviews of the methods used in filtering collected MBES data. However, these
techniques can be difficult to use and mostly, they are implemented in commercial packages,
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require high user expertise, and are often semi-automated [51]. Therefore, the two main
objectives of this study were to:

(1) propose a new user-friendly methodological framework that would enable the easier
identification and removal of the different errors [51] in MBES data, which would
achieve a balance between the denoising and preservation of underwater features;

(2) create a high-resolution 3D model and detailed integral digital bathymetric models
(DBM) model of the St. Anthony Channel seafloor, primarily for maritime safety and
tourism promotion purposes.

The dataset presented in this paper contains high-resolution MBES data acquired
within the INTERREG PEPSEA Italy—-Croatia (Protecting the Enclosed Parts of the Adriatic Sea
from Pollution) project for the wider area of the St. Anthony Channel (Croatia). The MBES
data were acquired using the high-resolution, professional level WASSP (Wide Angle Sonar
Seafloor Profiler) S3 (Survey3) multibeam sounder. This new methodological framework,
based on open access CloudCompare 3D point cloud editing and processing software, can
be extremely useful when a user does not have a hydrographic survey package for the
processing of MBES data or has not achieved the high level of expertise needed to use more
demanding algorithms.

Study Area

The St. Anthony Channel (¢ = 43°43/35.9” N, A = 15°51'56.6" E) (World Geodetic
System (WGS) 1984 Geographic Coordinate System) is part of the Krka River estuary and
is located in the middle of the eastern coast of the Adriatic Sea in Sibenik-Knin County
(Croatia), near the city of Sibenik. It is a strait that connects Sibenik Bay and the port of
Sibenik to the Adriatic Sea (Figure 1).

The Krka River estuary is formally protected as a NATURA 2000 site (“Krka Mouth”)
and the St. Anthony Channel also became protected by the Sibenik-Knin County in 1974 as
a “Significant Landscape”. It is regarded as one of the 50 most demanding sea or river passages
in the world (Belamaric et al., 2016, pp. 142). The number of vessels during the summer
months exceeds 1500 per day [63].

The coastline of the channel is exceptionally steep and rocky and interspersed with
shallows [64]. It is around 2.5 km long, 140 m wide at the narrowest part, and 220 m
wide at the entrance. Lovrincevi¢ [65] states that the channel is deeper than 40 m, citing
the Hydrographic Institute of the Republic of Croatia (Split). Belamari¢ et al. [64] state that
the channel is 23-30 m deep, without a reference. The channel developed its final shape
10,000 years ago when the lower course of the river Krka was submerged. Therefore, the
channel was once the canyon of the river Krka, and traces of this riverbed reach the Adriatic
Sea. At the bottom of the channel, tufa barriers have been found which indicates that these
were tufa waterfalls in the past.
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Figure 1. The geographic location of the St. Anthony Channel in Sibenik-Knin County (Croatia).

2. Materials and Methods
2.1. Multibeam Echosounder (MBES) Survey

A hydrographic survey of the St. Anthony Channel was carried out in October
2020. The MBES survey covered around a 1.2 km? area. A small rubber boat Luna, about
3 m long, was used in the MBES survey (Figure 2). It was an optimal solution because
the smaller dimensions and the draft made the installation of the MBES components
easier. The MBES survey was performed by the members of Geospatial Analysis Laboratory
(Geospatial Analysis Laboratory (http://gal.unizd.hr/, accessed at: 7 January 2022) (GAL))
and members of the Department for Marine and Environmental Research (Department for
Marine and Environmental Research, Ruder Boskovi¢ Institute (https:/ /www.irb.hr/eng/
Divisions/Division-for-Marine-and-Environmental-Research, accessed at: 7 January 2022)
(Ruder Boskovié Institute)).

Figure 2. The small boat Luna at (A) the beginning and (B) the end of the MBES survey.
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The MBES survey included a wide range of activities based on the Manual of Hydrog-
raphy [66]. Therefore, the MBES survey consisted of several phases.

Survey specifications: The requirements for the MBES survey were defined within
the Interreg Italy—Croatia PEPSEA project. The decision-makers and product users wanted
to obtain a high-resolution 3D model, detailed digital bathymetric model, and integrated
model (spatial resolution around 1m) of the St. Anthony Channel. The project defined
the minimum area to be recorded with the desired spatial resolution for the final DBM.
The desired outputs were determined within the project due to the need to generate the
accurate physical dimensions, characteristics, and shape [67] of the seafloor. Although the
bathymetric database has grown substantially over the last decade, it is almost impossible
to find such detailed datasets at the regional level and even the large areas remain sparsely
mapped [67,68].

Survey planning©: Detailed planning and organization and the exact area of the
MBES survey was carried out.

Background spatial data: The background spatial data (e.g., electronic nautical charts,
aerial photogrammetry) were identified and recognized for use. They included a combi-
nation of UAV photogrammetry data and the use of electronic nautical charts of the St.
Anthony Channel. The UAV photogrammetry of the St. Anthony Channel was conducted
a few days before the MBES survey. These data were used to create the integrated model
of the St. Anthony Channel. The high-resolution digital orthophoto (DOP) and digital
surface model (DSM) with a spatial resolution of 5 cm were generated from aerial imagery
collected by the UAV Matrice 210 RTK V2 (Figure 3). A double grid mission with front
and side overlaps of 80% was used. The missions were planned in ArcMap and the flight
was performed in DJI GS Pro. The image workflow process was performed in Agisoft
Metashape 1.5.1.

Figure 3. (A) The UAV Matrice 210 RTK V2; (B) the collecting ground control (GCP) and check
point (CP).

Limiting factors: Three factors were recognized as limiting. They included: (a) the
high frequency of ship traffic in the channel; (b) the steep and rocky coastline; and (c) the
budget of the MBES survey.

Data Gathering: The MBES survey was performed with an integrated measurement
system which consisted of six main components:

(1) WASSP S3 multibeam wideband sounder c¢/w DRX (Figure 4)

(2) WASSP sensor box with integrated spatial IMU

(3) Hemisphere V320 GNSS smart antenna (mFreq, mGNSS, RTK, SBAS)
(4) accumulator and power cord

(5) configuration computer and cable

(6) configuration software (PoketMax, NtripClient, DRX Setup Webpages)
(7)  software for guidance (CDX) and data export (Data Manager)
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Figure 4. The WASSP S3 multibeam wideband sounder.

The spatial reference of all MBES sensors is paramount to obtaining high-quality data.
Therefore, the MBES system was mounted and configured according to the manufacturer’s
instructions and international standards. The WASSP S3 is a cost-effective, mid-level,
multi-purpose multibeam sounder, released in 2016, which bridges the gap between single-
beam and higher priced MBES systems. It allows the exploration, high-resolution model
generation, and detailed mapping of the seabed, lakes, and rivers. The S3 version is the
third and latest generation of multibeam depth gauges that use broadband technology.
The S3 features the IDRX-32 processor with a high-frequency transducer WMB-160 [69].
Therefore, this MBES system was chosen for all of the above-mentioned reasons and because
it was the only MBES device available to the research team. Detailed device specifications
are presented in Table 1.

Table 1. The basic specification of the WASSP S3.

PHYSICAL PROPERTIES OF TRANSDUCER HEAD

Length (m) 0.5240
Width (m) 0.1665
Height (m) 0.0856
Weight (kg) 15 (cable dependent)
SYSTEM
SYSTEM PARAMETERS PARAMETERS
Min. frequency (kHz) 120 Transceiver type DRX-32
Max. frequency (kHz) 200 Transducers WMB-160
supported
Number of selectable frequencies 80 IMU supported External
Min. depth (m) 1 Depth—Swath * 200 m
Max. depth (m) 380 Effective beamwidth 120° x 4°
Depth resolution (mm) 20 Beam Spacig 0.54° over 1200
(nominal)
Max. swath as a function of depth 3.5 Sensor connectivity DRX
Min. beam width across track (deg) 3.6 PSU 9-32VDC (30W)
Min. beam width along track (deg) 2.6 Tide correction Yes
Interface RS232/422/NMEAO183 Operating 0°Ct050°C
temperature

* The depth capability was subject to a variety of external factors.

The CDX is the operating system used by the WASSP to control, visualize, and manage
the collected data. It allows you to map the seabed in high resolution and to display
the recorded area in real time on a simplified user interface. The CDX consists of six
components: (1) home access, which provides configuration options for the screens, panels,
layouts, tools, system setup, and user settings; (2) screen frames, which are associated with
certain types of data for visualization and control; (3) CS (context sensitive) menu, which
allows the setting and configuration of specific display panels that can be accessed by right-
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clicking on any panel; (4) information screen, which has the ability to overlap information on
the display panel with the CS menu; (5) control tools, which allow you to control the overlap
of the control panel on the screen; (6) optional tools, which are used to display general data.

The database is multi-resolution and organized in such a way that as your scale
becomes larger, the spatial resolution of the model increases [70]. The system is equipped
with advanced components that provide real-time insight into the visual quality of the
model through five views of the recorded area: (a) two-dimensional; (b) perspective (3D);
(c) sonar field; (d) side scan; and (e) profile (Figure 5). Data Manager is a software package
for data management that has three basic functions: (1) data recording; (2) display; and
(3) data export.

—

Figure 5. The views of the recorded area: (A) two-dimensional; (B) perspective (3D); (C) sonar field;
(E) profile.

The WMB-160 transducer with an operating frequency of 160 kHz was used in the
bathymetry of the St. Anthony Channel. It was firmly attached to a steel rod to prevent its
movement and negative impact on output results. The WMB-160 was immersed in water
to a depth of 60 cm (Figure 6). The difference in depth between the device and the water
surface was included in the measurement. The reference mean sea level was determined
using geodetic measurement (GNSS-RTK receiver STONEX S10) in front of the Institute for
Marine and Environmental Research of the Ruder Boskovi¢ (RBI), marine station in Martinska.
The reference mean sea level was recognized as the point marked by wet conditions, a
difference in color, and algae formed on the concrete pier in front of the Martinska station.
This represented the average level of the water for the research area. A similar example of
measuring the mean sea level using a GNSS-RTK receiver was presented by [71].

The WMB-160 was oriented at an angle of 90° in relation to the boat so that the sound
signal could travel the shortest path to the seafloor. It was placed at an appropriate distance
from the external marine engine in order to reduce the impact of turbulence on the quality
of the collected data.

The Hemisphere V320 GNSS smart antenna was mounted just above the WMB-160
transducer (Figure 6). This GNSS receiver was chosen for several reasons. The Hemisphere
Vector V320 is a multi-frequency, multi-constellation GNSS antenna based on Eclipse Vector™
GNSS technology, which provides an RTK level position and precise heading (Hemisphere
GNSS, 2015) for marine and land applications. It achieves a heading accuracy of up to
0.17° RMS (depending on the environmental conditions) and offers a robust positioning
performance [72]. Details of the key features of the Hemisphere V320 GNSS smart antenna are
available from [72]. The Hemisphere Vector V320 was connected to the CROPOS (Croatian
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Positioning System) via the GSM network. The CROPOS system consists of 33 reference
GNSS stations located a distance of 70 km from each other and arranged so as to cover
the entire territory of Croatia for the purpose of collecting satellite measurement data
and calculating correction parameters. The purpose of CROPOS is to enable real-time
positioning with an accuracy of +2 cm in the horizontal direction and +4 c¢cm in the
vertical direction throughout the country [73]. The MBES data were collected using the
WGS84 geographic coordinate system. Detailed GNSS sensor specifications are presented
in Table 2 [72].

Figure 6. (A) The WMB-160 transducer, (C) the WASSP sensor box with integrated advanced
navigation spatial IMU WSP002-INU and the (B) Hemisphere V320 GNSS Smart Antenna.

This inertial navigation package consisted of a Hemisphere V103 satellite compass,
the WASSP WSP-038 INU (Internal Navigation Unit), and a waterproof junction box. The
WSP-038 INU, located in a waterproof junction box, is an extremely compact and highly
sensitive multi-axis motion sensor that works in unison with the compass to provide
rock solid pitch, roll, heave, and yaw compensation for any boat size [72]. This navigation
package is ideal for small vessels that can be heavily affected by waves hitting the front and
side. In order to minimize the error, the source sensors were calibrated at the beginning
of the survey (roll, pitch, time, and heading offsets) and regularly checked during the
survey [23]. The following are examples of other MBES surveys, and an overlap of around
40% between survey lines was held with the aim of avoiding the influence of bad quality
external beams [23,74].

The vessel central reference point (CRP) was determined upon MBES installation
to best suit the vessel balance. The defined settings (beam aperture, pulse length, beam
spacing) were controlled by the onboard software and remained constant during the MBES
survey. The sound velocity (5V) was derived from the direct seawater temperature (°C) and
salinity (ppt) data. The seawater temperature and salinity data were measured using the
EXO2 Multiparameter Sonde [75]. This device is used when seawater properties are known
(measured) in order to derive the sound velocity in DRX. The SV parameter is the key in
compensating for range inaccuracies caused by sound speed variations. It is regarded as
one of the key factors that can affect the quality of MBES data. Furthermore, the calculated
SV was checked using a sonar field device (Figure 7b), that is a visual component on the
CDX interface above a flat seabed around 12 m deep. The visual effect of an incorrect SV
is manifested by the concave or convex curvature of the flat seabed (Figure 7a) [76,77].
Depending on the location, the SV was adjusted and manually checked regularly using a
sound display.
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Table 2. The GNSS sensor specifications.

Receiver Type Vector GNSS L1 Compass
Signals received GPS and GLONASS
Channels 502
GPS sensitivity —142 dBm

SBAS tracking

3-channel, parallel tracking

Update rate
timing (1 PPS)

10 Hz standard, 20 Hz optional

Position accuracy: Single point

RMS (67%) 1.2 m; 2DRMS (95%) 2.5 m

Position accuracy: SBAS (WAAS)

RMS (67%) 0.3 m; 2DRMS (95%) 0.6 m

Position accuracy: Code differential GPS

RMS (67%) 0.3 m; 2DRMS (95%) 0.6 m

RMS (67%) 10 mm + 1 ppm; 2DRMS (95%)

RTK 20 mm + 2 ppm
Heading accuracy (RMS) <0.17°
Heave accuracy (RMS) <30 cm (DGNSS), <10 cm (RTK)
Pitch/Roll accuracy <1° RMS
Timing (1 PPS) accuracy 20 ns

Rate of turn

100° /s maximum

Heading fix

10 s typical (valid position)

Maximum speed

1850 mph (999 kts)

Differential options

SBAS Beacon, External RTCM

L-Band Receiver Specifications

Receiver type

Single channel

Channels 1530 to 1560 MHz
Sensitivity —130 dBm
Channel spacing 5kHz

Satellite selection

Manual or Automatic

Reacquisition time

15 s (typical)

SV set too low

Real seabed

Accurate

: ™ value
/ SV set too high \\of sV

!

Figure 7. An example of: (A) the inaccuracies of the seafloor display due to incorrect SV; (B) an
accurate value of SV.

An important phase of the system calibration process was the configuration of the
GPS antenna, for which the PocketMax3 software was used (Figure 8). The antenna was
connected to the CROPOS_VRS_RTCM31 system via NTRIP Client software, which enables
real-time data registration.
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Figure 8. The system calibration in PocketMax3 software.

A total of 2563 km linear kilometers of high-resolution MBES data, along with backscat-
ter (BS) data, was collected, which covered the St. Anthony Channel. The Luna sailed with
a reasonably constant speed (mean speed: 5 knots) (Figure 9) despite heavy ship traffic.
At greater depths, the survey speed was lower in order to capture the required resolution.
The ping (sound pulse) rate during the MBES survey was around 10 to 14 sec, while the
operating beam width was 20°.

Backscatter
data ————————

BACKSCATTER

Backscatter

0.00m e

6.34m

Figure 9. The collected backscatter data with the indicated speed of the Luna boat.

2.2. Data Processing
Point Filtering in CloudCompare (CC)

The measured data were transferred to the workstation for further processing via the
CDX and Data Manager software packages. The software packages create a separate file with
information about the position of the points, the time at which the points were registered,
the depth, and the hardness of the seafloor. Hardness is one of the seafloor features that
enables its classification. Hardness is determined based on backscatter intensity. For
example, harder seafloor types (e.g., rocks, gravel) reflect more sound than softer seafloor
types (e.g., mud, silt). These software packages only have the ability to export points in the
xyz format. Due to the structure, density, and number of samples, this format is not suitable
for the further processing, analysis, visualization, and interpretation of data. Therefore, all
points within the ArcMap software package were converted to the .las format using the
LAStools for LIDAR processing. Then, all converted data were transformed in the projection
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reference system HTRS96/TM. The resultant datasets (point clouds), reconstructed from the
MBES survey, contained a specific proportion of errors. The majority of them were outlier
noise, clustered in steep slope areas. Semi-automatic point processing was performed
through the following steps (Figure 10). Some of the steps are statistical point-based
filter techniques developed using the Point Cloud Library (PCL) and implemented in the
CloudCompare [78]:

(1) Manual segmentation of the point cloud;

(2) Manual filtration using the 3D display and profile views;
(3) SOR (Statistical Outlier Removal) filter;

(4) Segmentation method (LabelConnected components);

(5) CSF (Cloth Simulation Filter) method.

i CloudCompare

morphometric

characteristics Delete using:

Delete using:

‘ @ MBES survey

i Manual S B .
Data Manager ] QSegmentation of PC] @ Manual Filtration ] @ SOR Filter ]

WD e XY 7, -
””” 1 relief; 2%
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Z relief;
steep slope
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1 relief; Max. iteration
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“o o N=29

steep slope

Figure 10. A proposed new and user-friendly framework for MBES point filtering in CloudCompare.

Manual Segmentation of the MBES Point Cloud

The manual segmentation of the point cloud was carried out following the morphome-
tric characteristics of the seafloor. The criterion for manual segmentation was the vertical
ruggedness of seafloor assessed visually using a 2D perspective view and profile repre-
sentation of the recorded data that were visible on the CDX software. On the basis of a
preliminary CDX map, a total of 29 areas or point clouds were extracted using the Cloud-
Compare software. These point clouds were classified into three classes: (a) flat areas (which
included the biggest proportion of the point cloud); (b) relief; and (c) steep slope (which
referred to the most complex, edges of the coast).

Manual Filtration Using the 3D Display and Profile View

The manual filtration method is an extremely time-consuming and demanding process
in which the user removes outliers from 3D views and longitudinal and transverse profiles
by following the dominant terrain configuration. Therefore, only those points that deviated
significantly from the point cloud were removed. Manual filtering using the 3D display
and profile view was performed for each extracted point cloud. The manual filtration was
carried out with the aim of facilitating the selection of appropriate statistical parameters
within the Statistical Outlier Removal (SOR) filter and LabelConnected components.

SOR (Statistical Outlier Removal) Filter

This tool is often used to filter outlier data [56,79-83]. In the third step, an advanced
SOR filter (Statistical Outlier Removal) was used. This is statistical point-based filter tech-
nique was developed using the Point Cloud Library (PCL) and implemented in the Cloud-
Compare software [78,79]. It assumes that distance between a given point and its neighbors
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is normally distributed [84]. First, it computes the average distance (riK) of each point
(pi=1... n)ina dataset from its neighbors through the k-nearest neighbors (KNN) searching
function [85]. This value is assessed using the sigma rule (standard deviation multiplier
threshold—nSigma), which represents the standard deviation multiplier [84]. So, points are
considered as outliers if they are farther than the n standard deviations from the mean. The
default parameters in the tools are k = 6 and n = 1. This filter was used for each extracted
point cloud (n = 29). An iterative process was performed in a similar manner to other
examples [80,82,83], with the aim of selecting the most appropriate parameters based on
subjective opinion and knowing that the values should be adjusted according to the specific
characteristics of the recorded scene. We sought to achieve a reduction in the number of
noise points and to maintain the seafloor geometry.

LabelConnected Components

Prior to the automatic segmentation process, the refined point clouds (n = 29) were
merged. Then, the segmentation method was conducted using the LabelConnected compo-
nents tool [86]. This tool segments the selected cloud(s) into smaller parts separated by a
minimum distance. The tool requires the setup of an octree level parameter, which uses a 3D
grid to extract the connected components. By selecting the octree level, you can define the
minimum gap between two components (a higher level means smaller gap) [87]. This value
depends on the total number and density of points collected. In this case, 11 was recognized
as an adequate number. The next parameter refers to the minimum points per component.
This is also conditioned by the number and density of collected points, and it was defined
that all components that have fewer than 5 points were excluded. Finally, the random colors
option was highlighted, which assigns a random color to each component to make it easier
to spot differences between the components. An iterative process was performed with the
aim of selecting the most appropriate parameters based on subjective opinion [86,88]. In
the final step, after the segmentation, the user decides whether derived point clusters are
noise or not [88]. All smaller segments that were generated (point clusters) were recognized
as noise and deleted. After deleting these smaller point clusters, only one large point cloud
remained, which represented the St. Anthony Channel. It was re-divided into 29 smaller
segments using the polygon boundaries from chapter Manual Segmentation of the MBES
Point Cloud in order to facilitate the selection of appropriate user-defined parameters for
the next step.

CSF (Cloth Simulation Filter) Filter

In the next step, the CSF (Cloth Simulation Filter) tool was used. Its parameters are
few and easy to set [89]. Recent research has shown the applicability of the CSF in seafloor
point segmentation [90]. It is primarily intended for use with an extract of ground points
in discrete return LiDAR point clouds. The basic principle of the tool is that cloth covers a
point cloud that is turned upside down and then, by analyzing the interactions between the
nodes of the cloth and the point cloud, the final shape of the cloth is determined and used
as a reference base to classify the original points into ground and non-ground points [91].
The main reason for the application of this tool was the emergence of artifacts conditioned
by the characteristics of the equipment and the morphology of the seafloor. Figure 11
shows an example of such a sound refraction artifact [92,93], which we called a false mirror
seafloor. They are usually present in a MBES survey [94].



J. Mar. Sci. Eng. 2022, 10, 101

13 of 22

Profile 1 ‘ ": & Profile2

Figure 11. An example of the false mirror bottom artifact formation.

The general and advanced parameters need to be set by the user. Advanced parameters
include cloth resolution, max iterations, and classification threshold. Cloth resolution refers to
the grid size of cloth that is used to cover the terrain. Max iterations refer to the maximum
iteration times of the terrain simulation. Classification threshold refers to a threshold to
classify the point clouds into the ground and non-ground points based on the distances
between the points and the simulated terrain [95]. Since the CSF has a filtering option
for three terrain types (flat terrain, steep terrain, and high and steep slopes), default
parameters were first used for point cloud clusters (n = 29) that were extracted following
the morphometric characteristics of the seabed. However, visual observations revealed
that these default parameter values did not produce satisfactory results. An iterative
process was performed with the aim of selecting the most appropriate parameters based
on subjective opinion. For point clusters classified as flat areas, the parameters were 0.5
for cloth resolution, 500 for maximum iteration, and 0.1 for classification threshold. For clusters
classified as relief, the parameters were 0.2 for cloth resolution, 500 for maximum iteration,
and 0.1 for classification threshold. For clusters classified as steep slopes, the parameters were
0.1 for cloth resolution, 500 for maximum iteration and, 0.1 for classification threshold. After
filtering, all point clusters were merged into one point cloud.

Creation of an Integrated Model of the St. Anthony Channel

For the derivation of the integral model of the St. Anthony Channel, a filtered MBES
point cloud and a point cloud derived from UAV photogrammetry were used. The UAV
dense point cloud was generated following the image workflow process in Agisoft Metashape
1.5.1 (Figure 12). The workflow process included six steps, which are very well-known in the
SfM photogrammetry process and performed in Agisoft Metashape. After the alignment, a
sparse cloud was generated. It was used to determine which UAV photos were overlapping
(it had a satisfactory number of valid tie points). Then, using the stereo pairs with known
distortion parameters and camera position, the UAV dense point cloud was generated and
exported into the desired format.
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Figure 12. The image workflow process.

(6]

The mentioned point clouds (UAV and MBES) were converted into LAS format using
LAStools. In ArcMap, they were merged into one point cloud which represented the wider
area of the St. Anthony Channel. Using the LAS Dataset to Raster tool from the created
LAS Dataset, an integrated model of the St. Anthony Channel was generated. The binning
approach was used, which provides a specific cell assignment method to determine each
output cell using the points that fall within its range, along with a void fill method to
determine the value of the cells that do not contain any LAS points. The nearest cell
assignment method was selected. It used the nearest neighbor assignment to determine
the cell value. The natural neighbor void fill method was also used. This uses the natural
neighbor interpolation method (IM) to determine the cell value. The natural neighbor is
one of the most popular IMs with wide applications [96]. After the selection of the best
interpolation method, the next step involved the determination of the optimal spatial
resolution. This was a complex question because the spatial resolution of the DBM should
vary systematically with the depth, obliquity, sonar design characteristics, and user-defined
parameters, such as mode, speed, and angular sector. However, most DBMs utilize fixed
grid spacing from which the geomorphometric parameters are derived [97]. The spatial
resolution was calculated using the grid calculator and point pattern method [98], i.e., the
distance between the sampled points. The optimal spatial resolution of 50 cm was selected.
It represented a compromise between the sampling density of the height and depth points
and the recorded surface. For visualization purposes, the spatial resolution was reduced to
100 cm.

3. Results
3.1. UAV Photogrammetry

In total, within the entire area of the St. Anthony Channel, 6003 high-quality pho-
tographs were collected. The DOP, DSM, and PointCloud were extracted. The dense point
cloud was used in the production of the integrated model (UAV data and MBES data) of the
St. Anthony Channel. The quality parameter within the Build Dense Cloud option, which
affects the spatial resolution of the DEM, was set to medium quality. Figure 13 shows part
of the generated DSM of the right-hand coastline of the St. Anthony Channel.
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St. Ante Channel

Figure 13. A section of the generated DSM of the St. Anthony Channel.

3.2. Post-Processing Results of Acquired MBES Dataset

At the end of the MBES survey;, a total of 15,478,587 points were collected, which were
stored in 28 WPF documents. The minimum collected depth value in these unfiltered dense
point clouds was —1.07 m, while the maximum depth was —83.26 m. The maximum value
was an outlier caused by the measurement system. In the following text, the results after
the implementation of the suggested methodological process are described.

(1) The manual segmentation of point cloud; and
(2) Manual filtration using the 3D display and profile view.

The 29 point cloud segments were extracted from the initial dense point cloud using
the CloudCompare software. These point clouds were classified into three classes: (a) flat
areas; (b) relief; and (c) steep slopes. Then, within each segment the outliers were manually
deleted using the 3D display and profile view. A total of 14,041 points were deleted.
Therefore, in 29 point cloud segments, a total of 15,464,546 points remained.

(3) SOR (Statistical Outlier Removal) filter.

The SOR filter was used for each extracted point cloud (1 = 29). The most appropriate
SOR parameters based on subjective opinion were selected. A total of 673,432 points were
deleted. Therefore, in 29 point cloud segments, a total of 14,791,114 points remained. The
reduction percentage after the denoising process was 4.35%. Then, the filtered point clouds
(n =29) were merged into one dense point cloud.

(4) Segmentation method (LabelConnected components).

This function was used because it segments a point cloud into compact sub-clouds via
octree. The result of this step was the segmented blocks of the dense point cloud, which had
certain characteristics with regard to the selected parameter settings. A total of 1850 smaller
components were extracted (Figure 14). Those smaller components that deviated from
the reference point cloud of the St. Anthony Channel were inspected and deleted. The
point clouds that represented noises and errors generated in the data collection process
were marked and removed from the set of points using the delete option. This tool has
been shown as being very useful in the easy removal of isolated points and outliers. In
those smaller components, a total of 321,432 points were deleted. Therefore, a total of
14,469,682 points remained. The reduction percentage after the denoising process was
2.17%. Before the next step, the large point cloud, which represented the St. Anthony
Channel, was re-divided into 29 smaller segments using the polygon boundaries from
subsection Manual Segmentation of the MBES Point Cloud in order to facilitate the selection
of the appropriate user-defined parameters in the CSF method.
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Figure 14. An example of dense point cloud filtering using the segmentation method (LabelConnected
components).

(5) CSF (Cloth Simulation Filter) method.

Since the CSF has a filtering option for three terrain types (flat terrain, steep terrain,
and high and steep slopes), different parameters were used for the 29 point cloud segments
that were divided into the three classes mentioned in 2.2.1.1. After filtering all point clusters,
a total of 1,175,315 points were deleted (Figure 15). Therefore, a total of 13,294,367 points
remained, which represented the final number of points. After filtration, the maximum
depth in the point cloud was —49.48 m. The reduction percentage in points after the
denoising process was 14.11%. In other studies, this percentage has varied significantly
from less than 1% to over 25% [8]. In this study, an approximate mean of that range
was obtained. The high variability can be explained by the different types of sensors
used in bathymetry surveys, the high variability of environmental conditions, and the
characteristics of the seabed. The purpose of the dataset can also affect the number of
detected outliers. Namely, in the context of nautical charting, small sounding values are
often kept in a dataset in order to ensure the safety of navigation [8].

default point size — +

default line width

Figure 15. An example of filtering using the CSF method.

Through MBES dense cloud point filtration, three dominant types of noise were
observed, which was similar to [54]. They included: (a) points that appeared below and
above the seabed; (b) points that referred to physical objects, such as schools of fish; and
(c) structural noise (Figure 11). However, it should be stated that the efficiency of this
user-friendly semi-automatic approach of MBES point cloud filtering will primarily depend
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on the proportions of the types of error within the recorded dense point cloud and the
characteristics of the recorded seabed. As mentioned by [54], the main problem with the
removal of these types of noise is that you typically also find features on the seafloor that
are important for users but cannot be easily distinguished from noise (e.g., pipelines or
a steep-sided valley). This user-friendly and almost fully-automated approach for point
cloud post-processing will handle the first type of noise very effectively. The effectiveness
of the cleaning of the second type of noise will primarily depend on the determined
size of the local neighborhood (user-defined parameters). A sufficient amount of real
data points (clean seabed) needs to be included in a neighborhood in order to effectively
clean the outliers. Therefore, as stated in [61], we believe that it is necessary to collect
MBES data as densely as possible in order to produce statistically robust estimates of the
depth and use the consistency of the data to identify errors. fMBES sensors and related
procedures have advanced so much that they acquire most of the data in the correct manner
most of the time [61]. The validation method used to evaluate the performances of the
proposed approach included the visual inspection of the DBM [8] to make sure that the
most conspicuous outliers were removed.

3.3. Integral (MBES and UAV) Model of the St. Anthony Channel

From the point clouds generated by the UAV photogrammetry and MBES, the first
integral high-resolution depth and elevation model of the wider area of the St. Anthony
Channel was created (Figure 15). The created output thematic map is a combination of
a topographic and bathymetric map. In this model, the maximum depth of the seafloor
generated from the filtered MBES dense point cloud was —49.48 m, while the maximum
elevation within the UAV recorded area was 66.36 m. The derived integral model was 3D
visualized using the stretch classification method (Figure 16B), which is ideal for displaying
the continuous values of the pixels that have a large range of values. Since the UAV
photogrammetry data were also collected for shallow coastal and transparent parts of the
St. Anthony Channel, in future research we are planning to select a smaller area within
which a bathymetry accuracy of this dataset (UAV photogrammetry) will be assessed. In
this, the filtered MBES dataset will be used as the validation set.

The new high-resolution digital orthophoto (DOP) map of the St. Anthony Channel
was also created with a spatial resolution of around 3 cm. Furthermore, from the created
model, various primary and secondary parameters (morphometric, hydrological, etc.)
could be derived. For example, Figure 16 shows the measurement of specific profiles within
the St. Anthony Channel through selected cross sections. The derived integral model can
be used to perform 2D and 3D representations of the channel, which can then be used for
promotional purposes and for making informative tourist boards aimed at informing and
navigating interested users.
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Figure 16. (A) The integral (MBES and UAV) model of the St. Anthony Channel; (B) the 3D view of
the St. Anthony Channel; (C) the bathymetric map of the St. Anthony Channel.

4. Conclusions

In this study, we conducted a bathymetric survey using a multibeam system WASSP
53 multibeam wideband sounder temporarily installed on the small boat Luna. This paper
explored the possibility of using a general user-friendly workflow for semi-automatic point
cloud post-processing, consisting of subsequent steps performed using dedicated functions
in the CloudCompare software. The reduction percentage in the MBES points after the
denoising process was 14.11% (2,184,220). We believe that this methodological framework,
based on open access CloudCompare 3D point cloud editing and processing software, can
efficiently remove most of the outlier noise and be extremely useful if a user does not have
a hydrographic survey package for the processing of MBES data. It achieves a balance
between denoising and the preservation of underwater features. A high-resolution 3D
model and detailed integral (DBM and DEM) model of the St. Anthony Channel was also
created. The generated models can primarily be used for maritime safety and tourism
promotion purposes. Future work will include the evaluation of the quality of the filtered
dense point cloud using ground-truthing methods (e.g., ROVs) in order to validate the
preservation of features on the seabed.
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