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Abstract: In this paper, the state-of-the-art concerning new methodologies for surveying in coastal
areas in order to obtain an efficient quantification of submerged and emerged environments is
described and evaluated. This work integrates an interdisciplinary approach involving both geomatics
and robotics and focuses on definition, implementation, and development of a methodology to
execute integrated aerial and underwater survey campaigns in shallow water areas. A preliminary
test was performed at Gorzente Lakes near Genoa (Italy), to develop and integrate different survey
techniques, enabling working in a smarter way, reducing costs and increasing safety for the operators.
In this context, Remote Sensing techniques were integrated with a UAV (Unmanned Aerial Vehicle)
carrying an aerial optical sensor for photogrammetry and with an ASV (Autonomous Surface Vehicle)
expressly addressed to work in extremely shallow water with underwater acoustic sensors (single
echo sounder). The obtained continuous seamless DSM (Digital Surface Model) for the entire
environment was reconstructed by the combination of different sensing systems by limiting reliance
on the GNSS (Global Navigation Satellite System) support. The obtained DSM was displayed in a 3D
model leading to the evaluation of the water flow volume and rendering of 3D visualization.

Keywords: interdisciplinary approach; bathymetric/topographic survey techniques; integrated
survey; Autonomous Surface Vehicle (ASV); Unmanned Aerial Vehicle (UAV); Digital Surface Model
(DSM); 3D model; photogrammetry; Single Beam Echosounder (SBES); total station

1. Introduction

Topographic and bathymetric surveys have been widely applied to investigate and
monitor the evolution of the occurred geomorphological processes [1,2]. A wide range
of techniques to measure topography and bathymetry exist to obtain the measurement
requirements, in terms of precision, accuracy, cost effectiveness and in reasonable time.
Despite the multiple available methods and techniques, the collected data from emerged
and submerged environments rely on distinct equipment and techniques at different times
and are obtained with assorted accuracy and spatial resolution [3–6]. Subsequently, several
methods have been proposed to combine two datasets in order to achieve a holistic knowl-
edge of these environments [7–11]. The goal is to achieve a continuous model as an output
between the two environments [6]. Existing approaches, ranging from traditional tech-
niques (e.g., bathymetric vessels, total stations and GNSS to the latest innovations, thanks
to the rapid technological evolution of remote sensing (e.g., photogrammetry, laser scanner,
LiDAR (light detection and ranging) and acoustics senors), support the opportunity to ob-
tain a huge amount of data [8–10]. The availability of several sensors and techniques leads
to various methods of combing datasets, which are determined in correspondence with the
used sensors [6]. Generally, acquiring data from different environments (i.e., bathymetric
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and topographic data) leads to better quality by using a dedicated sensor for each environ-
ment. This is due to the different specifications for each sensor that influence the spatial
resolution of measurements. In light of this, investment of the available resources and the
collected data from distinct sensors and working on building a methodology to combine
the diverse nature of datasets [12] create the prospect of generating a precise seamless DSM
(Digital Surface Model) between emerged and submerged environments [11,13]. To apply a
separate methodology for survey execution in a shallow water area, nowadays bathymetric
measurements are performed with acoustic methods, mostly by relying on a Single Beam
Echosounder and a multi beam echosounder that have recently been considered the basis
of most hydrographic surveys [6,14]. This is due to the capability of providing the most
accurate results. On the other hand, the photogrammetric survey is becoming one of the
most cost-effective techniques for topographic surveys in terms of time and effort [15] as
well as in terms of accuracy and coverage. The common nature of the product from these
different sensors is presented as a point cloud that eases the merging process of the two
datasets. Additionally, MLS (Mobile Laser Scanner) can be mounted on USV (Unmanned
Surface Vessel), which is considered an efficient solution to providing data overlapping
both environments (emerged and submerged zones) [14,15]. This technique can support
combing topographic and bathymetric datasets in shallow water areas, since it ensures
the continuity of data in the littoral zone. From a different perspective, a different con-
ceptual methodology to acquire a combined model between the emerged and submerged
zones is using a common technique. LiDAR is considered as a solution technique used to
provide a combined continuous model between emerged and submerged areas [6,14,15].
The fact that topographic and bathymetric LiDAR sensors have a different specification,
which leads to a different accuracy, vertical datum, resolution and data elaboration [6,13].
Among photogrammetric techniques, there is a substantial new photogrammetric tech-
nique called Structure from Motion (SfM), which permits the generation of a 3D model
in coastal areas as emerged and submerged zones through algorithms including camera
motion [6,16]. Hence, unlike conventional photogrammetry, SfM needs highly calibrated
cameras and stable imaging geometry through advanced computation. Similar to the
photogrammetric approach, SfM relies on the overlapping between consecutive images to
have the ability to reconstruct a 3D model starting from 2D images [16]. The output product
of this technique as a point cloud has a spatial resolution that is generally comparable
to LiDAR, highlighting that the achieved accuracy of the bathymetric measurements are
related to several environmental issues such as seafloor texture, water clarity and effective
depth [6]. The difficulties in creating a single coherent DSM for emerged and submerged
zones are related to the vertical datum variation between bathymetric and topographic
measurements, e.g., bathymetric measurements are related to the variation occurring in
the water level. Moreover, the occurrence of horizontal gaps due to merging two datasets
impacts the reliability and continuity of the obtained DSM [13]. The use of SWAMP ASV,
capable of working and collecting SBES data in less than 15 cm of water, allows us to
obtain data at the boundary layer between land and water, thus providing the possibility of
integrating the data in a better way. This increases the reliability of the proposed method.
The survey campaign was carried out, limiting the use of the GNSS support, since this
technique could be susceptible to some limitations due to the lacking satellite visibility or
the eventual presence of electromagnetic interference, e.g., in harbor environments. Hence,
efficient survey planning and realization, together with well processing capability, allow us
to attain high quality results [7]. Furthermore, the contribution of obtaining a continuous
and seamless DSM consists of generating a 3D model that is useful for modeling water flow
and rendering of 3D visualizations and analysis for the study area. The paper is organized
as follows: Materials and Methods are addressed and illustrated in broad context together
with the description of the targeted study area in Section 2; the obtained results and their
discussion are presented in Sections 3 and 4, respectively. The paper closes by providing
the conclusions, in accordance with the highlighted results and discussion.
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2. Materials and Methods

This section is dedicated to the detailed description of the techniques (Section 2.1)
employed to survey the study area (Section 2.2), exploiting the proposed integrated method
(Section 2.3).

2.1. Materials

From the authors’ field experience [15], the primary obstacle to working on different
environments using distinct instruments consists of the occurrence of gaps between the
resulting datasets [13]. Mostly, the scarcity of acquiring hydrographic data from shallow
water (below 1 m) is inextricably linked to the lack of hydrographic vessels capable of
carrying out measurements in similar environments [17]. However, in the present work,
the interdisciplinary approach was the key to overcoming this difficulty. In this context,
robotics as SWAMP (Shallow Water Autonomous Multipurpose Platform) [17] provide the
contribution to acquiring data through land/water interface zones. SWAMP is an ASV
(Autonomous Surface Vehicle) the characteristics of which can be modified and correlated
to the mission specifications. It is a catamaran 1.23 m long and 1.1 m wide. The hull
height is 0.4 m; including the structure and communication antennas; it is 1.1 m high.
SWAMP is considered a small and lightweight (38 kg) vehicle adequate to be transportable
by hand; this is particularly useful in areas where access is limited. SWAMP’s flexible
design is adequate for hosting different tools, e.g., thrusters, control systems, samplers and
sensors. SWAMP is based on the use of four pump-jet thrusters [18] the configuration of
which allows for the efficient control that is especially required in shallow water zones
for high quality survey and performance [19]. The bathymetric survey measurements
were performed by using an ultra-compact precision SBES (Single Beam Echo Sounder)
Echologger ECS400 with 200 kHz frequency mounted inside the SWAMP hull. The vertical
measurements were performed by the SBES with an altimetric resolution better than
1 mm, with real time backscatter data collection along the water column up to a depth
rate equivalent to 1000 m. SBES measurements were synchronized with an IMU (Inertial
Measurement Unit) sensor provided by a Microstrain 3DM-GX3-35, a high-performance,
miniature AHRS (Attitude Heading Reference System) with GPS (Global Positioning
System) that was present on board and provided absolute orientation (yaw, pitch and roll),
and with a Drotek DP0106 absolute position sensor that provided GNSS positions during
data collection. The SBES sensor performs bathymetric measurements directly beneath the
sensor itself, providing only depth information along the track line of the vehicle. The SBES
depth measurements were based on measuring the acoustic pulse travel time from the
transducer to the waterway bottom and back to the receiver. Hence, auxiliary information
about sound speed in water is essential. Generally, sound velocity ranges between 1400
and 1600 m/s; depending on water characteristics, when a sound velocity profile is not
available through the water column, the echosounder system uses average sound velocity
as 1500 m/s [12,20]. SBES is the most common survey technique used in lake and river
environments, because of its efficiency, low cost and accessibility [3,12,19]. Considering the
SBES resolution, the acquired data are considered precise and cost effective. Instead, for
big data coverage, it is more efficient to use MBES to have more precise DSM generation
with the highlight that this system is more expensive. According the IHO standards [21],
the survey could be considered 1b, since the survey was performed in a lake environment,
so not related to safety of navigation. When using SBES, inspection converge rate is limited.
Higher standards could be achieved by using MBES, which provides more coverage. Like
bathymetric data collection, topographic data collection relies on robotic vehicles. UAV
photogrammetry was performed through a 20 MPx camera mounted on a DJI Mavic 2 Pro.
The proper overlapping between images was obtained by extracting them from a video
with a frame rate of one image per second, leading to a percentage of 70% overlapping for
both forward and side directions. Further images were taken with terrestrial close-range
photogrammetry by the embedded camera of a smartphone with a 24.8 MPx sensor size.
The resulting 649 images, coming from both UAV and terrestrial photogrammetry, were
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processed by means of the photogrammetric software Agisoft Metashape© (V 1.8.2) [22],
producing a 3D point cloud by merging four different image datasets based on the single
shooting geometries, i.e., nadiral or facing the object. Each image dataset covers a portion
of the study area, such that they are mutually complementary. To compute the distributed
Ground Control Points (GCPs) coordinates, Total Station Leica TC703 was used with a
display resolution equivalent to 1 mm. The employed instruments are shown in (Figure 1).

Figure 1. Instrumentation used through the survey campaign execution; (a) the Total station, (b) the
UAV to perform topographic photogrammetric survey, (c) the SWAMP that carried out the bathymet-
ric survey.

2.2. Study Area

The study was carried out on a small portion (20,550 m2) of Laghi del Gorzente, located
in the provinces of Genoa (Liguria) and Alessandria (Piedmont). Laghi del Gorzente are
three artificial basins produced by the dams and they serve as a retention structure and
water storage for ecosystem conservation by reviving the environment which is itself rather
barren. The study area has a funnel-shape that lies embedded in a steep valley. The land
cover surrounding the lake with a steep bare slope is characterized by mixed sedimentation,
composed of a combination of rocky coast, gravels, sand and silt with tall trees on the outer
boundaries which sets a natural limit to the lake. The study area is shown in (Figure 2).

Figure 2. Study area targeted (emerged and submerged zones) over Laghi del Gorzente.
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The water level depends on the water flows to the lake; periods of null-discharge flows
are frequent, mostly during summer, as well as floods in winter or spring. Since no database
in terms of bathymetric measurements and accurate merging with topographic surface is
available, integrated survey measurements have been carried out in this area to analyze
the bathymetry of this watercourse. Moreover, obtaining three-dimensional information
corresponding to this area is a significant contribution to extending the existing national
databases. Furthermore, as the coastal areas survey is affected by the water surface and
wave action, then the survey performance in a steady environment such as a lake represents
the ideal conditions in which to examine and evaluate new survey methodologies. These
factors, aside from the legal/social constraints, in terms of the possibility to execute a survey
campaign in the targeted area, made it a convenient location to examine the efficiency of
the proposed measurement methodology.

2.3. Methods

In this section, the survey techniques and methods carried out in the study area
are presented. The interdisciplinary and integrated approach through integrating several
survey techniques, i.e., photogrammetry from the UAV and smartphone, the SBES mounted
on SWAMP, and the Total station, is described in the following (Figure 3).

Figure 3. Interdisciplinary approach by using several techniques to perform integrated survey
campaign over different environments (emerged and submerged zones).

The rapid technological evolution of robotics and sensing techniques imposes an alter-
native surveying approach rather than conventional techniques. The authors believe that
selecting suitable survey techniques and methods is pertinent. At present, the main task is
to achieve precise data merging acquired from submerged and emerged environments, con-
sidering cost effectiveness and timing. Consequently, SBES was nominated as an efficient
and cost-effective technology to perform a bathymetric survey in steady environments
such as lakes [3,12,19]. However, if the goal is to achieve a reliable combination of data
from both environments, SWAMP was presented as a surface vehicle capable of acquiring
bathymetric information in an area of less than 1 m depth [17]. Despite the cost-efficiency
benefits, SWAMP will provide a solution to improve the capability to acquire data from less
accessible areas and to extend new standards in terms of accuracy. Obviously, auxiliary in-
formation is necessary [8,12] to obtain and georeference the collected measurements. These
are provided by the on-board IMU sensor providing absolute orientation (yaw, pitch and
roll) and the GNSS sensor providing an absolute position. One essential aspect is correlated
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to attain a precise synchronization between all sensors performing measurements mounted
on the SWAMP, as well as to obtain a common reference frame joining all measurements
executed through the survey. Moreover, the sound velocity profile through water column
must be considered for bathymetric measurements. In this case, due to the absence of the
sound velocity profile, a standard sound speed such as 1500 m/s in water is considered.
The acquisition is automatic, and the outputs are metrically reliable and provided in a
short time [8]. On the other hand, expert operators are required to setup and calibrate
the system and to acquire and process the data. Moving forward to the photogrammetric
technique, the effectiveness of the mentioned technology is represented mainly in the huge
coverage of data provided and the semi-automatic processing of data that acquire a less
experienced operator [15]. Additionally, a great advantage is related to the low cost of
the instrumentation. Mostly, the photogrammetric survey is carried out by an optical
sensor mounted on a UAV and images are taken from the nadir view of the area of interest.
Obviously, by applying photogrammetry and obtaining sufficient overlapping between
consecutive images, then it is possible to reconstruct a digital 3D model of the surveyed
environment by processing the data [7,8,23]. However, optimized survey planning and
locating a sufficient number of well distributed Ground Control Points (GCPs), coupled
with processing capabilities, were needed to build an accurate metric 3D model in terms of
adequate accuracy and precision. The performed flight was constrained by interference
issues that obliged the pilot to stay at 30 m AGL. In order to obtain a full coverage for the
surveyed area, a video along two strips was collected at the allowed distance of 30 m. This
resulted in high-resolution images with 7 mm of GSD. The study area was divided into four
portions, surveying them separately with different shooting geometries and techniques.
In fact, two portions were surveyed by relying on the mentioned recording videos from
the UAV, while for the rest, images were collected from the smartphone in lateral view,
with attention to be paid to the overlapping between images. However, obtaining images
with several techniques and orientations implies more processing efforts to achieve a final
photogrammetric 3D model comparable with the expected accuracy [8,20,24]. Aside from
what is stated, the correlation between the well GCPs’ distribution over the study area
and the obtained accuracy is comprehensible to the authors. Hence, considering the study
area’s morphology and dimension, 19 markers were distributed with 20 m separation
between two consecutive markers according to a net-like shape, depending on the need to
pick a sufficient number of markers in common among the collected images. GCPs were
measured by means of the total station, mainly because the methodology relies on limiting
the use of GNSS to have the possibility to apply to harbor environments where the use of
GNSS may be problematic due to the high electromagnetic interference, and due to the fact
of the presence of electromagnetic radiations that cut off the GNSS signal. On this occasion,
the total station was an alternative opportunity to determine the positions and heights of
points, instead of GNSS, with consequently more effort needed to place and survey the GCP,
especially in inaccessible areas such as locations where steep slope areas exist [3]. Moreover,
the choice of the location of the total station in the field was properly managed taking into
account the visibility between the total station and the prism put on all the GCPs markers in
the field. Image alignment was performed on a medium accuracy relying on the GCPs mea-
surements for the four subsets of images using Agisoft Metashape© software. The choice of
the accuracy rate in the image alignment process must tie in with the expected accuracy and
the duration of data processing, e.g., the highest accuracy setting is recommended only for
very sharp image data and corresponding processing being quite time consuming. It has
been noticed that stereo matching is challenging with images with low contrast levels such
as sandy areas due to the high light exposure. On the basis of aligned images, a dense point
cloud for the targeted area is generated. Generally, a dense point cloud is created by the
software based on the exterior and interior image orientation parameters by calculating the
depth maps for overlapping images estimated by bundle adjustment. Hence, the software
generates a depth map for each camera position and combines them to create a merged
dense point cloud. A dense cloud was built at a medium quality for each image dataset,
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knowing that the quality specifies the depth map generation of the obtained point cloud.
Subsequently, several dense point clouds were merged into a single one representing the
basis of GCPs coordinates. The digital images were orthorectified and combined into a
mosaic with 2 cm/pixel resolution, for ground display. However, following the main
objective, i.e., developing a method to integrate bathymetric and topographic data for
creating a seamless and continuous DSM between the two environments, photogrammetry
is not the best solution to identify the interface boundary between emerged and submerged
zones, since, in that area, the achieved point clouds may not be reliable in terms of accu-
racy, due to the lack of GCPs in such areas coupled with the existence of refraction and
reflection phenomena in the zones along the border. Therefore, the following question is
raised: how do we integrate bathymetric data with topographic data obtained by different
instrumentation and techniques [8,13]? Several aspects were considered before the survey
execution. To identify the key issues that obstruct data integration, the authors addressed
and highlighted these aspects: (1) differences between the vertical datum of topographic
and underwater data [13]; (2) the occurrence of expected gaps between the two datasets
will complicate the merging of data; (3) differences between the planimetric datum and the
complexity due to the no-collocation of the sensors on the SWAMP. Indeed, in bathymetric
measurements, heights or depths are initially related to sensor position [13]. This is done
by measuring the distance between the sensor and the underwater ground. After that,
the measurements will be transformed to the water level as a reference surface. On the
contrary, the approach to establish vertical datum for topographic measurements is quite
different because topographic measurements could be related to the geoid model or to
the ellipsoidal reference, as with the ones derived from GNSS. However, conceptually,
these two approaches should be producing comparable results. Hence, datum differences
must be taken into account and treated during the survey data integration processes. The
altimetric one uses the water level as a reference surface. For the planimetric datum shift,
SWAMP was removed from the water after performing bathymetric measurements and
was located on the ground in two different positions called Point 1 and Point 2, shown as
red dots in (Figure 4).

Figure 4. Total station location (blue triangle), GCPs (black and yellow dots) distribution and the two
locations of SWAMP on Point 1 and Point 2 (red dots).

A marker was attached to the SWAMP hull and measurements were performed by
using the total station and prism to compute the local coordinates of the two different
locations of SWAMP on the ground, i.e., Point 1 and Point 2. In parallel, the GPS mounted
on SWAMP was recording measurements for the same two locations (Point 1 and Point 2).
In this context, Point 1 and Point 2 are measured in two different reference systems, one
related to the topographic reference system (local system) by total station, while the other
related to the bathymetric reference system (WGS 84) by the GPS receiver mounted on
SWAMP. A second step was represented by the transformation of the local coordinates
points (measured by total station) to the WGS84, depending on the common control
points—Point 1 and Point 2—in both systems. To perform this, the Autocad Civil 3D [25]
software was employed. A common reference frame must be computed, because the
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GPS and the marker mounted on the SWAMP have different positions, so measurements
from the total station and from GPS have been adequately attributed by referring them
to the same point represented by the location of the marker. Furthermore, to obtain a
common vertical reference frame between both environments, all measurements were
referred to the real water surface level. Through the survey campaign, several points
were measured by the total station to detect the position of the shoreline. The position of
the shoreline, representing the strip where the water meets the land, was considered the
reference vertical surface and as the zero level surface. In this context, all the measurements
carried out have to be shifted with respect to the water surface level (zero level). It is
necessary to note that, in order to integrate the two datasets, a better distribution of the
locations of SWAMP on several topographic points (red points in Figure 4) permits a better
evaluation of the planimetric roto-translation transformation. Unfortunately, different
technical problems occurred during the survey and it was not possible to survey other
markers with SWAMP (for example the markers number 7 and number 14) to connect
the topographic and bathymetric datum, with a redundancy and well distributed set of
common points. Hence, the approach was to deal with gaps to maintain the quality and
continuity of the generated DSM [8,13]. The lower is the extension of gaps, the higher is the
probability of obtaining a realistic, smooth and seamless integrated solution. In this context,
aside from merging data in correspondence to the measured control points and zero level
points measured on the shoreline, the contribution of digitizing the shoreline extracted
from the georeferenced orthophoto carried out through the GIS (Geographic Information
System) environment [26] was useful for obtaining a more reliable integration of the two
datasets. Subsequently, Natural Neighbor Interpolation was carried out after merging both
data to obtain a continuous DSM for the entire study area.

3. Results

This section is dedicated to presenting the final outputs by providing the calculated
coordinates (Section 3.1), displaying the resulting topographic (Section 3.2) and bathy-
metric models (Section 3.3) and, moreover, validating the obtained merged model from
the emerged and submerged environments (Section 3.4) as well as finally displaying the
resulting data as a 3D model (Section 3.5).

3.1. Local Coordinate System

The computation of the local coordinate system is based on the azimuthal and zenithal
angles coming from the total station to compute X, Y and Z for every point. Local coordinates
are provided in Table 1, where point 1 and point 2 relate to SWAMP location, points 1A–14A
represent GCPs and point sh is measured on the shoreline as a zero level surface. e represents
the points elevation with respect to the real surface water level measured through the survey
campaign. The local coordinates were determined by the software Sierrasoft Topko [27],
respectively for X, Y and Z components, by assigning a coordinate for the total station
position (X, Y, Z) as (1000, 1000, 1000) m. The computed values are shown in Table 1.

Table 1. The coordinate of the GCPs, the common points Point 1 and 2 and the shoreline are reported
in the local reference system.

Point Name X Y Z e
[–] [m] [m] [m] [m]

Total station 1000.000 1000.000 1000.000 2.755
Point 1 1193.370 1000.231 998.907 1.662
Point 2 1117.080 1005.870 998.476 1.231

1A 1084.254 1002.970 998.820 1.575
2A 1041.931 1005.447 999.254 2.009
3A 1018.379 1006.942 999.840 2.595
4A 998.526 995.534 998.041 0.796
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Table 1. Cont.

Point Name X Y Z e
[–] [m] [m] [m] [m]

5A 978.128 998.304 1000.341 3.096
6A 960.436 998.991 999.742 2.497
7A 942.682 995.473 998.138 0.893
8A 926.621 984.640 998.572 1.327
9A 928.973 972.711 1002.569 5.324
10A 951.608 979.439 998.248 1.003
11A 966.553 963.835 1002.158 4.913
12A 979.328 952.617 1002.793 5.548
13A 991.116 938.973 1003.621 6.376
14A 1016.537 935.708 999.748 2.503
sh 1023.948 938.685 997.245 0.000

3.2. Topographic Merged Model

As already stated, the acquisition of images was integrated between aerial and ter-
restrial photogrammetry. In this context, the study area was divided into four portions;
two of them were surveyed by aerial photogrammetry while the rest by terrestrial pho-
togrammetry. After collecting the photogrammetric images, the elaboration of data was
performed mainly by working on four different datasets, as reported in (Figure 5), where
datasets number 1 and 3 are obtained by terrestrial photogrammetry while datasets 2 and 4
are acquired from UAV each representing a portion of the study area.

Figure 5. Area covered by each of the four datasets through the processing of data using Agisoft
Metashape© software.

Thus, to achieve a single model by merging the four datasets as shown in (Figure 6),
a validation assessment in terms of the achieved error was performed in terms of each
dataset separately (see Table 2). Moreover, it is necessary to guarantee an accurate merging
to obtain a reliable single model. In this context, the final accuracy of the merged point
clouding into a single one will be highlighted. All dataset processing methods were run
by using the alignment tool following the standard workflow from Agisoft Metashape©
software, consisting of the aero-triangulation and in the reconstruction of the dense point
cloud. Starting from the first dataset, three GCPs were presented (numbered as 8, 9 and
11), additionally to one Check Point (CP), numbered as 10. The obtained accuracy can
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be evaluated depending on the obtained error related the check point. The error related
to the first dataset is equivalent to 1 cm. Three GCPs (numbered 6, 7 and 11) and one
CP (numbered as 10) were accessible in the second dataset. At present the error on CP
(numbered 10) is around 5 mm. Furthermore, four GCPs (numbered 5, 7, 8 and 9) and one
CP (numbered 6) were present in the third dataset; this leads to obtaining more reliable
results. The achieved outcome of dataset 3 is similar to the first chunk and is equivalent to
1 cm. In case of the fourth dataset, and like the first and second chunks, three GCPs (2, 3
and 5) and one CP (point 4) were obtained. The error on CP was in a millimeter order of
magnitude, similar to the second dataset, which was around 2 mm as reported in Table 2.

Table 2. GCPs and CP error over each dataset. Tables are ordered consecutively (datasets 1–4) from
top to bottom. The coordinates are provided in WGS84/UTM32N. The errors are computed by
Agisoft Metashape based on bundle block adjustment.

Markers X/East Y/North Z Error Type

8 486,670.1 4,932,363 1.326 0.041 GCP
9 486,666.5 4,932,351 5.32 0.044 GCP

10 486,644.8 4,932,360 1.002 0.01 CP
11 486,628.3 4,932,346 4.906 0.013 GCP

Control Points 0.036
Check Points 0.01

Markers X/East Y/North Z Error Type

6 486,638 4,932,380 2.497 0.004 GCP
7 486,655.3 4,932,375 0.893 0.001 GCP

10 486,644.8 4,932,360 1.003 0.005 CP
11 486,628.3 4,932,346 4.913 0.003 GCP

Control Points 0.003
Check Points 0.005

Markers X/East Y/North Z Error Type

5 486,620.3 493,238,1 3.094 0.008 GCP
6 486,638 4,932,380 2.496 0.017 CP
7 486,655.3 4,932,375 0.892 0.013 GCP
8 486,670.1 4,932,363 1.326 0.007 GCP
9 486,666.5 4,932,351 5.32 0.004 GCP

Control Points 0.009
Check Points 0.017

Markers X/East Y/North Z Error Type

2 486,557.5 4,932,395 2.008 0.001 GCP
3 486,581.1 4,932,394 2.593 0.002 GCP
4 486,599.7 4,932,381 0.829 0.003 CP
5 486,620.3 4,932,381 3.094 0.001 GCP

Control Points 0.002
Check Points 0.003

After the results were obtained for each dataset separately, they were merged based
on the GCPs positions. Using this method, the software calculated the estimated error on
the selected CP, providing an accuracy estimation, conditionally on the GCPs coordinates.
The merged four datasets turned into a single dataset, thus in a single point cloud. Ten
markers (GCPs 2–11) were allocated as eight GCPs (2–5, 7, 8, 10 and 11) and two CPs (6 and
9) in order to validate the result in terms of the final merged point cloud. Highlighting that
in dataset 4, only one common GCP (point 5) is in common with the other datasets, natural
common points were considered in this case in the merging process. Overall, the obtained
result of the merged point cloud had a representative error in terms of CPs equivalent to
4 cm, as shown in Table 3.
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Figure 6. An orthophoto representing the merged point clouds in a single one.

Table 3. GCPs in the merged point cloud and final error in correspondence with the CPs. The
coordinates are expressed in WGS84/UTM32N.

Markers X/Easting
[m]

Y/Northing
[m]

Z/Altitude
[m]

Error
[m] Description

2 486,557.547 4,932,394.944 2.008 0.055 GCP
3 486,581.138 4,932,394.035 2.593 0.048 GCP
4 486,599.691 4,932,380.808 0.829 0.084 GCP
5 486,620.266 4,932,381.365 3.094 0.058 GCP
6 486,637.965 4,932,380.246 2.497 0.037 CP
7 486,655.269 4,932,374.944 0.893 0.018 GCP
8 486,670.145 4,932,362.537 1.326 0.041 GCP
9 486,666.530 4,932,350.942 5.320 0.037 CP

10 486,644.754 4,932,359.903 1.002 0.044 GCP
11 486,628.256 4,932,345.965 4.906 0.031 GCP

Control Points 0.051
Check Points 0.037

Afterwards, the merged point cloud elaboration allowed us to obtain an orthophoto
with 2 cm/pixel resolution, which can be useful for the evaluation and visual analysis of
topographic area. The orthophoto generation was the last step of the workflow using the
Agisoft Metashape© software. All points are imported to GIS with the obtained orthophoto.
The measured GCPs and the markers shown by the georeferenced orthophoto fit each
other perfectly. The points that represent the zero-surface level, i.e., the points along the
shoreline that define the real water level with respect to land, were also imported to the GIS.
These points are extracted from the digitized shoreline of the lake. The zero-level points
that are distributed along the shoreline in the study area are the base of the continuous
interpolation surface between the emerged and submerged areas. Forty-one points are
displayed in Figure 7 below, which represent the zero-level point.

After importing the orthophoto and the dense cloud obtained previously to GIS, a topo-
graphic DSM was built. The results are shown in Figure 8a. As shown, the topographic area
is divided into several colors representing a range of elevation values, from blue (as lower
elevation) to red (as the highest elevation). Obviously, these ranges contain many outliers
and noise that must be filtered out. Knowing that this DSM is related to the topographic
area that is above both the real water level and the reference zero levels, all the points
measurements having an elevation value less than zero must be eliminated. Moreover, as
shown in the legend of the DSM, there are also height ranges between 8 and 30 m, and
this is because of the presence of high trees in the outer boundary of the study area that
influence the obtained DSM. Hence, after eliminating these points, for the emerged zone,
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the overall result is a DSM ranging from the water surface level (0 m) to 8.7 m as shown in
Figure 8b.

Figure 7. Orthophoto obtained from digital photogrammetric images elaboration. The black dots
represent the points along the shoreline, i.e., zero-level.

Figure 8. DSM of the emerged zone. In (a), outliers are represented in red color close to the outer
boundary of the study area, while (b) represents the emerged zone after filtering and cleaning noises
to obtain a more reliable elevation range starting from the shoreline, thus obtaining a DSM ranging
from zero to 8.75 m.

3.3. Bathymetric Data

The synchronization in time between the acoustic sensor and the GNSS receiver
provides distance measurements related to real world position. The measured points
coordinates were expressed in terms of latitude and longitude in WGS84, while the heights
were represented in terms of measured distances between the SBES and ground at nadir.
Knowing that the position of GNSS and SBES mounted on SWAMP have different locations,
bathymetric data computation was performed, taking into account a common reference
frame for sensors on the SWAMP vehicle (Figure 9).

Ninety two thousand, three hundred and sixty nine bathymetric point measurements
were shifted from the initial position to the new reference frame related to the SBES
position. The first step was to project measurements from WGS 84 to WGS 84/UTM zone
32N. Subsequently, the obtained coordinates were shifted depending on the angular and
distance difference between sensors mounted on the SWAMP. This step was followed by
computing the shifted X and shifted Y from the GPS sensor position to the SBES position
taking into consideration the orientation of SWAMP from the North. In this context, four
quadrants were allocated, and depending on the presence of SWAMP in one of them, the
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shifted X and Y were calculated as shown in Table 4, where Xs and Ys represent the shifts
along X and Y axes, respectively.

Figure 9. SWAMP reference frame with the dimensions of the sensor located on the platform.

Table 4. Equations to compute the shifts on X and Y axes taking into consideration the orientation of
SWAMP with respect to the real North. d and j represent the difference in distance between the GPS
antenna position and acoustic sensor and the orientation of SWAMP from North, respectively.

Quadrant Number Xs Ys
[m] [m]

1 d · sin(j) d · cos(j)
2 d · sin(π − j) −d · cos(π − j)
3 −d · sin(π + j) −d · cos(π + j)
4 −d · sin(−j) d · (cos − j)

It is necessary to underline that the distance measurements compensated for the roll
and pitch effects that were provided by the MU (Motion Sensor) mounted on the SWAMP.

Xn = X + Xs; Yn = Y + Ys. (1)

Having a correct and accurate position for measurements is not enough. An essen-
tial step related to distance measurements correction must be considered. As previously
clarified, elevations were taken on the basis of water level, and to achieve the continuity
between emerged and submerged zones, it was necessary for the bathymetric and topo-
graphic measurements to have the same reference system, i.e., the water level. Knowing
that the acoustic sensor is above the SWAMP bottom basements by 8 mm, and the SWAMP
is immersed in water by 140 mm, then all measurements must be added to a value equal to
0.132 m. Thus, Hn is the corrected distance between the water level and the bottom of the
lake. The computed coordinates Xs, Ys Xn, Yn, Hn are provided in Table 5.
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Table 5. Computed Xn, Yn, Hn. The coordinates are expressed in WGS84/UTM32N and account for
both the distance between the GPS and SBES sensors mounted on the SWAMP along X and Y axes
and the distance between GNSS and acoustic sensor positions along the Z axis.

Point Number Xs Ys Xn Yn Hn
[–] [m] [m] [m] [m] [m]

1 0.47 −0.45 486,489.60 4,932,353.88 −9.63
2 0.43 −0.49 486,475.43 4,932,360.43 −9.58
3 0.37 −0.54 486,472.03 4,932,361.61 −9.50

. . . . . . . . . . . . . . . . . .
92,368 0.64 −0.08 486,407.41 4,932,401.63 −0.52

The acquired bathymetric data are represented by colors ranging from light blue to
dark blue, according to the increasing energy of the refracted acoustics signal. A lighter
blue represents deep water, whereas a darker blue is used to display shallower areas, where
the intensity of the refracted acoustic signal is higher. So, from Figure 10, an initial idea for
the variation of depths over the study area could be noticed, depending on the color range
of the points measurements.

Figure 10. Bathymetric points measurements with color intensity variation representing the distance
with respect to the sensor: lighter color stands for higher depth (lower intensity of refracted acoustic
signal) and darker color represent swallow water, where the intensity of acoustic signal refraction
is higher.

3.4. Topographic/Bathymetric Data Integration Model

After showing the results for topographic and bathymetric data separately, the data
are merged together on the basis of the calculated control points and the digitized shoreline
between the two data sets. Data merging is performed by using a dedicated tool in GIS
that provides a single continuous model. As previously described, the merging operation
is carried out with respect to the same horizontal and vertical reference frame and taking
into account the water level as the zero level for the elevation determination; furthermore,
the dense point cloud has been used to represent the topographic area highlighted in
brown (Figure 11). The used dense cloud has been filtered by deleting those outer limits
defined as noise. Close to the shoreline, the color of the points is light brown, standing
for low elevation values. The shoreline overlaps perfectly between the emerged and
submerged area. The results are displayed in Figure 11 and show the merged datasets
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and the topographic and bathymetric measurements. This is the first step to obtaining a
common continuous model of both environments.

Figure 11. Merged measurements including topographic and bathymetric data.

After merging the data, the last step to obtain the DSM is to interpolate the data
depending on the elevation measurements. As already stated, among several interpolation
methods, the Natural Neighbor interpolation has been considered one of the most suitable
methods for these scattered data. Since SBES is used, it is essential to guarantee, through
the interpolation, being within the range of the samples used. Hence, Natural Neighbor
interpolation was used knowing that it does not infer trends nor produce peaks or valleys
that are not already represented by the input samples. Natural Neighbor interpolation
seeks to find the closest sample point to a query point and assign weights to each based
on polygon proportionate areas around each point. The results of the obtained DSM from
the Natural Neighbor interpolation with a resolution of (5 × 5 cm), shown in Figure 12,
range between −17.68 m for maximum depth and 8.76 m as the maximum height from the
water level.

Figure 12. Resulting DSM based on Natural Neighbor interpolation for the entire environment.

Through this range the model is reliable due to the fact that the Natural Neighbor
criterion, unlike other tools, does not infer trends nor produce virtual peaks, ridges or
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valleys that are not already represented by the input samples. The surface passes through
the sampled points and smooths the areas in between.

3.5. 3D Model and Volume Evaluation

By using the GIS 3D analyst application GIS environment [26] for overlaying several
layers of data in the 3D model, a clearer visualization was obtained. Physical features are
located in 3D by providing height information from feature attributes, feature geometry, a
defined 3D surface, and every layer in the 3D view can be modified differently. Data are
displayed based on relative coordinates positions or, in the case where different references
occurred, all data are projected to a common projection. The 3D model built in ArcScene,
depending on the obtained DSM, is represented by slightly different colors, which are
related to the different elevation values. As shown in Figure 13a, the model represents
the real shape of the study area, joining emerged and submerged portions. Under the
water level, the ground is depicted from white to green to yellow, while above water
level, it ranges from yellow to red to brown. An animation was created to show the real
water level depending on this model (Figure 13b). Moreover, the volume of water is
calculated, referring to the real water level measured through the survey campaign and
this will be useful for future work. By achieving several survey campaigns for the same
area, comparison and analysis could be performed in order to monitor the differences in
morphology, water flow and variation in water volume.

Figure 13. Three dimensional (3D) model for rendering visualization analysis; (a) shows the geomor-
phology of the entire merged area, while (b) shows the results of water flow modeling and water
volume determination.

4. Discussion

In this study, the development of surveying methodology for joint emerged and
submerged environments was presented, treating a survey application combining an
optical photogrammetric sensor, an SBES and a total station. Digital photogrammetry is
low-cost and provides a huge amount of collected data in a reasonable amount of time.
Furthermore, this source has been employed in order to obtain a final point cloud and
an orthophoto for the terrestrial zone comparable with the expected centimetric accuracy.
This was clearly highlighted in the provided results after data elaboration using Agisoft
Metashape© software. The error outcomes related to all image datasets did not exceed
a few centimeters and in some cases, it was even provided in millimeters.. Pertinently,
the results are correlated with good GCPs distribution and the processing capabilities
of the operators. Indeed, traditional techniques, such as the total station, require a high
investment of human efforts; conversely, it is a worthy alternative with better accuracy
than GNSS and without limitations on its use in the case of signal interference. Due to the
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unstable functioning of GNSS at the analyzed site, the total station made a fundamental
contribution by achieving an accurate and reliable merging of datasets between emerged
and submerged environments. After successfully merging data, a seamless and continuous
DSM was obtained, starting from bathymetric and topographic data. It has to be considered
that SBES is a low cost technique compared to others addressed to achieve bathymetric
measurements, but it represents a good starting point in a steady environment such as
a lake. Moreover, future steps can be performed to enhance the quality of the survey
outcomes. Focusing on modifying the sensor locations mounted on SWAMP to set them in
the same position, it will ease the calculation and avoid some systematic errors contributing
to achieving higher standards with less efforts. Additionally, involving MBES instead of
SBES could give extended opportunities for a wider underwater inspection range working
with a higher accuracy, achieving higher standards in terms of IHO considerations and
providing the ability for back scatter analysis and seabed classification. This will enhance
the performance and the final products of the survey campaigns and provide the ability to
have an analytical process for the sea bed. Moreover, the methodology will be developed
by moving to the automatic markers detection for the photogrammetric survey and on the
other side by considering SWAMP as a kinematic GCP with respect to the UAV to link both
datasets from different environments in a smarter manner.

5. Conclusions

The present work aims to deepen different aspects of topographic and bathymetric
techniques, to plan operations with an interdisciplinary approach, to develop methods
for an integrated survey, to process different types of data, to analyze the obtained results
and to generate an accurate graphic representation of a certain physical surface of the
terrain. Particular attention has been paid to the differences between onshore topographic
survey techniques and offshore bathymetric ones. In this context, a dedicated survey
campaign was successfully carried out relying on SBES mounted on SWAMP ASV for
bathymetric data collection and UAV and terrestrial photogrammetry for topographic
survey. Bathymetric data was processed and georeferenced relying on GPS depending on
identifying a common reference frame for all sensors mounted on SWAMP. The final output
coming from bathymetric measurements was a georeferenced point cloud representing
the depth measurements. On the other hand, photogrammetric data were georeferenced
depending on GCPs measured by the total station. The integrated aerial and underwater
survey campaigns provide a final point cloud and an orthophoto with a resolution of
2 cm per pixel. The results also showed the successful and accurate merging for the
entire environment (emerged and submerged zones) depending on control points and
the detected shoreline. The obtained continuous and seamless DSM was achieved by
performing Natural Neighbor Interpolation between the two datasets. The obtained DSM
was useful for extracting parameters for geomorphology, modeling water flow, rendering
of 3D visualization and water volume determination. Finally, the interdisciplinary approach
contributes to improving information quality, especially where there is no easy access. In
other words, the interdisciplinary approach involving robotics and geomatics technologies
enables us to work in a smarter manner, reducing the costs and extending the survey
coverage and standards.
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