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Abstract: Detailed knowledge on the shape of the seafloor is crucial for many researchers. Bathymetric
data are critical for navigational safety and are used for underwater mapping. This study develops a
sea-surface vehicle (SSV) system for underwater mapping by using both bathymetric data from a low-
cost single-beam echosounder located on the SSV, and the navigation data of the SSV. The navigation
of the SSV was obtained using a global positioning system (GPS). The effect of changing bathymetric
and navigation data due to external disturbances such as wind and waves on the map was analyzed.
The sea-bottom slope angles, which are effective in changing bathymetric data, were estimated
and corrected in relation to the estimated angles in a particular mapped area for more accurate
underwater mapping. Additionally, the effects of the grid range of the mapped area, beam angle of
the echosounder, and position of the echosounder on the underwater mapping were analyzed. These
analyses were based on simulation data, and were performed in a MATLAB, HYPACK, and Global
Mapper environment. An underwater map was also obtained in the Kozlu/Zonguldak area, Black
Sea by using a single-beam echosounder located on the SSV. This map was improved by estimating
sea-bottom slope angles and the corrected bathymetric data to obtain a more accurate underwater
map of the area. The experimental and simulation results were compared, focusing on the sea-bottom
slope changes, sea-surface disturbances, bathymetry grid range changes, and draft effects.

Keywords: single-beam echosounder; underwater mapping; bathymetry; seafloor slope angle;
echosounder beam angle; sea-surface vehicle; grid range

1. Introduction

Underwater topography is important for the design and application of water struc-
tures such as pipelines, seaports, and breakwaters in seas and lakes [1-3]. The study
of underwater topography is bathymetry, and the measurement process is called hydro-
graphic surveying. Underwater mapping techniques are commonly named according to the
equipment used for measurements, such as lath, rope, and wire sounders. These techniques
have been used to measure the depth from the seafloor for underwater mapping, referred to
as bathymetric data. The current technology uses acoustic sounders. Although bathymetric
measurements using multibeam echosounders are faster and more sensitive for underwater
mapping, single-beam echosounders are cheaper [4,5]. Therefore, practitioners commonly
prefer to apply the single-beam technique [6]. In this study, we investigate the underwater
mapping problem using bathymetric data measured using a single-beam echosounder;
both simulation and experimental data were obtained.

Error sources in hydrographic surveying detected through echosounders are based
on electrical and acoustical factors, such as sound velocity variation and signal travel time
(clock) errors, and the change effects of the sea surface and seafloor [7,8].
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The important effect of bathymetric measurements using a single-beam echosounder
is the seafloor slope angle [9]. In previous studies, many methods were used to describe
the seafloor. Backscatter characteristics are commonly used in seafloor characterization.
The most significant uncertainty in backscatter data is the effect of the seafloor slope.
A standard method of seafloor slope estimation and correction was proposed to achieve
repeatable and accurate backscatter results [10]. The correlation backscatter characteris-
tics and the seafloor-insonification area changes with beam width, incidence angle, water
depth, and sonar pulse length were obtained [11]. The seafloor was classified according
to frequency shifts that occurred when a high-frequency pulse backscattered from the
seafloor [12], and the measured depth was corrected with the frequency shifts. In an-
other study, the seafloor was classified according to echo durations, such as short, long,
and extended echoes [13]. An algorithm was presented for the automatic compensation of
seismic amplitudes for the seafloor slope and depth [14]. In the inclined seafloor, accurate
measurements of the depth were achieved by turning the echosounder head on the basis
of the value of the angle of inclination [15]. The challenges associated with evaluating the
bottom-angle estimation performance for using a multibeam echosounder were detailed
in a prior work [16]. Bathymetric data were measured by integrating the echosounder on
both surface and underwater vehicles [17]. The seafloor slope angle distribution of the
bathymetry-measuring echosounder integrated with an autonomous underwater vehicle
was established. The slope angle was calculated, and the seafloor displacement error was
estimated [18]. However, in all these studies, the angle of the seafloor slope was considered
in one axis. In contrast to the two-dimensional state of the seafloor in previous studies [19],
the slope angles for the three-dimensional seafloor are defined in (5) and (6).

Because a single-beam echosounder measures the closest distance between the seafloor
and sea-surface vehicle, bathymetric data measured using an echosounder should be
corrected when the seafloor is inclined. Actual bathymetric data are the depth at which
the sonar is perpendicular to the sea bottom [7]. In the case of an inclined sea bottom,
the chosen grid range is effective for bathymetric measurements [20,21]. The effect of the
grid range on measured bathymetry was analyzed with a digital terrain model for the
sloping seafloor. This shows that the grid range can be selected on the basis of local point
density, as was the aim of the investigation in [22]. The grid range’s impact in interpolating
sparse bathymetric data was established through a direct Monte Carlo simulation [23].
The grid range value should be selected without missed points in the mapped area, as
in (8), and bathymetric measurements should be performed by dividing the mapped area
into equal grid ranges. In the case of the bathymetric data obtained using a single-beam
sonar, a narrow or wide beam angle affects the accuracy of the underwater map [24,25].
The beam angle depends on the transducer size of the sonar and the wavelength. The higher
the frequency and the larger the transducer are, the narrower the beam angle is [26,27].
The measured depth value may change because of the oscillation of the vehicle in which the
sonar is integrated with the external disturbance effect, and the positions in the x and y axes
based on the measured depth should be corrected according to this oscillation value [28,29].

In this study, the effects of the sea-bottom slope, grid range, beam angle, external
disturbances, and value of the transducer (draft of echosounder) were analyzed on the
basis of bathymetric data of an underwater map in a three-dimensional (3D) inclined sea
bottom. The main contributions of this study are as follows:

* In previous studies, bathymetric data measured using a single-beam sonar were
analyzed for cases in which the seafloor was inclined in only one axis. In contrast, two
axes’ seafloor slope angles are proposed and discussed here for a 3D seafloor.

*  The measured bathymetric data are corrected when the seafloor angles are inclined in
two axes after the seafloor angles are estimated using the proposed approach.

¢  To avoid missing the bathymetric measurement of any point in the mapped area, we
successfully selected a grid range value on the basis of its geometry.
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*  The effects of the sonar beam angle, external disturbance, draft of the sonar on the mea-
sured bathymetric data and the underwater map, the seafloor slope, and grid range
were analyzed in detail .

The remainder of this paper is organized as follows. Section 2 presents the single-beam
echosounder model. We provide a detailed definition of the effects of the underwater map’s
accuracy in Section 3. Section 4 presents an underwater mapping simulator. Section 5
details the underwater mapping experiments. Lastly, the conclusion and future work are
presented in Section 6.

2. Single-Beam Echosounder Model

A sound navigation and ranging (sonar) device, that is, the echosounder, uses an
acoustic signal to measure the depth from the sea floor [30]. Depth measurement is affected
by the electrical and acoustic parameters of the sonar device. Acoustic parameters such
as frequency, bandwidth, and signal length determine the propagation characteristics of
underwater acoustic signals. The sonar equation can be used to understand and analyze
the sonar performance. This equation is composed of the electrical parameters of the
sonar, and it defines the signal or sound detection as echo excess (EE): EE = SL — 2TL —
(NL — DI) + BS — DT [31], where SL is the source level, TL is the transmission loss, NL is
the noise level, DI is the directivity index, BS is the bottom backscattering strength, and DT
is the detection threshold.

In this study, a single-beam echosounder was used to measure the depth from the
seafloor. This echosounder was integrated into a sea-surface vehicle. After the acoustic
signal had been sent from a single-beam echosounder, it reached the sea floor, and the
first returning signal was received from the echosounder [7]. Figure 1 shows the beam
coverage of the seafloor as conical for a single-beam echosounder at the given grid range
(gr)- The beam coverage of the seafloor a and depth h, are calculated in (1).

1
a= thtang,hm = EAt.C 1

where g is the diameter of the area covered by the echo, i, is the depth value, ¢, is the
beam angle, At is the time interval between sending and receiving the transmitted signal,
and c is the acoustic signal.

The single-beam echosounder measures the distance between the vehicle on which the
single-beam sonar is located and the seafloor level [31]. This distance value is also obtained
in relation to the position of the vehicle as follows.

= (= x)2 (5~ 9o + (2~ 22)° @

where hy;, denotes the measured bathymetric data, xs,ys,zs denote the position of the
single-beam echosounder, and x, v, z denote the position of mapped area.

For high accuracy and a clear record of the bathymetric data, electrical and acous-
tic sonar parameters must be set correctly before measurement. The most important param-
eters are power, gain, recording density, pulse length, scale, phase scale, draft, and sound
velocity. Other important parameters that affect the accuracy of bathymetric data are the
navigation data of the vehicle on which the sonar is located, the beam angle of the sonar,
the grid range in the mapped area, and the sea-bottom slope angle [32-34].
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Missed
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Figure 1. Seafloor coverage in the single-beam echosounder for a given grid range (gr).

3. Definition of the Effects of Underwater Map Accuracy

In this section, the effects of the seafloor slope, grid range, beam angle of the echosounder,
echosounder position, and external distribution on the accuracy of the underwater map
are defined.

3.1. Seafloor Slope Effect

The sea-bottom slope angle is an important factor to consider when measuring
bathymetry with a single-beam echosounder. Because a single-beam echosounder mea-
sures the closest distance between the seafloor and sea-surface vehicle, bathymetric data
measured using an echosounder should be corrected when the seafloor is curved.

The acoustic wave is transmitted conically from a single-beam echosounder. This
acoustic wave is first reflected from the seafloor and returned to the echosounder; the depth
was calculated as shown in (1). The measured depth was equal to the actual depth of a
flat seafloor, as shown in Figure 2a. However, the seafloor is not always flat, as shown
in Figure 2b,c. Thus, the measured depth is related to the seafloor slope angles. Figure 2
shows the relationship between the actual and measured depths with respect to seafloor
slope angles for the 3D sea-bottom area. In Figure 2, h;, is the measured depth, and £ is the
actual depth.
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Figure 2. (a) Sea-bottom coverage for a flat seafloor. In this situation, /i, = h. (b) Theta angle (6)
related to the seafloor slope is inside the insonified (conical) area for inclined seafloor. In this situation,
hy # h. (c) Theta angle related to the seafloor slope is outside the insonified (conical) area for an
inclined seafloor. In this situation, hy, # h.

Definition 1. Given the beam angle of the single-beam echosounder (¢), the relationship between
actual depth h, (k) and measured depth (bathymetric data) hy, (k) with respect to sea-bottom angles
a(k) in the x axis and B(k) in the y axis at the kth position of x(k), y(k) is defined as

cos (k) = cos (k) cos B(k) ©)]

so that
cosB(k), 0<16(k)]|

hm(k) =h (k){ cos 6 (k)
‘ s 00-1) 0(k)| =

NS

4)

ke 1A

Hence, at the kth position, (x(k), y(k)), ha(k) can be calculated using (4).

Definition 2. The sea-bottom slope angles along the x and y axes are estimated using the measured
depth values at the sampling interval, g,,, and the beam angle of the echosounder as follows.

hn (x(k), y(k)) — hm(x(k —1),y(k))
Sm 5)
k=2,...,K

tana (k) =

tanﬁ(k) = h (x(k), y(k)) —gim(x(k),y(k -1)) .
k=2,...,K

where &(1) = 0, B(1) = 0, and K are the total sampling data in the mapped area. After the
sea-bottom slope angles had been estimated, the measured depth values (bathymetric data) were
corrected for the two conditions using (4). By defining g, sampling interval (distance), and g,
the grid range in the mapped area, hy,(k), is the k-th measured value obtained through linear
interpolation using the measured depth value at sampling distance g, in each grid range represented
by gr. For gm = 0.2 m, five sampling points between two measurements were obtained at g, = 1
m; for gm = 0.2 m, 25 sampling points were obtained between each consecutive measurement at
gr = 5 m. One can use neighborhood measured values to estimate « and B as in [35,36] instead of
(5) and (6).

Lemma 1. Actual depth h,(k) can be obtained using (4) with a known position (x(k), y(k)), and
beam angle ¢ using measured depth hy, (k). Furthermore, estimated depth value h,(k) converges
to the value of the actual depth if the sea-bottom slope angle estimates (5) and (6) approach « (k)

and B(k).
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Proof. It is straightforward to prove that, if in Definition 2, the sea-bottom angle estimates
both & and 8 with an appropriate gm sampling distance, then

. )
2

where the angle is cosd (k) = cos(k)cosp(k). O

3.2. Grid Range Effect

The selection of the grid range of the mapped region affects the accuracy of the
underwater topography. Generally, more measurement data are obtained from the mapped
area by choosing a low grid range. Thus, a high-resolution map was obtained. In areas
where the seafloor is sloping, grid spacing selection is more effective. If the grid range
value is chosen to be larger than the sea-bottom coverage area on the basis of beam angle
and depth, measurements of some points can be missed.

Lemma 2. Choosing smaller grid spacing than the coverage area, gr < 2zytan¥ was still not
sufficient to map the entire area, as shown in Figure 1. To map all points without missing any in the
mapped area, grid spacing corresponding to overlapping circles should be chosen. Hence, the grid
range value was selected from the geometry shown in Figure 1:

gr < \@zmtang (8)

where g, is the selection of the grid range value for the mapped area, a is the diameter of the covered
area, and ¢ is the beam angle of the single-beam echosounder.

The seafloor slope angles depend on the value of the measured depth in each grid interval
interpolated at a certain interval (¢p,), as shown in (5) and (6). The estimated seafloor angles are
different for grid values of 5 m and 1 m. By choosing a small grid range value in the inclined
sea-bottom area, the estimated seafloor angles are closer to the actual angle values.

3.3. Beam Angle of Echosounder Effect

For bathymetric data obtained using a single-beam sonar, a narrow or wide beam angle
affects the accuracy of the underwater map. The beam angle depends on the transducer size
of the sonar and the wavelength. The higher the frequency and the larger the transducer
are, the narrower the beam angle is. Although we obtained a high-resolution underwater
map when using the narrow-angle sonar, the measurement of some points may have been
missed owing to external disturbance effects, such as waves and the wind, especially on a
sloping seafloor. The optimal beam angle should be chosen according to the presence of the
seafloor and external disturbances. The definition of the beam angle effect is given in (4)
for two conditions when the sea floor is inclined.

3.4. External Disturbance Effect

The rotations of the sea-surface vehicle about the x, y, and z axes are defined as roll,
pitch, and yaw, respectively, and are measured using an inertial measurement system
(INS) [37,38]. The sea-surface vehicle’s attitudes such as roll and pitch are zero without
disturbances, and the echosounder is perpendicular to the seafloor. Changing the sea-
surface vehicle motion with external disturbances, such as wind and waves, affects the
measured bathymetric data and position of the sea-surface vehicle in which the sonar
is integrated.

The sea-surface vehicle oscillates when external disturbances affect the attitudes of the
vehicle, which are different from those of the starting level. If the angle of these oscillations
(roll and pitch) is greater than half the beam angle, the sea-bottom coverage area is changed.
The external disturbance effects, in degrees, in the x and y axes are defined as Jy and J; to
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the oscillation of the sea-surface vehicle, as shown in Figure 3c. Rotating the yaw angle
along the z axis does not affect the measured bathymetric data [39].

T (X0, )0, 20)

(a) (b) (c)

Figure 3. (a) Depth measurement without external disturbances and draft of echosounder at the
inclined seafloor. (b) Depth measurement with a draft of the echosounder at inclined seafloor. In this
situation, the echosounder is below the sea surface by an amount of /4. (c) Depth measurement with
external disturbances in the x and y axes (Jx and J;) at the inclined seafloor.

Definition 3. The positions of the sea-surface vehicle in the x and y axes are corrected in relation
to the roll, pitch, and yaw angles owing to oscillations using the rotation matrix for measured
bathymetric data [29,40]. If the vehicle rotates around the z, y, and x axes with o, vy, and ¢,
respectively, with an external distribution effect, then the position of the sea-surface vehicle based on
the measured depth is corrected using rotation transformation matrix C as follows:

cocy —socg +cosysp  Sosp + cocpsy

n' = |socy cocp+spsyso —cosp + sysocd |1 )
—S7y cys¢ cycp
where ' = [x5,ys,25')" is the corrected position vector of the surface vehicle, and y =

[Xs, Vs, zS]T is the measured position vector of the surface vehicle.
It is assumed that, in the case of small angle changes, (cos(.) = 1,sin(.) = 0) transformation
matrices are identity matrices, and position changes are neglected where c. = cos(.) and s. = sin(.).

3.5. Echosounder Position Effect

The distance between the place where the sonar transducer is mounted on the surface
vehicle and the water surface, called the draft, affects the accuracy of underwater mapping.
Draft value h;, shown in Figure 3b, should be added to the measured depth value from the
single-beam echosounder.

Definition 4. As the sonar moves away from the sea surface and approaches the seafloor, higher
resolution measurements are obtained. Measurements closer to the seafloor are obtained by integrat-
ing the sonar into an underwater vehicle. When the beam angle is constant, as the sonar approaches
the sea floor, the coverage of the single-beam sonar narrows, as indicated in (1), resulting in a higher
resolution underwater map. The difference in distance between the sea level and the transducer
of the echosounder is defined as draft (or bias). The distance between the acoustic sonar and the
measurement station (sea-surface vehicle used in this study) is represented by hy, as shown in
Figure 3b. This draft value must be added to each measured depth value.

4. Underwater Mapping Simulator

The simulator block diagram for underwater mapping is shown in Figure 4. First,
the single-beam echosounder parameters and environmental parameters were set, and the
background sea-floor map was generated. The sonar model was used to generate the dis-
tance between the vehicle on which the sonar was located and the seafloor. The sea-bottom
slope angles were estimated using the measured depth values, as in Definition 2. Then,
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the measured depth was corrected on the basis of the estimated sea-bottom slope angles.
The corrected depth value and navigation data of the sea-surface vehicle were integrated to
compose the underwater map. The underwater map simulator block shows that the sea
surface, sea-bottom effects, and the grid range and beam angle play an important role in
improving the accuracy of an underwater map.

Generate

el Background

Environmental

Set Sonar
Parameters Sea-Floor

Parameters Map

vy oy

Read _

Position And Single-Beam Sea-hottom
Attitude of »| Echosounder »| Slope Angle
Surface Model Estimation

Vehicle
gon:lt: ne a4 | Corrected
Pizitigrr: - Depth Value

Underwater Map

Figure 4. Block diagram of the underwater mapping simulator.

Underwater mapping is performed according to

e the seafloor slope angle;

¢ the beam angle of the echosounder;

¢ the grid range in the mapped area;

*  the position of the sonar’s transducer;

*  the external disturbances to the motion of the sea-surface vehicle in order to show the
single-beam echosounder performance.

4.1. Topographical Settings

The underwater map was generated using a single-beam echosounder for real-time
measurements. First, underwater topography based on simulation data was generated,
as shown in Figure 5. Subsequently, the bathymetric data (distance between the sea-surface
vehicle on which a single-beam echosounder was mounted and the sea-bottom) and sea-
bottom angles were estimated from the measured depth related to each k-th position in
the x and y axes. Thus, the bathymetric data were corrected, and the corrected underwater
map was obtained. The analysis of underwater mapping based on simulation data was
performed in a MATLAB environment.

Figure 5 shows the generated seafloor area. The depth variation is provided in
100 x 80 m in the x and y axes with a sampling range of 0.2 m. Here, actual depth h,
values are between 10 and 55 m, and sea-bottom angles are between —50° and 50° for «,
and —40° and 40° for B.
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Deep Level Measurement System

— surface level

Deep Level Z (m)

Position ' {m) o 0 Position X {m)

Figure 5. Generated underwater topography based on simulation.

To compare all these effects, given that K; and K are the total sampling data for the grid
range in the x and y axes for ky = 1,...,Kj and k; = 1, ..., Ky, we used the measured error:

En(k1,k2) = ha(x(kn), y(k2)) =l (x(k1), y (k2)) (10)

and estimated error

Ee(ki k2) = ha(x(k1),y(k2)) — hia(x (K1), y(k2)) 11

where h, is the actual depth, h;;, is the measured depth, and h, is the estimated depth
using (7) at kith and kyth position in the x and y axes, respectively. Total measured and
estimated absolute errors were calculated with the sum of the measured and estimated
absolute errors using (10) and (11). Further, root mean square (RMS) measurements and es-
timated error calculations are performed using the sum of the squares of the measurements
and the estimated error divided by the total sampling data.

4.2. Analysis of Underwater Mapping Accuracy
4.2.1. Analysis of the Sea-Bottom Slope Effect

Measured bathymetric data are calculated as the closest distance between the sea-
surface vehicle, assuming that the vehicle is at the water level, and the seafloor, as shown
in (2). The deep level measurement occurs with these generated bathymetric data, as de-
picted in the upper side of Figure 6. Figure 6 shows the estimated sea-bottom slope angles
in the x axis, called «, and in the y axis, called B, using the generated sea-bottom data at
each k-th position, which is calculated using (5) and (6) of Definition 2. Bathymetric data
measurements were performed with a single-beam sonar for a 10 m grid range and the 10°
beam angle of the echosounder without external disturbances. Figure 6 shows that there
were cases in which the estimated sea-bottom angles were both smaller and larger than
half of the beam ang]le.

Figure 6 shows the underwater map with the bathymetric value of the area corrected
according to the estimated bottom slope angles based on Lemma 1. The topography
based on the corrected bathymetric data was more inclined compared with the measured
bathymetric data.



J. Mar. Sci. Eng. 2022, 10, 1349

10 of 23
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Figure 6. Underwater map with measured depth level and underwater map with estimated depth
level. Estimated sea-bottom slope angles in the x («) and y (B) axes.



J. Mar. Sci. Eng. 2022, 10, 1349

11 0f 23

Errors related to the measured and estimated depths were analyzed to determine the
accuracy of the underwater map. The total absolute error between the actual and measured
depths was calculated using E;, in (10); the measured error for a particular area is shown
in the upper part of Figure 7. The estimated error was calculated using E. in (11) using
the difference between the actual and estimated depths, and the estimated error for a
particular area is shown on the bottom side of Figure 7; the measured error increased with
the sea-bottom slope effect, while the estimated error varied around zero.

Deep Level Measurement Error

Ermor E P fm)

e S 80
0 T g 40 10

Position Y (m) Position X (m)

Deep Level Estimate Error

.-q %
5 =
B 0
Lu’l‘a
§ 5
g
-5
-0
100 T — B
- e 100
B0 o e B0
R S -
20 [;‘h-a’ 0 10
Posifion ¥ {m) Position X {m)

Figure 7. (top) Measured and (bottom) estimated error for a particular area.

4.2.2. Analysis of the Grid Range and Beam Angle Effect

The grid range and beam angle effects that affect the accuracy of the bathymetry
measurements were analyzed. The total absolute and root mean square measured errors
(blue line), and the total absolute and RMS estimated errors (red line) at different beam
angles based on the constant grid range (1 m) without external disturbances are shown
in Figure 8. It was assumed that the depth of the vehicle from the sea surface was zero
under this condition. The total absolute measured error was 12 x 10> m, the total absolute
estimated error was 2 x 10° m, the total RMS measured error is 200 m, and the total RMS
estimated error was 40 m at ¢ = 10°, ¢, = 1m, 6, = 0,4, =0, and h; = 0. When the beam
angle increased to 30°, the total absolute measured error became 3 x 10* m. When the total
absolute estimated error was 1.2 x 10* m, the total RMS measured error was 5 x 10> m, and
the total RMS estimated error was 2 x 10°> m at gr=1m,56, =0,4, =0,and hy = 0.

Results show that the absolute measured and estimated errors increased when the
beam angle of the single-beam echosounder increased. In addition, the estimated error was
smaller than the measured error when the beam angle was increased. The measured and es-
timated errors improved with a narrow beam angle in the absence of external disturbances.
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Abslute Total Error

1 I I I 1
1[]4 L
g
L]
Wy
1[]3 =
1[]2 1 | 1 | 1
0 5 10 15 20 25 30
Eeam angle (°)
5 RMS Total Error
10 T T T T T
—&— Meas.
E
‘“—_; 1[]2 -
Wy

Beam angle (%)

Figure 8. Variation in the absolute and RMS total measured errors (blue lines), and the absolute and
RMS total estimated errors (red lines) for different beam angles at a constant grid range without
external disturbances.

Figure 9 shows the absolute total and RMS measured errors (blue line), and the
absolute total and RMS estimated errors (red line) at different grid values according to a
constant beam angle, (15°) without external disturbances. It was assumed that the depth of
the vehicle from the sea-surface was zero in this condition. The total absolute measured
error was 12 x 10% m, total absolute estimated error was 2 x 10% m, total RMS measured
error was 200 m, and total RMS estimated error was 40 m at the g, =2 m, ¢ = 15°, 6, =0,
dy = 0, and hy = 0. When the grid range increased to 20 m, the total absolute measured
error became 2 x 10* m, total absolute estimated error was 1.8 x 10* m, RMS measured
error was 3 x 10> m, and RMS estimated error was 2.5 x 10°> m at ¢=15°06,=0,6,=0,
and h; = 0.

Simulation results show that the absolute measured and estimated errors increased if
the grid range increased. In addition, the estimated error was smaller than the absolute
error when the grid range increased. The measured and estimated errors improved with a
low grid range in the absence of external disturbances.
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Figure 9. Variation in the absolute and RMS total measured errors (blue lines), and the absolute and
RMS total estimated errors (red lines) for different grid ranges at a constant beam angle without
external disturbances.

4.3. Analysis of the Sonar Position Draft/Bias Effect

The accuracy of the underwater map was analyzed at the positions at which the sonar
was away from the sea level, but approaching the seafloor. The slope effect of the seafloor
was reduced by placing the acoustic sonar at a known distance from the sea surface, 1,
as shown in Figure 3 owing to high-resolution measurements obtained near the sea floor.

Figure 10 shows the total absolute and RMS measured error (blue line), and the total
absolute and RMS estimated error (red line) at different depths of the echosounder from the
sea-surface level at a constant beam angle (15°) and grid range (10 m) without external
disturbances. If the sonar was on the sea surface, h; = 0, the total absolute measured error
was 13 x 10® m, total absolute estimated error was 3 x 10> m, and the total RMS , measured
and estimated errors were 200 and 40 m, respectively, at g, = 10 m, ¢ = 15°, 6y = 0,
dy = 0. When the distance between echosounder and sea surface increased to 5 m, the total
absolute measured error was 10 x 10° m, total absolute estimated error was 2 x 10° m, total
RMS measured error was 180 m, and the total RMS estimated error was 30 m at g, = 10 m,
¢ =15°0, =0,y = 0.

These results show that the absolute measured and estimated errors decreased as the
vehicle approached the seafloor. Figure 10 shows that the single-beam echosounder had a
higher resolution because the coverage area of the echosounder was narrowing and the
vehicle was less affected by external disturbances such as wind and waves when the depth
of the echosounder from sea-surface level increased. This result shows that, by considering
the grid range in Lemma 2, the requirement of the echosounder was close to the seafloor.
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errors (red lines) related to the draft (or bias) of the echosounder from sea-surface level at a constant
grid range and beam angle.

4.4. Analysis of the External Disturbances Effect

Changing the position and attitudes of the sea-surface vehicle through external dis-
turbances such as wind and waves affected the measured bathymetric data. The roll and
pitch angles of the vehicle were zero without disturbances, and the echosounder was
perpendicular to the seafloor. The sea-surface vehicle oscillated in the presence of external
disturbances, and the roll and pitch attitudes of the vehicle were different from those of
the starting level. Thus, the sea-bottom coverage area changed, and the bathymetric value
could not be measured perpendicularly to the seabed, as shown in Figure 3c.

Figure 11 shows the total absolute and RMS measured errors (blue lines), and the total
absolute and RMS estimated errors (red lines) at different attitudes of the vehicle integrated
with the single-beam echosounder at a constant beam angle (15°) and constant grid range
(10 m). It was assumed that the depth of the vehicle from the sea-surface was zero in this
condition. The disturbance in the x and y axes comprised uniformly distributed random
variables with maximal values of 0°, 2°,4° and 7°.

If the rotations of the vehicle with external disturbances in the x and y axes were 2°
(0x = 2°, 6, = 2°), the absolute measured error became 1 x 10* m, the absolute estimated
error was 3 x 10° m, RMS measured error was 2 X 102 m, and the RMS estimated error was
9 x 10" m at gr =10, ¢ = 15°, hy = 0. When the external disturbance effect increased to 7°
in the x and y axes, the absolute measured error was 1.5 X 10* m, the absolute estimated
error was 1 x 10* m, the RMS measured error was 2.5 x 10> m, and the RMS estimated
error was 2 x 10% m at gr =10, ¢ =15° h; = 0.
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Figure 11. Absolute and RMS total measured errors (blue lines), and absolute and RMS total estimated
errors (red lines) related to the external-disturbance effect to the oscillation of the sea-surface vehicle
at constant grid range and beam ang]le.

Simulation results show that the absolute measured and estimated errors increased
when the external-disturbance effect increased. Thus, it is important to perform measure-
ments when the sea-surface vehicle on which a single-beam echosounder is located is
perpendicular to the measuring point in the mapped area.

If the beam angle becomes narrower, without external disturbances, the accuracy of the
underwater map increases. However, under external-disturbance conditions, the accuracy
is not higher with a narrow beam angle because the measurement of some points may be
missed, especially in an inclined sea-bottom area.

5. Underwater Mapping Experiment

Experimental bathymetric measurements were performed at the test area, the port of
Kozlu in the city of Zonguldak in the Black Sea, Turkey as shown in Figure 12. The date
of taking the bathymetric measurements was chosen on the basis of the anticipated wave
height. A day with a wave height of at most 0.1 m was deemed to be suitable for this
experiment, and it was chosen on the basis of the weather forecast, as shown in Figure 13.
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Figure 13. Wave prediction map dated 9 September 2020 for the sea-experiment.

Before starting the measurements in the experimental area, the measurement lines
were determined in the experimental area as the basis for bathymetric map production.
According to the International Hydrographic Organization standards, the maximum line
spacing for some coastal areas up to 100 m deep is three times the average depth or
25 m. In this study, it was obtained as 10 m to reveal the bottom topography more
clearly. In Figure 14, the transverse and vertical lines are the observation and control lines,
respectively. The transverse line spacing was determined as 10 m, and the distance between
the control lines was defined as approximately 20 m. The all-test area was mapped in
one day. The tide value at the time of the bathymetry study was added to the measured
values. One of the critical sources of error in the acoustic sounding method is the incorrect
measurement of the speed of sound. The speed of sound assumes different values in
different environments, such as lakes, salt water, and fresh water. The sound velocity
was measured at different depths in the experimental area to obtain a more accurate map.
An AML Minos-X brand CSTD device used for sound velocity measurement is shown in
Figure 15 . The sound velocity was measured as 1469 m/s, and then used for data analysis.
The properties of the single-beam echosounder used to measure the depths in this study

are listed in Table 1; we used 120 kHz.
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Figure 14. Bathymetric survey plan for the sea-experiment area.

Figure 15 shows the sea-surface vehicle integrated with measurement devices used
in the experiment. Bathymetric data were measured using the single-beam echosounder
located on the sea-surface vehicle. Navigation data were measured using global posi-
tioning system (GPS) devices. A compatible global navigation satellite system (GNSS)
receiver with the Continuously Operating Reference Station-Turkey (CORS-TR) network
was used for the purpose of providing the navigation of the unmanned surface vehicle.
The national Continuously Operating Reference Station (CORS) networks, which operate
on the real-time kinematic (RTK) principle, are multipurpose geodetic networks. Using
this method, the horizontal position of the GNSS receiver could be determined with a
horizontal sensitivity of £1-2 cm.

1 GNSS Receiver

Figure 15. Sea-surface vehicle integrated with measurement devices used in the experiment, and the
measurement of the acoustic sound velocity in the sea before the experiment (right side).

Raw measurement data were used to create a depth model of the project area. The lin-
ear interpolation method was preferred for this depth model. The isobath map of the region
was created using the depth model as shown in Figure 14. To investigate the errors caused
by the slope of the bottom topography, a region where the depth changes was chosen in
the observed area. This region is illustrated in Figure 14. The errors caused by the slope of
the topography were modeled, and a second map of the same region was created. Further-
more, the differences between them were analyzed in a MATLAB, HYPACK, and Global
Mapper environment.
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Table 1. Properties of the single-beam echosounder used in this study.

24 kHz-210 kHz
5-5000 m
1300-1800 m/s
at—0-100 m, 1 cm

Frequency
Depth

Acoustic velocity

Accuracy

Beam spread +4 minimal degrees

The sea-bottom slope angles in the x and y axes were calculated on the basis of (5) and (6)
using the measured bathymetric data in the experimental area. Figure 16 shows the
estimated sea-bottom slope angles in the x axis represented by &, and the y axis represented
by B for the observed experimental area, where the depths changed suddenly.
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Figure 16. Estimated sea-bottom slope angles in the x (x) and y (B) axes in the experimental area
based on experimental data.

Subsequently, the measured bathymetric data were corrected in relation to the esti-
mated bottom slope angles. Figure 17 shows the underwater maps with measured and
corrected depth levels.

Figure 18 shows the depth difference between the corrected and measured maps.
Figure 18 shows that there were depth differences of up to 5 m between the measured
and the corrected map. This shows that the measured bathymetric data should have been
corrected on the basis of seafloor slope angles. The underwater map obtained without
considering the seafloor slope, and one with correction based on the bottom slope angles
were compared. Figure 19 shows the model differences on the basis of the slope of the
bottom topography. The bottom side of Figure 19 shows the corrected map, and the
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upper side of Figure 19 shows the underwater map without correction. Figure 19 shows
that the measured underwater topography without considering the bottom slope angles
appeared to be an inclined area. Thus, a more accurate underwater map was obtained with

this correction.

Bathymetry; Underwater Depth Measurement
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Figure 17. Underwater map with (top) measured and (bottom) estimated depth levels based on

experimental data.

Bathymetry Underwater Depth Difference

-]

Daeap Lovel E_ (m)
=)
F

W 200

150

100 50 100
Position ¥ (m) 0 0 Position X (m)

Figure 18. Underwater depth differences between the corrected and measured maps.
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Figure 19. (top) Bottom topography model based on the measured map. (bottom) Corrected map
model based on the slope of the bottom topography.
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6. Conclusions

In this study, an underwater map was modeled and analyzed on the basis of a simula-
tion. Experimental data were obtained from a single-beam echosounder by navigating a
sea-surface vehicle. Factors that influence underwater mapping accuracy, namely, seafloor
slope angle, the grid range of the mapped area, the beam angle of the echosounder, the
position of the echosounder, and the oscillation of sea-surface vehicles owing to external
disturbances were analyzed. The underwater mapping created experimentally for the
Kozlu/Zonguldak area was corrected by estimating the sea-bottom slope angle and using
it to correct the bathymetric data. As indicated by the simulation results, the accuracy of the
underwater map was higher when the beam angle was narrower, and the grid range shrank
without external disturbances. The error in the measurements owing to the oscillation
of the vehicle increased with the external disturbances. The results indicate that more
accurate underwater mapping is obtained depending on the received bathymetric data
when the sea-surface vehicle on which the echosounder is integrated nears the seafloor.
This is because when the vehicle in which the echosounder is integrated approaches the
seafloor, external disturbances such as wind and waves cannot affect the movement of the
vehicle; thus, the error in the measured bathymetric data is decreased. In addition, higher
resolution data are obtained by the vehicle when it is close to the seafloor, and in some
areas that the surface vehicle cannot reach, an underwater map can still be completed. All
these results indicate that the underwater map created with bathymetric data, obtained by
integrating the echosounder into the underwater vehicle rather than a sea-surface vehicle,
is more accurate. In future studies, we will compare the results of an experiment performed
in the same test area with the bathymetric data obtained using an unmanned underwater
vehicle [41].
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