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Abstract

In ocean bathymetry, the instantaneous depth measured by survey ships or by unmanned surface vehicles (USVs)
cannot be directly taken as the chart depth because of the effect of waves and the tide. A novel ocean bathymetry
technology is  proposed based on the USV, the aim is to evaluate the potential  of  the USV using a real-time
kinematic (RTK) and a single beam echo sounder for ocean bathymetry. First, using the RTK height of the USV
with centimeter-level precision, the height of the sea level is obtained by excluding wave information using a low
pass filter. Second, the datum distance between the reference ellipsoid and the chart depth is obtained by a novel
method using tide tables and the height of the sea level from the USV. Previous work has usually achieved this
using long-term tidal observation from traditional investigations. Finally, the chart depth is calculated using the
transformation between the instantaneous depth of the USV measurement and the datum of the chart depth.
Experiments were performed around the Wuzhizhou Island in Hainan Province using the unmanned surface
bathymetry vehicle to validate the proposed technology. The successful results indicate the potential of the
bathymetry technology based on the USV.
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1  Introduction
An unmanned surface vehicle (USV) is a novel unmanned

surface platform used for surveying that has been the focus of un-
manned vehicle research following the well-known unmanned
aerial vehicle (UAV) and the autonomous underwater vehicle
(AUV). In the future of three-dimensional unmanned observa-
tion systems, the USV can play a role as a communication medi-
um between the UAV and the AUV. In recent years, more USVs
have been designed and built, which have been applied to, for
example, environmental monitoring, surveys, and acoustic com-
munication.

In the field of bathymetry, in particular, the USV has some ad-
vantages in several aspects, such as efficiency, autonomy, cost,
and security. A prototype USV ARTEMIS for bathymetry, using a
new generation of navigation sensors including GPS and a digital
compass, was developed by MIT in the 1990s, which can be taken
as the earliest application of USV in river bathymetry (Rodriguez-
Ortiz, 1996). On the basis of the ARTEMIS technology, a differen-
tial GPS (DGPS) receiver was added to the succeeding USV at
MIT, known as AutoCat, to enhance the navigation system. The
USVs driven by electricity and fuel dynamic systems were tested
separately for river bathymetry (Manley et al., 2000). BathyBoat
was designed to serve as a bathymetry platform by the University

of Michigan in 2008 and is suitable for surveying the bathymetry
of shallow areas because of the small hull with a draft of 0.10 m
(Brown et al., 2010). Charlie, integrated with multibeam and
side-scan sonars, was designed by CNR-ISSIA, and was applied
to ocean surveying and the search for mine-like objects in 2010
(Bruzzone et al., 2011). A lightweight Sonobot for shallow water
hydrographic surveys was built by Evologics Corp., and was
tested by carrying a single beam echo sounder and a side scan
sonar in a lake in 2013 (Kebkal et al., 2014). A series of the USVs
that were integrated with multibeam sonar, side-scan sonar, and
a single beam echo sounder were produced by SeaRobotics Corp.
The USVs were tested by sea trials in the Bedford Basin (Halifax,
Canada) in 2011 (Seto and Crawford, 2015). An unmanned sur-
face bathymetry vehicle (USBV) was developed at The First Insti-
tute of Oceanography of the State Oceanic Administration of
China for use in lake and sea bathymetry missions in China (Lü et
al., 2016; Jin et al., 2013, 2016). The vehicles are integrated with a
single beam echo sounder, GPS, and a digital compass. An USV
built by the Shanghai Maritime University was tested for depth
and current velocity measurements in 2015 (Zhu et al., 2016).

The integration and control technologies of the USVs are
mainly studied by the above research organizations and USV
companies (Annamalai et al., 2015; Shojaei, 2015; Liu et al.,  
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2016). However, methods for data processing in USV applica-
tions are rarely included in such research. In the bathymetry ap-
plication, in particular, the technology required for the bathy-
metry in a lake and ocean is different. In the lake survey, the in-
stantaneous depth measured by an USV using an echo sounder
following a draft correction can be taken as the depth of the lake
(Brown et al., 2010; Bibuli et al., 2014). However, an instantan-
eous depth of an USV is meaningless and useless in an oceanic
survey because it contains wave and tidal information. Previous
bathymetry measurements carried out on survey ships have
combined the real-time kinematic (RTK) and echo sounders as
the latest generation of the bathymetry technology. Because of
the height measurement with high precision at centimeter - level
for the RTK, the depth measurement can be accomplished
without tidal observations (Hostache et al., 2015). However, ap-
plying the bathymetry technology without tidal observations dir-
ectly in the USV causes some difficulties and disadvantages in the
calculation of, for example, the height of the sea level, the chart
depth datum, and the attitude correction.

In this paper, we propose a novel ocean bathymetry based on
an USV, and test and validate it in sea experiments. The organiza-
tion of this paper is as follows: the USBV is introduced in Section
2. The bathymetry technology based on USBV is described in
Section 3. Section 4 describes an experiment, and the results and
analyses are presented in Section 5. Finally, conclusions are
provided in Section 6.

2  Unmanned surface bathymetry vehicle
The USBV was developed in the form of an inflatable cata-

maran with two propellers in the stern, with a length of 2.8 m, a
width of 1.5 m, and weighing approximately 130 kg. The USBV
design diagram is shown in Fig. 1. The maximum velocity of the
USBV is 3 kn, and the endurance is approximately 20 km within a
range of 5 h. The central control system and the lithium batteries
are sealed separately in two stainless steel boxes, and the latter is
fixed to the stern of the catamaran. On the basis of an embedded
microcomputer, a central control system integrates a network
RTK, a Trimble DSM232 DGPS, a Honeywell 3000 digital com-
pass, a MicroStrain 3DM-GX3-25 IMU module, a single beam
echo sounder, a camera, and a weather station. Two lithium bat-
teries with capacities of 24 V 115 A·h and 12 V 20 A·h are used, re-
spectively, as a power source for two thrusters and circuitry en-
ergy for the central control system with the above sensors. Two
24 V 400 W propellers are used as a propulsion system in the
stern, which are controlled separately by two brushless DC actu-
ators. The USBV steering is accomplished by regulating the re-
volving speed of two thrusters.

A shore-based control unit consists of wireless modules, a

battery, a laptop, and control software. It is used to display call-
back data of depth, position, attitude, control state, and video
from the USBV, and to send control commands. Further details of
the USBV hardware are described in Jin et al. (2015).

The network RTK (continuously operating reference stations)
provides three-dimensional satellite navigation data with centi-
meter precision via the mobile network from public base stations
in China, which are used to measure the instantaneous position
and height of the USBV. The rover GPS antenna is mounted at
0.70 m above the plan of the waterline of the USBV (instantan-
eous sea level), and the single beam echo sounder is mounted at
0.10 m under the plan of the waterline of the USBV. The DGPS is
used for the navigation of the USBV. The single beam echo
sounder is an acoustic device for depth measurement with 1 cm
accuracy within a range of 100 m. The Honeywell 3000 digital
compass and the MicroStrain 3DM-GX3-25 IMU module can
synthetically provide the heading, pitch, and roll output of the
USBV with 0.5° accuracy.

The USBV control modes contain remote control, and an
automatic following control for a course, way-point, and line,
which can be tuned for different applications using the shore-
based control unit. For example, the USBV is controlled automat-
ically to converge onto an expected line using the control mode
of automatically following a line. The automatic following con-
trol for a line is mainly used in the USBV depth measurement,
which can form a “lawn mower” or line survey pattern.

3  Bathymetry technology for USV under tide and waves
The height of the USV with high precision in the long period

can be used to obtain tidal and wave information, and the applic-
ation is similar to a mobile GPS buoy. The chart depth can be ac-
quired by removing tide and waves based on the instantaneous
depth of the USV. However, the key problem to solve is how to
obtain the distance between the reference ellipsoid datum and
the chart datum, where the reference ellipsoid datum is the base
level for the height of the RTK and the chart datum is the base
level for the chart depth. Because of the effect of the curvature of
the reference ellipsoid and the fluctuation of tide, the datum dis-
tance between the height and the depth varies in different re-
gions. Furthermore, the survey missions allocated to the USV are
usually short-term or emergent at present, and therefore the tid-
al information cannot be acquired from the measurement itself.
Therefore, we propose a novel processing technology for the USV
ocean bathymetry using available tidal information.

The relationship between the chart depth datum and the ref-
erence ellipsoid datum for the USV bathymetry is shown in Fig. 2,
where Dg is the antenna height of the RTK calculated from the
reference ellipsoid datum, Du is the instantaneous depth of the
USBV measurement, Dc is the chart depth calculated from the
chart datum, △hg is the height between the RTK antenna and the
waterline of the USBV, △h1 is the distance between the chart
depth datum and the reference ellipsoid datum, and △h2 is the
distance between the instantaneous sea level and the chart depth
datum.

In the USBV bathymetry system, the measurable data contain
longitude, latitude, antenna height Dg from the network RTK, and
instantaneous depth Du from the echo sounder. Therefore, the
variable to be solved is the chart depth Dc. According to the rela-
tionship from Fig. 2, the chart depth can be calculated by

D c = D u¡¢h2; (1) 

network RTK

single beam

echo sounder
 

Fig. 1.   The design diagram of the USBV integrating network RTK
and a single beam echo sounder.
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¢h2 = D g ¡¢hg ¡¢h1: (2) 

Equations (1) and (2) are commonly used in the depth meas-
urement by survey vessels, but problems occur when they are ap-
plied directly in the USV bathymetry. For example, the distance
△h1 between the datum of the chart depth and the reference el-
lipsoid is difficult to measure directly by the USV. In traditional
depth measurement missions, the datum distance is generally
obtained from tide observations using a tide gauge, and the long
period will be calculated, for example, over 1 month or longer.
The traditional method for the tidal observations also limits the
promotion and application of the USV. Survey missions alloc-

ated to the USV are usually short-term or emergent, and there-
fore the tidal information cannot be obtained from the tradition-
al long-term tidal observations. Furthermore, the USV hours of
operation are usually several hours in the daytime, and therefore
few successive observations of tides are obtained. As a result, the
calculation of the distance between the datum of the chart depth
and the reference ellipsoid without the tidal observations is cru-
cial to obtaining the chart depth for the bathymetry technology of
the USV.

We propose a novel method to calculate the datum distance
△h1 for the bathymetry technology of the USV. It is clear that the
instantaneous sea level calculated from the chart datum con-
tains the height of tide and waves (Fig. 2). The tide is a long-term
process on the time-scale of hours, while a wave is a short-term
process on the scale of seconds. Therefore, the height of tides can
be obtained using a low pass filter of the instantaneous sea level
(Vries, 2007; Apel et al., 2012). Tidal stations are generally fixed
on the shore of a country, and can supply the height of tide △ht

calculated from the datum of the chart depth at a specific mo-
ment. The datum for tides coincides with the datum for the chart
depth in China’s tidal observations. Therefore, if a tide station is
situated near the location of the USV mission and the height of
the tide can be provided from tide stations in the period of the
depth measurement, the distance △h1 between the datum of the
chart depth and the reference ellipsoid equals the value of the
height of the tide from the tide station subtracted from the height
of the instantaneous sea level in the same moment, i.e.,

¢h1 = D g ¡¢hg ¡¢ht: (3) 

Within a specific range of region and period, the two datum dis-
tances △h1 can be considered a constant. Therefore, the chart
depth can be calculated using Eqs (1) and (2). A flowchart of the
proposed technology is illustrated in Fig. 3. All the heights will be
corrected by the attitude data, which are provided by a three - di-
mensional digital compass.

4  Experiments
Application experiments for the USBV depth measurements

were performed around Wuzhizhou Island on 3–6 January, 2016
(Fig. 4). Wuzhizhou Island is located at 18° 18′40″N, 109° 45′45″E,
off the Haitang Bay, Sanya City, Hainan Province, which is 2.7 km
offshore from the Haitang Bay (Fig. 5). Wuzhizhou Island is
shaped like a butterfly, with an area of approximately 1.5 km2.

During 4 d of experiments, the USBV was used for a total time
and distance of approximately 16 h and 55 km, respectively. The
USBV trajectories with instantaneous depth (denoted by a

instantaneous 
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Fig. 2.   Relationship in USBV bathymetry.
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Fig. 3.   A flowchart of the proposed technology.

 

Fig. 4.   USBV in a sea trial.
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colored line) are shown in Fig. 6, where the largest successive
time and distance for measurement were approximately 6 h and
20 km on the final day, respectively. In Fig. 6, the trajectories pro-
duced “lawn mower” curves and lines around Wuzhizhou Island.
All the trajectories were achieved using automatic following of a
line below the third level of the sea stage. The depth measure-
ments show good agreement in continuity for successive traject-
ories and in the self-check for intersection points in a specific
period. In Fig. 6, the maximum depth for the USBV measure-
ment was approximately 30 m, while the minimum depth was
about 0.5 m, which is close to the limit of the USBV for shallow
running. After rejecting the false depth points, 13 797 depth
points remained. In these data, a total number of 6 286 depths
matched the position of the USBV with fixed solutions of the RTK.
The fixed solutions of the RTK are the points with high precision
that are corrected by the network differential signal in real time
and all the positioning errors are less than 0.1 m. Because the dif-
ferential signal is transmitted by the mobile phone network, most
of the differential signals to the east of the island were lost, espe-
cially in the “lawn mower” sections.

5  Results and analyses

5.1  Effect of the USBV attitude error in depth measurement
Because of waves and currents, the USBV attitudes that con-

tain pitch and roll angles changed significantly in the experi-
ments around Wuzhizhou Island compared with the attitude of
the USBV in previous experiments in a lake (Jin et al., 2016). The
pitch and roll angles of the USBV in the experiment on 3 January
2016 are shown in Fig. 7. The largest extent of the pitch and roll
angles is about 10°, where the mean values of the pitch and roll
angles are 2.4° and –3.0°, respectively, with corresponding stand-
ard deviations of 2.5° and 1.2°. The extent of the pitch for the US-
BV is about twice as large as the extent of the roll in the two fig-
ures. However, it is not common for the pitch angle to be greater
than the roll angle in the experiments, because the attitudes of
the USBV are affected by several issues, such as winds, waves,
and currents. The USV was recovered transitorily by the mother
ship between 11:30 and 11:50 because of the marine traffic con-
trol of the Wuzhizhou Island.

Because of large fluctuations of the pitch and roll angles of the
USBV, the depth had to be corrected using attitude angles. The
attitude correction technology is discussed in full in previous sur-
veys of ship depth measurement. We will therefore focus on the
influence of the attitude error on the depth measurement of the
USBV. Because of the attitude change of the USV in the ocean,
the precision of the depth measurement is influenced by the er-
ror in the attitude measurement. On the basis of the cosine func-
tion of the USBV attitude and depth, the depth error of the echo
sounder δd caused by the error in the attitude measurement can
be illustrated by

±d = D (1¡ cos (µ+ ±µ) = cos µ) ; (4) 

where D represents the depth of the echo sounder; θ and δθ rep-
resent the attitude angle and its measurement error, respectively.

According to Eq. (4), when the desired depth error δd is 0.2%D
and the attitude error of the USBV δθ is 0.5°, the attitude angle
range for the USBV θ should be less than 12.7°. Therefore, if the
precision of the compass is 0.5° and that of the echo sounder is
0.2%D, the depth measurement for the USBV is valid on the con-
dition that the attitude extent of the USV is less than 12.7°, and
vice versa. If the precision of the depth measurement is expected
as 0.1%D and 0.2%D, respectively, the relationship between the
allowable measurement error for the attitude and the maximum
allowable attitude angle extent for the two cases are shown in Fig. 8.
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Fig. 5.     Location of the experiments at the Wuzhizhou Island,
Sanya City, China.

109°45′00″

18°19′30″
N

18°19′00″

18°18′30″

18°18′00″

Depth/m

109°45′30″ 109°46′00″ 109°46′30″ 109°47′00″E

0 250 500 1 000 m

0-5.0
5.0-10.0
10.0-15.0
15.0-20.0
20.0-25.0
25.0-30.0
30.0-35.0

 

Fig. 6.   USBV trajectories with instantaneous depth.
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Fig. 7.   Pitch and roll angles of the USBV.
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When the attitude angle of the USBV increases, i.e., the level of

the sea stage enhances, the allowable measurement error for the

USBV attitude will decrease, i.e., the precision of the compass

should improve. In Fig. 8, the largest extent of the USBV attitude

is approximately 10°, with a standard deviation of 2.5°. In the US-

BV, the precision of the Honeywell 3000 digital compass is 0.5°.

Therefore, if the maximum allowable extent of the attitude angle

for the USBV is 6.3° and 12.7° for the two cases of 0.1%D and

0.2%D depth measurement error, respectively, then the depth

measurement error of the USBV fully satisfies 0.2%D and basic-

ally satisfies 0.1%D, because the largest extent of the attitude

angle of the USBV is approximately 10° (Fig. 7).

5.2  Acquisition of chart depth for the USBV
In these experiments, 6 286 depth points matched the posi-

tion of the USBV with fixed solutions of the RTK, and all the RMSs
of the fixed solutions of the RTK were less than 0.1 m. The histo-
gram for the RMS of the fixed solutions of the RTK is shown in
Fig. 9. In this figure, the vast majority of the RMS values of the

fixed solutions were less than 5 cm, and the mean of RMSs of the
fixed solutions of the RTK was 2 cm. These data therefore have
high precision, which indicates that the tide can be obtained ac-
curately.

Rejecting the length of the antenna of the RTK, the instantan-
eous height of the USBV consists of the wave and tidal heights.
Because the tidal period is much longer than the wave period, the
tidal height can be obtained using a low pass filter for the height
of the USBV, which also represents the sea level. The heights of
the USBV and the sea level from 3 to 6 January are shown in Fig. 10.
The blue line represents the instantaneous height of the USBV,
and the red line represents the height of the sea level using a low
pass filter. A digital Chebyshev Type I filter was used as the low
pass filter for the height of the USBV. Because the tidal periods
last several hours and the wave periods only several minutes, we
choose pass - band and stop - band frequencies of 0.000 1 and
0.001, respectively. The low pass filter confirms that the height of
the sea level will be obtained correctly by removing the wave sig-
nal. All the heights were calculated from the datum of the refer-
ence ellipsoid in Fig. 10.

According to the tide table released by the National Ocean In-
formation Center of China, the sea level calculated from the
datum of the chart depth at the Yalong Harbor was 0.66 m at
10:36 on 3 January 2016, with the Yalong Harbor as the nearest
tidal station to the Wuzhizhou Island (labeled with a white star in
Fig. 5). At the same time, the sea level calculated from the datum
of the reference ellipsoid was –9.70 m (Fig. 10a). This indicates
that the sea level is between the datum of the reference ellipsoid
and the datum of the chart depth. According to Eq. (3), the dis-
tance between the datum of the chart depth and the reference el-
lipsoid △h1 is –10.36 m. Some measurements in Fig. 10b were
not successive because of the recovery of the USBV. Using the
same method, the two datum distance △h1 can be calculated
from 4 January to 6 January (Table 1). The △h1 values were simil-
ar on 3 and 4 January, but there was a 20–30 cm difference com-
pared with the △h1 values on 5 and 6 January (Table 1). The △h1

values were calculated using the height of the sea level from the
Yalong Harbor Tidal Station on 3 and 4 January at the same time.
However, the heights of the sea level on 5 and 6 January were cal-
culated using the interpolated results from the tide tables, be-
cause no measurement was available at the corresponding time.
Therefore, the △h1 values on 3 and 4 January were taken as the
valid ones, and the precision for the distance between the datum
of the depth and the reference ellipsoid can be taken as approx-
imately 4 cm. In the area where the experiments for the USBV
were carried out, the two datum distance △h is considered to be
constant.

Using Eqs (1) and (2), the chart depth for the USBV was calcu-
lated based on the △h1 value. The result is illustrated using the
depth measurement for the USBV on 3 January as an example.
The instantaneous and the chart depths are compared in Fig. 11,
and the trajectory for the USBV with the chart depth is shown in
Fig. 12. In the USBV measurement, the echo sounder and the
RTK were synchronized according to the central control com-
puter time. The echo sounder measurement frequency was set to
1 Hz during the experiments, and the RTK measurement fre-
quency was set to 1 Hz on 3 and 4 January, and to 0.2 Hz on 5 and
6 January. The chart depth was calculated using the RTK meas-
urement frequency to match the two devices. In Fig. 11, the chart
depth is less than the instantaneous depth because of the remov-
al of tide and waves from the instantaneous depth.

During 4 d of experiments, less than half of the RTK data were
fixed solutions with high precision in Fig. 13, where the green line
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Fig. 8.   Relationship between the allowable measurement error
for the attitude and the maximum allowable extent of the atti-
tude angle for the USBV.
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Fig. 9.   Histogram of the RMS of the fixed solutions of the RTK.
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represents the position of the USBV with the fixed solutions of the
RTK, and the red line represents the position of the USBV with
the non-fixed solutions of the RTK due to the lack of a differential
signal from the network. The result for the chart depth on 4 Janu-
ary is shown in Fig. 14. The results for 5 and 6 January are not in-
cluded because of the lack of sufficient fixed solutions from the
RTK. In Fig. 14, some of the USBV trajectories are also missing.
Although the data over the first 2 d are enough to validate the
proposed technology, it is unfortunate for the USBV bathymetry
application. It is clear that the chart depth produced by the pro-
posed technology has favorable continuity in Figs 11, 12 and 14.

Because the experiments with the USBV around the Wuzh-
izhou Island were made on a small-scale ocean map with high
precision measurements in the super - nearshore, it is difficult to
find available data produced by traditional methods using ship
investigations in the same area. However, the cross lines for the
USBV are designed and performed to achieve cross point inspec-
tion in the experiments. There are not many effective cross points
in Fig. 13, because most of the design cross lines are located east

of the island with non-fixed solutions of the RTK. However, some
cross points can still be found and are illustrated in Table 2, and
the mean value of the depth errors for the six cross points is ap-
proximately 0.05 m. The contribution of the depth error to the
cross points is explained by two aspects; one is the precision of
the GPS height for the RTK with 2–3 cm accuracy, and the other is
the precision of the echo sounder with 1–2 cm accuracy.

6  Conclusions
A novel bathymetry technology based on an USV with little

tide information is proposed for ocean bathymetry. Sea trials
were used to validate the proposed technology for depth meas-
urements using the USBV around the Wuzhizhou Island in Hain-
an Province, China. The free tide information released by the Na-
tional Ocean Information Center of China and the height of the
instantaneous sea level measured by the USBV were successfully
used to obtain the constant distance between the datum of the
chart depth and the reference ellipsoid. The chart depth for the
USV is achieved using traditional bathymetry without tidal obser-

Table 1.   Distance between the datum of the chart depth and the datum of the reference ellipsoid
Date Time ht/m Dg–hg/m △h1/m

3 January 2016 10:36 0.66 –9.70 –10.36

4 January 2016 10:51 0.72 –9.68 –10.40

5 January 2016 08:00 0.81 –9.78 –10.59

6 January 2016 08:04 0.86 –9.79 –10.65
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Fig. 10.   Heights of sea level for 3–6 January 2016 (a–d) using the USBV.
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vations. The proposed technology is simple and feasible, and can
provide a significant reference for the application of the USV
depth measurements in the future.
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Fig. 12.   Trajectory of the USBV with chart depth on 3 January.
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BV with fixed solutions, and the red line with non-fixed solutions.
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Fig. 14.   Trajectory of the USBV with chart depth on 4 January.
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