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Abstract

The performance of a commercially available uncrewed surface vessel (USV) was evaluated through extensive testing in
several lakes and rivers around Charlotte, North Carolina, USA, to assess suitability of the platform to be used by a state trans-
portation agency in various bathymetric mapping applications, including collection of sounding measurements near bridges.
A first-person-view camera system was integrated onto the vessel to allow surveying in closer proximity to structures. This
article reports on the experience gained in operating the USV, including visualization of results from several representative
deployments. Data across 41 h of on-water testing at 10 unique locations is aggregated and analyzed to provide statistics con-
cerning the expected battery consumption, signal quality of the global navigation satellite system receiver with distance from
occluding structures, vehicle handling characteristics, and different deployment modes. This article may be useful to trans-
portation agency personnel and other users of USV technology to gain a better understanding of the practical considerations,

capabilities, and limitations of a representative small USV with a single-beam echosounder.
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1. Introduction

Uncrewed surface vessels (USVs) have the potential to pro-
vide a robust, automated, and cost-effective means to per-
form tasks such as environmental monitoring, ecological sur-
vey, infrastructure inspection, search and rescue, and surveil-
lance (Patterson et al. 2022). While many USVs operate in the
ocean and other coastal water, there are numerous indus-
tries that utilize USVs in smaller inland water bodies such as
ponds, lakes, and rivers. USVs are well suited to perform haz-
ardous tasks, such as surveying mine tailing ponds (Johnson
et al. 2016), hard-to-reach areas like construction borrow pits
for volume assessment, or small storm-water ponds. USVs
can also be used to map bathymetry in rivers and lakes for
floor risk assessment (Li et al. 2021), bridge scour monitor-
ing (Schroeder et al. 2019; Kumar et al. 2025), or water qual-
ity sampling (Lee et al. 2023; Katsouras et al. 2024). This ar-
ticle reports on the performance characterization of a com-
mercially available USV, the HyDrone USV (Seafloor Systems,
Inc. 2025), based on extensive testing in several lakes and
rivers around Charlotte, North Carolina, USA. The aim of the
testing was to assess the suitability of the platform to be
used by a state transportation agency in various bathymetric
mapping applications. While there are many existing works
that focus on various specific aspects of USV deployment—
such as challenges related to global navigation satellite sys-
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tem (GNSS) positioning near structures (Makar 2022; Carilli
et al. 2024; Ng et al. 2024), the issue of determining adequate
line spacing during bathymetric surveys (Arseni et al. 2019;
Adediran et al. 2025), or characterizing USV handling and
navigation performance (Marchel et al. 2020; Specht et al.
2019)—they do not focus on providing a practitioner’s view
of operating a USV for inland environments and bathymetry
mapping near bridges. This work aims to fill this gap by pre-
senting a comprehensive overview of operating a specific USV
over multiple deployments near bridges and characterizes
the aforementioned factors (GNSS availability, line spacing,
performance) alongside other practical considerations such
as echosounder tuning, recommendations for various deploy-
ment modes, and required logistics. The relationship of this
article to prior work is further detailed in the following.
While there are many advantages of using USVs, there are
also limitations that prevent their use in certain scenarios.
Measuring bathymetry near structures is challenging since
structures can occlude satellites and degrade the accuracy of
GNSS positioning. For example, Carilli et al. (2024) report on
the challenges associated with measuring bathymetry under
piers and present a solution to operate in this GNSS-denied
environment, aided by an ultrashort baseline acoustic posi-
tioning system. Ng et al. (2024) also describe the difficulties
of operating in a limited space and densely packed bridge
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pilings and develop a coverage path planner to avoid colli-
sion risk with static obstacles. Makar (2022) conducted sim-
ilar studies that consider both continuity of geospatial data
(due to GNSS dropout) and USV navigation safety (due to col-
lision risk). In this article, the effect of GNSS degradation un-
der various bridges is illustrated in experimental data, and a
model is developed to represent the observations. Such mod-
els can potentially be used in simulation studies or as decision
aids to inform the feasibility of collecting data in specific sce-
narios.

A common sensor employed by USVs to create bathymetry
maps is the single-beam echo-sounder (SBES) that measures
the depth directly below the vehicle. A SBES reports a single
value representing the area ensonified by the SBES footprint
on the water body bottom (dependent on the beam width and
depth). Multi-beam echosounder (MBES) surveys typically aim
to have a specific overlap rate, ensuring complete coverage of
an area with a point-cloud dataset, whereas SBES surveys are
sparsely spaced without overlap. Both SBES and MBES surveys
are conducted with a boustrophedon pattern, where the line
spacing is a key parameter controlling the degree of overlap
or sparsity. With SBES data, spatial interpolation techniques
are used to determine the depth in unsampled regions. Arseni
et al. (2019) evaluated different interpolation methods such
as simple kriging, radial basis functions, and inverse distance
weighting from a SBES in river data. Adediran et al. (2025)
studied different interpolation methods and the effect of sur-
vey line spacing ranging from 16 to 512 m when interpolat-
ing in large 10 km by 10 km areas through simulation studies.
In this work, we present an empirical comparison of spatial
interpolation accuracy for smaller-scale surveys through a se-
ries of field experiments with varying swath width, ranging
from 5 to 100 ft, from which a recommended coverage rate
is suggested.

Other factors that can affect the accuracy, robustness, and
safety of bathymetric surveys include the path following con-
trol capabilities of the USV. Large excursions from a desired
path can lead to risk of collision, and changes in pitch/roll
and heave must be accounted for in correcting bathymetry.
Close adherence to planned survey lines is also important for
repeatable surveys that revisit the same location periodically.
Some researchers have focused on characterizing the con-
trol performance of USVs. For example, Marchel et al. (2020)
studied the path following performance of an OceanAlpha
USV SL20 using a high-precision GNSS RTK, and Specht et al.
(2019) characterized the capabilities of a HyDrone that was
retrofitted with their own autopilot system and a low-cost
GNSS. This work reports performance metrics aggregated
over multiple trials for the HyDrone with the vendor-supplied
autopilot (AutoNAV Plus).

In summary, the contribution of this paper is the charac-
terization of the performance of the HyDrone through the
analysis of experimental data collected over a 2-year period
to determine: (i) the degree to which vegetation and build-
ings impact the available number of satellites to a GNSS re-
ceiver, (ii) the effect of changing swathing width in a typ-
ical boustrophedon survey pattern on the accuracy of spa-
tially interpolated bathymetric data, (iii) an analysis of the
steering accuracy as measured by cross-track error and typi-

Fig. 1. HyDrone deployment in the Catawba River near Char-
lotte, NC.

cal roll/pitch deviations, and (iv) a synthesis of different de-
ployment modes and assessment of their suitability based on
various survey factors. Other aspects of working with the Hy-
Drone are reported, including the typical time required to
deploy and demobilize the vessel, endurance, and tuning of
the echosounder.

2. Hydrone overview

The HyDrone is a small catamaran-style, human-portable
USV developed by Seafloor Systems Inc. (Shingle Springs, Cal-
ifornia) that is widely used for hydrographic surveys (see Fig.
1). For example, the HyDrone has been deployed to investi-
gate landmark-aided navigation approaches using side-scan
sonar (Davenport et al. 2025), collect 3D point clouds of the
riverbanks using LiDAR and cameras (Sardemann et al. 2023),
monitor estuarine shoreline change (Allen et al. 2023), map
retention reservoirs (Mach and Skrzypek 2022), and collect
bathymetric data in yacht ports (Specht et al. 2020). The sys-
tem weighs about 25 lbs and is 3.8 ft long making it easy to
transport and deploy with a one- or two-person team. The
typical survey speed is 2 kts and the platform uses two four-
cell 16 000 mAh lithium polymer batteries (nominally 14.8 V).
The HyDrone is representative of other USVs of similar size
and instrumentation, which commonly include single-beam
echosounders (SBESs) for mapping bathymetry.

The HyDrone unit includes a Windows 11 computer called
the AutoNav Plus (ANP) with an Intel® Core i3-7100 U CPU,
8GB RAM, and 120GB storage. The ANP enables features such
as autonomous waypoint following via Mavlink (a communi-
cation protocol) and runs HYPACK software to plan/manage
bathymetric surveys and perform analysis.

2.1. Modifications made: custom

first-person-view camera system

A custom first-person-view (FPV) camera system was devel-
oped to enable teleoperation of the HyDrone. An enclosure
was fabricated with a battery power supply, cooling fans, and
DJI 03 Air Unit transmitter. The housing was 3D printed and
mounted onto the sensor survey pole that provides a view
of both left and right pontoons and clear visibility of the re-
gion in front of the HyDrone, as shown in Fig. 2. The operator
on shore uses FPV goggles to see the water and surrounding
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Fig. 2. Operator with first-person-view (FPV) goggles (left), custom DJI Air Unit housing on the HyDrone sensor pole (middle),
and view from FPV unit (right).

HyDrone
Deployed
From Here

area from the HyDrone’s perspective, and this allows identifi-
cation of hazards that are difficult to observe from a distance.

2.2. Example deployment: Sloan’s Ferry Bridge

To illustrate our experience with the HyDrone, this section
describes an example deployment of the system near Sloan’s
Ferry Bridge (latitude: 35.245739, longitude: —81.009163) on
the boundary of Gaston County and Mecklenburg County on
24 January 2025. Three sets of data were collected for com-
parison:

1. Depth measurements using the HyDrone USV in man-
ual (human-operated) mode that allowed close navigation
around bridge bents and avoiding very shallow water and
large fallen trees near the bridge. Sections of the upstream
and downstream parts of the bridge were measured.

2. Depth measurements using the HyDrone USV in auto-
mated survey mode. This survey was conducted further
away from the bridge in deeper water and on the down-
stream side following a lawnmower-type pattern.

3. Measurements made by the team using a plumb line from
an inflatable raft near each bent on one side of the bridge.

The total time on site for setup, measurements, and recov-
ery, and pack up was approximately 4 h. The GNSS measure-
ments from the HyDrone used corrections from the NC Con-
tinuously Operating Reference Station Network with an Em-
lid GNSS Base and Rover arrangement that received correc-
tions over the internet (using NTRIP protocol) via a mobile
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Fig. 4. Two data collection runs were executed using the Hy-
Drone uncrewed surface vessel. The first run (green markers)
consisted of a remotely piloted survey in the vicinity of the
bridge and an outline of a “box” in which to conduct the sec-
ond automated survey (orange markers).

phone hotspot. In addition to the above measurements, the
GNSS position and altitude of the waterline and the wing wall
was recorded. The particular wing wall location was used as a
reference point in prior reports studying the bathymetry un-
der this bridge by the North Carolina Department of Trans-
portation (NCDOT) and allowed for comparison to historical
data. The testing location is shown in Fig. 3.

During the manual survey (green markers in Fig. 4), an at-
tempt was made to encircle each bridge bent. The operator
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Fig. 5. Depth measurements recorded by the HyDrone uncrewed surface vessel.
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Fig. 6. Depth measurements interpolated and smoothed.
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had a live video feed into FPV goggles from the camera on-
board the HyDrone. Due to shallow water and debris (trees),
some bents were not encircled. A long track alongside the
bridge was followed to approximate the location where prior
measurements were made from the bridge railing.

The raw soundings of the HyDrone were collected (mea-
sured from transducer to river bottom), as shown in Fig. 5.
The precision of the sounder measurement is four decimal
places in units of m.

The raw measurements were processed to remove a small
number of outliers and to add the offset of the waterline to
the transducer. Outliers were identified as those values that
greatly exceeded the assumed maximum depth of the sur-

vey (10 m) by a factor of two or more. Other sources of er-
ror may include the assumed speed of sound. Figure 5 re-
sults are shown for the low-frequency data (30 kHz). The raw
measurements were geostatistically processed using ArcGIS
to produce the interpolation in Fig. 6. Standard co-kriging in-
terpolation was used, and the area of interpolation was lim-
ited to the region containing measured points and around
the bridge area of interest.

To collect additional data for comparison, Bents 1-16 (see
Fig. 3) were visited using a small inflatable raft with a trolling
motor. A plumb line (an oil-gauging Derrick tape) was used to
measure water depth on the downstream side of the bridge,
approximately in the middle of each bent. Due to wind and

Drone Syst. Appl. 14: 1-16 (2026) | dx.doi.org/10.1139/dsa-2025-0051
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Fig. 7. HyDrone path parallel to bridge and other key points used to rotate the path into the same coordinate system as the

streambed profile measurements.

35°14'46"N

Latitude

35°14'44"N

81°00'40"W

81°0035"W

HyDrone Path
® OriginPt
@ Centerline Start

Centerline End

81°00'30"W
Longitude

Fig. 8. Comparison of soundings at 30 kHz (left) and 250 kHz (right).
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small currents, the inflatable raft was difficult to keep sta-
tionary for long periods. Some inherent measurement errors
include sag and an angle between the contact point on the
riverbed and the tape on the surface. Wave action also intro-
duced errors in this manual measurement. The accuracy of
the measurements is likely depth dependent with larger er-
rors for greater depths. The origin point (i.e., the wing wall de-
scribed earlier) was used to plot streambed profile measure-
ments shown below in Fig. 7. This point was measured using
real-time kinematic (RTK) GNSS to be located at (35.24610042,
—81.01114885) with an altitude (relative to GNSS reference el-
lipsoid) of 147.553 m. The waterline near the testing location
(—81.01148520, 35.24554618) was measured with RTK GNSS
to be at an altitude of 141.543 m. Therefore, we assume the
waterline was about 6.01 m (19.71 ft) below the origin point
during the day of the test. The streambed profile has the ab-
scissa defined parallel to the bridge. To properly align and ro-
tate the HyDrone measurements to be consistent with this di-
rection, two points along the bridge centerline were selected
based on satellite imagery (see below). From these points the
orientation of the bridge was found to be —13.469 deg. South
of East.

Figure 8 compares the prior NCDOT measurements (ob-
tained on 23 February 2024) to the plumb line measurements
and the low-frequency (33 kHz) HyDrone measurements (lim-
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ited to the first line of the test that was parallel to the bridge).
Both the plumb line and HyDrone measurements are plot-
ted by offsetting them from the origin by the amount de-
termined as the waterline (19.71 ft) above. The plumb line
measurements appear to be similar to the prior NCDOT mea-
surements with the deepest point of the channel occurring
at about 760 ft near Bent 11. The HyDrone was deployed par-
allel to the bridge but offset by about 12 ft during this manu-
ally piloted run. Measurements near the deepest point of the
channel are similar, although they are shifted to the left with
the deepest point at about 700 ft. This appears to be consis-
tent with Fig. 4 that shows the overall geometry of the chan-
nel skewing toward the center of the river downstream of
the bridge. The HyDrone measurements exhibited low noise
when operating in deeper water. However, high noise and un-
reliable measurements were observed in the shallow sections
of the river that had a depth of less than 5 ft (at distances be-
tween 0 and 500 ft seen in Fig. 8 and later on the east bank of
the river near distances of 1000 ft). The HyDrone transducer
was mounted 0.77 ft below the waterline and at depths of
a few feet is susceptible to reverberations and other acoustic
and signal-processing limitations. When comparing the high-
frequency (250 kHz) HyDrone measurements, a much better
consistency and agreement with prior data and plumb-line
measurements were observed.
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Fig. 9. Global navigation satellite system (GNSS) data from a survey on Hechenbleikner Lake, NC. Left: path of uncrewed
surface vessel color-coded by percentage of satellites in sky-view of GNSS receiver; right: satellite image of survey area with

plots showing where vegetation and buildings are located.

30

40+ 29
30 f\ 28 &
g g AN 3
—_— 3
E,ZU = \ \ 27%
> N\ \ E
10| 2% 5
| z

0 ~ Wz

24

0 20 40 60
X (m)

3. Analysis of USV performance over
multiple deployments

The HyDrone used in data collection for this research was
deployed 25 times at 10 unique locations with a total sur-
vey in-water time across all testing being 41 h. Field exper-
iments were designed to assess the viability of different sur-
vey modes, to collect bathymetric results, and to evaluate ve-
hicle performance and echosounder tuning procedures. The
experiments described in the following sections were com-
pleted to provide evidence of proper USV deployment prac-
tices and draw conclusions about using a USV for rapid inland
bathymetry assessment.

3.1. Effect of vegetation and infrastructure on

GNSS data quality

The GNSS data are a critical part of the HyDrone’s opera-
tion. It is used in geostatistical processing when interpreting
bathymetric data and for autonomous waypoint control. In-
accurate GNSS data can cause errors in the measurement lo-
cations, leading to inaccurate bathymetry, or may cause the
vehicle to deviate from its intended path, which can lead to
unexpected collisions or running aground. The testing data
were analyzed to determine the degree to which GNSS errors
affected the HyDrone. The metric used to determine GNSS sig-
nal quality in these experiments was the percent of satellites
in sky-view. Sky-view, as it relates to a GNSS receiver, refers to
the amount of unobstructed space above the receiver to view
GNSS satellites. Normalizing the dataset to percent of satel-
lites in sky-view, based on the maximum number of satellites
seen during a survey, allows for comparison across datasets
and can indicate other quality-based GNSS statistics like di-
lution of precision (DOP). When performing hydrographic
surveys with a USV, two main sources of sky-view obstruc-
tions are vegetation and infrastructure. Vegetation includes
tall trees surrounding the survey region, and infrastructure
includes bridges and buildings. The environment can also im-
pose an obstruction due to steep banks or various terrain
profiles. Consider the data from a survey at Hechenbleikner
Lake, NC, shown in Fig. 9, that was conducted in the presence
of a building and vegetation.
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The maximum number of satellites viewed in this survey
was 30, and the minimum was 24. Vegetation on the south
side of the lake obstructed the sky-view by about 20% of
the viewable satellites, although a high number of satellites
remained visible, and the GNSS position estimate was not
greatly affected. The building present on the northeast side
of the survey area was too short and distant from the survey
area to have any significant effect. For comparison, the trees
are estimated to stand at about 25 m tall while the building
is about 12 m tall. When vegetation obstructs sky-view, fac-
tors such as tree density, tree height, and distance of the USV
from the vegetation will play a significant role in the severity
of the GNSS degradation.

Figure 10 shows GNSS satellite view data from a survey at
Mountain Island Lake, NC. This survey had dense tree cov-
erage around the inlet survey region with trees about 27 m
tall. While GNSS degradation is seen on the south side of the
survey and within the eastern part of the inlet, a sufficient
number of satellites are in view of the receiver to produce
accurate GNSS data (the number of satellites ranged from 25
to 31). Dense tree coverage can restrict the receivers sky-view
but did not appear to have a major effect on receiving high
quality GNSS data, given the distance of the USV from shore.
As evidence of this, Fig. 11 shows the DOP and GPS mode data
from the Mountain Island Lake survey.

The percentage of satellites viewed decreases across points
at the beginning of the survey and consistently at the end of
the survey, indicating satellites moved outside the area of the
receiver’s view at the end of the survey. However, the DOP
only increases by 0.1 for the duration of the survey. GNSS
data DOP values below 1 are considered very accurate. The
GNSS mode for the entire survey remained at 4, indicating
the GNSS data are receiving its corrections and no drop-out
occurred.

Bridges spanning the region of interest have more of a di-
rect impact on the receiver’s sky-view, as the receiver has to
survey adjacent to, or directly under, the bridge. Several sur-
veys were conducted in bridge environments; the following
survey analysis (see Fig. 12) was conducted in the Catawba
River in Gastonia, NC (corresponding to the case study pre-
sented earlier).
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Fig. 10. Test #12 global navigation satellite system (GNSS) data. Left: Mountain Island Lake, NC survey showing satellites in
sky-view of GNSS receiver. Right: Satellite image of survey area with plots showing where vegetation locations.
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Fig. 11. Global navigation satellite system (GNSS) data quality statistics for Mountain Island Lake, NC survey.
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Fig. 12. Test #22 global navigation satellite system (GNSS) data. Left: Catawba River bridge survey showing satellites in sky-view

of GNSS receiver. Right: Satellite image of survey area with plots showing bridge and vegetation locations.
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Figure 12 shows the satellite percentage data for the en-
tirety of the bridge inspection, where satellite loss is more
dominated in this area when compared to surrounding vege-
tation. In most areas under the bridge, satellites in sky-view
drop to 10%-30% from what was visible in the open areas.
The dimensions of the bridge are about 12 m wide and 6 m
above the water level. In this survey, a maximum of 32 satel-
lites were in the view of the receiver with a minimum of 3.
While there are filters and estimation techniques that can
mitigate the effects of intermittent signal loss, long periods
of time under this type of bridge environment are not sus-
tainable. Figure 13 shows the standard deviation of horizon-
tal position error from sensor data being recorded under the
bridge.
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Fig. 14. Percent of satellites in sky-view based on absolute distance from the center of the bridge. Left: Test #17 (Bridge 1),

middle: Test #21 (Bridge 2), and right: Test #22 (Bridge 3).
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At some instances, the horizontal error can be as high as
10 m due to the low number of satellites the receiver has to
compute its position. While under the bridge, most of the
horizontal error measurements are around 0.7 m, and the
error returns to near-zero value after the USV egresses from
under the bridge.

To visualize the effects that bridges have on GNSS data
quality, three bridge surveys are compared with differ-
ent physical measurements to show the severity of satel-
lite loss. The Gastonia bridge data (Test #22; bridge with
height of approximately 6 m and width of 12 m) are com-
pared to data collected from Cowans Ford, NC (Test #21;
bridge with height of approximately 11 m and width of
8.5 m) and Mountain Island Lake, NC (Test #17; bridge with
height of approximately 15 m and width of 8 m) bridge
locations.

Figure 14 shows the satellites in sky-view with a logarith-
mic curve fit to the data based on the absolute distance from
the center of the bridge.

The curve fits had R? values of 0.672, 0.457, and 0.537, re-
spectively. The fit models were

Bridge 1 : p = (0.1340)log (h) + 0.6936
Bridge2 : p = (0.1307)log (h) + 0.7321
Bridge 3 : p = (0.2908)1og (h) + 0.3625

This model should be clamped between a value of zero and
one. Using the satellites in sky-view data from these three
tests, it can be determined that the physical properties of a
bridge have a great impact on the accuracy of GNSS data. In
Tests #17 and #21, the data had about a 30% loss of satellites
in sky-view while under the bridge, and high-accuracy posi-
tion data were still maintained. This contrasts the data from
Test #22, which saw an 80% reduction in viewable satellites
and had large variation estimates for the recorded positional
data. The R? values obtained indicate that the distance from
the bridge centerline has a moderate ability to explain or pre-
dict the changes in percentage of satellites. However, there is
still considerable variability in the percentage of satellites,
even for similar distances. This variability may be attributed
to factors such as random errors that occur when process-
ing GNSS signals, changes in true satellite availability over
the duration of the USV’s deployment, and potential GNSS

100 150 200 0 50 100 150 200
Distance from Bridge (m)

Distance from Bridge (m)

multipath issues that may arise and vary along the length of
the bridge. Additionally, the presented models are reported
for bridges of various widths and height; however, caution
should be used when applying the results to different bridges.
Bridge material and construction style may also affect GNSS
signal attenuation.

3.2. Effect of swathing width on bathymetric

data accuracy

Using SBES technology to collect and analyze depth data
requires the USV to survey a region in a way that consid-
ers how geospatial interpolation will later be conducted.
Because the SBES measures one depth value for every po-
sition point, densely sampling the environment to create
a high-resolution raster map of the seabed is unrealistic.
Geostatistical processes like kriging are used instead to in-
terpolate in unsampled regions. Boustrophedon (i.e., “lawn-
mower” style) paths are commonly used to uniformly sample
the environment and can be planned with different swathing
widths, also referred to as line spacings. To determine the per-
centage of area covered with a particular swath width, the
echosounder footprint is estimated for each data point, and
the resulting depth is determined based on the average am-
plitude of the returning sounding measurements.

An experiment was designed wherein the HyDrone oper-
ated autonomously in a predefined area at different swathing
widths (100, 50, 33, 20, 10, and 5 ft), leading to coverage paths
of 2, 3,4, 6,11, and 21 lines, respectively. The accuracy of geo-
statistical analysis was characterized as a function of the area
covered by the echosounder footprint. The results are shown
in Figs. 15 and 16. Note that some spurious measurements are
visible but were not removed to leave the dataset unaltered.

In each of the surveys, the total seabed area that each
echosounder footprint observed is summed to quantify the
total area covered. The coverage is calculated according to A
= N 7 r*> where N is the number of measurements and r =
tan ( /2 ) dayg is the footprint radius considering the average
depth in the environment (approximately d,y;= 3.803 m) and
the beam width of the sonar (¢ = 6° for high frequency data).
The coverage area calculation above assumes that the N mea-
surements are non-overlapping, which in this case holds true
since r = 0.1660 m and the average distance between mea-
surements was 1.378 m. For a more accurate coverage area

Drone Syst. Appl. 14: 1-16 (2026) | dx.doi.org/10.1139/dsa-2025-0051



http://dx.doi.org/10.1139/dsa-2025-0051

Drone Syst. Appl. Downloaded from cdnsciencepub.com by UNIV OF NC - CHARLOTTE on 03/18/26

Fig. 15. Swath width tests with echosounder data.
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calculation, the average depth can be replaced with a local
depth value, but this is not known beforehand. Thus, we use
the average depth, which is easier to estimate for planning
surveys. The total survey area was the same across all tests.

Each of the krigged models in Fig. 16 were computed in
MATLAB using the ordinary kriging algorithm. This interpo-
lation method requires defining a kernel, which was selected
as the squared exponential kernel:

k(h) = o2 (;‘j)

where L = 20 m, 0% = 5 m. The interpolation was performed
over a grid of 302 points with length of 66 by 33 m rotated to
approximately overlap the survey region.

As expected, more swaths led to a finer level of detail
shown in the raster plots. The results for the 2- and 3-lines
plots in Fig. 16 are substantially different from highest res-
olution plot with 21 lines. The results for 4-, 6-, and 11-line
plots are more consistent. To further evaluate the effects of
the different swathing widths, the RMS error was calculated
assuming the densest dataset (21 lines) as ground truth. Since
no other high resolution bathymetric data set could be iden-
tified that covered the survey area, the interpolation with
the 21-swath dataset was selected as the ground truth for
comparison as it had the largest number of datapoints. All
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the data was collected with the same echosounder (Hydro-
lite Plus Dual Frequency) which has a manufacturer-stated
accuracy of 1 cm or 0.1% of depth measured. Any systematic
bias (e.g., due to sensor calibration and settings) equally af-
fected all datasets. In Fig. 17, the relative error as a function
of echosounder area coverage shows diminishing returns in
data accuracy with survey line density. The two-line path had
an average error of 4 ft depth and the 11 line path had an
average error of 0.5 ft with an exponential trend in-between.
This is expected as overall accuracy will increase with data
density. This experiment shows that the RMS error is around
0.5 ft when using 3% area coverage.

From this analysis, we recommend that swaths should be
placed such that at least 3%-5% of the total survey area will
be covered with soundings when operating on length scales
similar to those tested. Of course, other regions that exhibit
greater variability may require even higher coverage rates.

3.3. Characterization of cross-track error and

pitch/roll deviations
Cross-track error refers to the lateral deviation of a vessel
from its planned path and impacts vessel safety and data ac-
curacy. When operating the vessel in its autonomous mode,
the surveyor should understand how accurately the waypoint
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Fig. 17. Relative RMS error of each of the swath test where the 20 swath test was used as the baseline.
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Fig. 18. Cross-track error data from experiments in Mountain Island Lake, NC.
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Fig. 19. Cross-track error data from Test #12 in Mountain Island Lake, NC (left: cross-track error with time, right: cross-track

error overlayed on path).
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path is traversed. Excessive overshoot, along with poorly
placed waypoints, may cause vessel damage due to collision
with in-water obstacles or it may result in missing the in-
tended measurements. While performing autonomous sur-
veys with the HyDrone, cross-track error was measured in
different scenarios.

In this first analysis, cross-track error is visualized on three
similar surveys (see Fig. 18). Each survey used the same way-
point path to evaluate consistency. The cross-track error is
plotted on the GNSS trace from the recorded survey to ana-
lyze where cross-track error occurs and its severity.

Analyzing the results of the cross-track error data in the
autonomously controlled survey, the vessel tends to stay
within 0.3 m of the planned path waypoint path on straight

10

25

Distance Off Line (m)

sections. During turns, the vessel exhibits more variability
in the amplitude of cross-track error before returning to its
straight-line behavior. Large deviations consistently occur
at the turning points, albeit with varying amplitudes near
about 1 m. To return to its straight-line behavior, the vessel
motion oscillates on the waypoint path to correct for its over-
shoot. The results show that the path of the USV is relatively
consistent across the three trials, although there are some
exceptions, such as the oscillations apparent in the second
and third tests on the outermost line are missing from the
first test. This example used a standard boustrophedon path
with little variability in the turning angles. Cross-track error
data from another test with more unique turning angles is
shown in Fig. 19.
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Fig. 20. Cross-track error plotted by density across several HyDrone tests.
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Fig. 21. Battery drain percentage plotted against in water survey duration.
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Due to the size of the survey area, the large cross-track er-
ror, colored in red, is mostly absent; however, during tight
turns, light blue and green colors appear denoting that large
cross-track error occurred before decaying. The plot of cross-
track error versus time shows the large spikes in path devi-
ation before quickly returning to the straight-line variance.
For the first half of the survey, right-angle turns are taken,
and the maximum amplitude in these areas is around 1 m of
error. In the later half, tighter turns are taken, and greater
cross-track error is observed in comparison to slight turns.
In the middle of the time plot, after a turn indicated by a
large spike in cross-track error, the cross-track error does not
return to zero. In some cases, the error trends away from
zero at a constant rate. While the magnitude of error is still
small, it indicates that the onboard control system tolerates
a deadzone of heading and/or cross-track error. For the ves-
sel to successfully “visit” a waypoint, it must be within 2 m
of the target waypoint. The straight-line error is almost six
times smaller than this requirement, and this small cross-
track error does not impede the vessels waypoint-following
ability.

Figure 20 shows a histogram of recorded cross-track error,
roll angle, and pitch angle across eight tests (multiple days of
autonomous survey) representing 152 min of data.

A Gaussian distribution was fit to each dataset to give
values of mean (u) and standard deviation (o) of (u,
o) = (0.0096 m, 0.1146 m) for cross-track error, (u, o )
= (—0.704°, 1.689°) for roll, and (u, o) = (0.890°, 1.128°) for
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pitch. The results indicate that the HyDrone can follow sur-
vey lines with a high degree of accuracy, and roll and pitch
deviations are relatively small. The results were obtained un-
der nominal conditions without significant water currents or
waves.

3.4. Characterization of USV deployment and

recovery logistics

To make conclusions about the ease and required time for
personnel to operate the HyDrone, the total survey time, bat-
tery drainage, and deployment time were recorded across all
the experiments. The goal of providing these data points is
to give a surveyor who is unfamiliar with a USV-integrated
bathymetric survey an idea about the time commitment,
limiting factors, and typical survey requirements. The mean
setup time was 27.7 min (11.1 min standard deviation), and
the mean pack-up time was 29.4 min (12.9 min standard de-
viation).

Throughout testing, the same starboard- and port-side bat-
teries have been used in their respective housings. This is
done so we can analyze the performance of each battery.
We only considered longer tests that drained the port-side
battery by more than 5%. Shown in Fig. 21 are the bat-
tery drainage percentages plotted against survey time. Look-
ing at the data for the port-side battery, the battery drains
faster than the starboard-side battery at almost double the
rate, and it causes a bottleneck for total survey endurance.
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Fig. 22. Test #17 showing the difference in low- and high-
frequency data.
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A line of best fit that passes through the origin was drawn
through each dataset, leading to a slope of 0.3893 (% bat-
tery drain/minute) for the port side and 0.1742 (% battery
drain/minute) for the starboard side. Following the line of
best fit, the port-side battery limits the total survey time to
about 3 h if fully charged.

3.5. Effect of echosounder tuning

The HyDrone is equipped with a Hydrolite Plus SBES, also
manufactured by Seafloor Systems. The Hydrolite Plus SBES
includes the capability to record georeferenced echogram in-
formation for post-processing. Echosounder settings that can
be adjusted include maximum range (m), interval between
echosounder pings (s), transmit length (microsec), transmit
power (dB), receiver gain (dB), time interval (microsec) to at-
tenuate —20 dB, minimum range deadzone (m), threshold (%)
minimum amplitude, device position offset (m), and speed
of sound (m/s). The SBES unit is pole-mounted and can be
removed from the USV to be used on a flat-bottom boat for
more conventional manned surveys. Low-frequency data gen-
erally are considered to have greater range and can penetrate
soft bed types, including sand, mud, and clay. High-frequency
data tend to report lower depth values at shorter ranges but
with higher resolution and less noise, and do not penetrate
the lake bed or riverbed.

Figure 22 shows data from Test #17, where low- and high-
frequency data were used to record data from under a bridge
in Mountain Island Lake, NC. The raw data are corrected by ac-
counting for the offset of the transducer and the orientation
of the vessel. This results in the corrected data being deeper
than the raw data, as the transducer is set to around 0.2 m be-
low the surface of the water. When looking at the trends of
both high- and low-frequency data, the high-frequency data
are about 0.1-0.25 m shallower than the low-frequency data.
This may indicate that in those areas of the survey, there is
a soft bed type where the thickness of the loose sediment is
the difference between the two depth measurements.

The echosounder’s gain setting controls the sonar re-
ceiver’s sensitivity to the measured water columns depth and
turbidity. Increasing the gain can provide finer detail in the
echogram, which translates to more accurate measurements.
However, it may also increase the amount of noise due to
water impurities, aquatic life, and bed type changes (e.g.,
transitions from sand and silt to rocky bottoms). The manu-
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Fig. 23. Test #12 data with significant error in shallow water
within the deadzone range.
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facturer’s recommendations for clear water with hard, solid
bed types are to use negative gain values, as low amounts of
noise should be present and would be considered an ideal
scenario for surveying. Positive values of the gain setting are
recommended for soft bed types, impure water conditions,
and deep-sounding survey scenarios. Range and dead zone
settings refer to the maximum and minimum values that the
echosounder will output and operate in. These settings are
important to tune since, even in ideal conditions, erroneous
data may result if they are incorrectly set.

Figure 23 shows data from Test #12 in shallow water. The
high-frequency data with a deadzone of 1 m were recorded as
expected, while the low-frequency dataset with a dead zone
of 2 m showed noisy readings. Because the true depth of the
area is around 1-2 m and the deadzone exceeds that at 2 m,
the recorded depth for this area became erratic. We have
found that deadzone and range tuning is particularly im-
portant in shallow environments where correct echosounder
output is more sensitive.

Correct echsoounder param can be challenging to predict
for an unknown body of water. However, the echosounder
can be tuned on-site by running the system iteratively (start-
ing with default settings) over a subset of the survey area and
tuning param in-between trials (by observing degree of noise
in output depth or comparing to known values). In Test #23
at Lake Norman, NC, multiple tests were conducted using the
same waypoint path comparing the default echosounder set-
tings to other tuning configurations (see Fig. 24).

Table 1 shows the settings used in each of the three experi-
ments shown in Fig. 24. The middle datasets show default set-
tings, while the left and right datasets represent semi-tuned
and fully tuned echosounder param.

Range, transmit length, and threshold were all tuned based
on prior knowledge of the environmental area and on-site
observations. Transmit length can be tuned by considering
the water quality and bed type, where the threshold can be
set based on maximum range assumptions. The interval or
sampling frequency was changed from the default 1-5 Hz
to increase the amount of data collected in experimentation.
Range for both semi and fully tuned tests was decreased to 10,
as the maximum depth seen was about 5 m. The main differ-
ences between the semi-tuned and fully tuned tests was the
gain, which improved performance in Lake Norman’s murky
waters.
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Fig. 24. Lake Norman Test #23 echosounder tuning with three test iterations. Left shows poor tuning, middle shows default
setting, and right shows good tuning procedures. The top images show depth plotted with global navigation satellite system
trace, and bottom shows depth indexed by each data point collected.
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Table 1. Settings used for Test #23.

Setting Semi-tuned Default Fully tuned
Range (m) 10 30 10
Deadzone (m) 0.2 1.5 0.2
Interval (s) 0.2 1.0 0.2
Gain (dB) 0 0 6
Threshold (%) 15 10 20
Transmit length (ps) 15 30 15

4. Deployment methodologies

The HyDrone USV was deployed in several environments
and contexts to evaluate different modes of operating the ves-
sel, as summarized in Fig. 25.

Factors that can influence the most appropriate mode in-
clude the presence of obstacles or debris, the distance at
which the survey will be conducted from shore, the expected
area to be covered, the visibility of the HyDrone during the
survey, and water current. Table 2 lists the identified deploy-
ment modes and the survey factors that may be used to help
determine which mode is suitable (indicated by an “X”). Rank-
ings are given from optimal (1) to least optimal (4) for the
large area coverage and labor intensity factors of each mode.

The modes are detailed in the following:
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4.1. Manual remote control

Remote-controlled surveys are conducted entirely by the
operator with the handheld transmitter. When controlling
the USV by a transmitter, the USV has more maneuverabil-
ity in the survey area, which can be useful when surveying
in constrained spaces or around vegetation. Due to the hu-
man factor in controlling the USV, data density and line spac-
ing may be highly varied throughout the survey region. The
vessel may be difficult to accurately control past 200 ft as
it becomes difficult to observe and discern its relative posi-
tion to obstacles and orientation. Remote-controlled surveys
are most beneficial in small lakes or ponds where the line-of-
sight of the vessel in the survey area can be fully maintained
by the operator.

4.2. First-person-view teleoperation

Similarly to a remote-controlled survey, the operator can
control the USV from the perspective of the USV. This oper-
ational mode uses the FPV camera to provide an “onboard”
perspective of the drone to the surveyor. This survey mode
enables maneuvering precisely around obstacles at a distance
and in cases where the vehicle is temporarily occluded (e.g.,
when passing behind a bridge pier). The operator loses their
peripheral vision of the surrounding when operating in this
mode, and it is best to have a second individual serving as a
“spotter” while the operator is in FPV mode.
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Fig. 25. Different approaches for deploying and operating a portable uncrewed surface vessel in survey of inland bodies of

water.

c) Autonomous
Waypoint Survey

Table 2. List of survey modes and factors that influence mode choice.

Survey Manual remote FPV tele Autonomous Boat-deployed Wading Tethered
factors control operation waypoint survey hybrid survey operator operator
0-500 ft range X X X X X
>500 ft range X X X

>1000 ft range X

Intermittent line-of-sight X X X

Constrained environment X X X X
Small region (<1000 sq. ft) X X X X
Medium region (<10 000 sq. ft) X X

Large region (>10000 sq. ft) X X

Fast-flowing water X
Obstacles or debris present X X X

Long duration survey 4 3 1 1

Labor intensity 2 2 1 3 4

Note: FPV, first-person-view.

4.3. Autonomous waypoint survey

An autonomous survey requires a survey area to be defined
either from satellite images or previous surveys so that a ref-
erence can be used to place waypoints. The operator then
monitors the USV as it autonomously collects bathymetric
data. This mode provides a repeatable method of collecting
data (e.g., periodically to monitor changes) and is ideal for
large, unobstructed environments.

4.4. Boat-deployed hybrid mode

This survey mode involves operating the USV from a
manned boat. The USV can either be deployed from the
manned vessel or travel alongside the operators from a
boat ramp to the survey destination. This approach has
the benefit that it allows sampling in areas where there
is no convenient launch point (due to inaccessibility, steep
walls on a riverbank, etc.) or operating in areas that would
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be too far due to communication range limitations from
shore. The mode can involve both hybrid control of the
USV (teleoperation and autonomous waypoint control). Tele-
operation from the boat supports steering the USV to
the survey location during transit or collecting measure-
ments in challenging environments with obstacles, while
autonomous control can be used to survey larger remote
areas.

4.5. Wading mode

A surveyor can deploy the USV in a small creek or stream
and control it from wading in the stream itself. In difficult-to-
traverse terrain with many rocks, shallow regions, and vege-
tation growing in the water, it may be simpler to operate the
drone this way, as it provides better visual perspective of ob-
stacles than standing from shore. This method can be partic-
ularly useful in scenarios where measurements are normally
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taken using depth gauges via wading; the USV enables col-
lecting measurements more efficiently and in areas that are
too deep to wade in can be collected. However, there are also
limitations, in that the USV has a minimum operating depth
and may need to be frequently re-adjusted or carried when
traversing over very shallow areas where it is caught on ter-
rain, rocks, or vegetation. The depth should be at least 2 ft to
allow the USV to operate reliably.

4.6. Tethered mode

In the case that a stream or river flow exceeds the capa-
bilities of the USV, bathymetric data can still be collected by
tethering the USV to a harnessed operator, a bridge, or a fixed
point. This tether will act as a pendulum, as the operator
controls the USV, moving it from side to side and collecting
bathymetric data. The tether is lengthened or shortened to
change the distance from the operator and swathing width.

5. Conclusion

This paper reported on the performance and practical as-
pects of operating a HyDrone USV (representative of a class
of similar man-portable USVs) for bathymetric data collec-
tion in inland bodies of water. An example deployment in
which data were collected near a bridge illustrated the ben-
efits of using a combined survey mode involving both FPV
teleoperation and autonomous waypoint planning that fa-
vorably compared the echosounder data to other measure-
ments using a simple plumb line. The aggregated data across
multiple trials provide insight into the USV’s performance
and limitations. A logarithmic model was developed to rep-
resent the number of satellites available for GNSS position-
ing with distance from a bridge, illustrating that lower and
wider bridges can severely degrade GNSS performance. Field
experimentation that adjusted the swath width showed the
tradeoff between data accuracy and survey effort. A cover-
age rate of 3%-5% was suggested for surveys in environments
like the lakes and rivers tested. The vessel was found to have
good line-following performance and minimal pitch/roll devi-
ations with an endurance of up to 3 h in practice. The process
of echosounder tuning was also reviewed with example data
illustrating real-world sensitivity and data errors/noise that
were experienced. Lastly, several modes of deploying small
USVs were introduced, and the relative advantages of each
approach were discussed. The findings in this paper may be
helpful to practitioners to gain an understanding of the ca-
pabilities, limitations, and workflow of using USVs for bathy-
metric data collection in inland bodies of water. However,
the results may not be applicable to USVs that are substan-
tially different from the HyDrone (e.g., USVs that are deployed
in coastal waters, involve other sensor technologies such as
multi-beam echosounders, or have other unique designs, in-
strumentation, or software).

Future work may include further characterization of small
USV performance in adverse conditions, including strong cur-
rents and waves, and characterization of amphibious USVs
that are tailored for very shallow-water operation. Additional
evaluation of USV-based instrumentation, such as multi-
beam sonar, forward-looking or side-scan (imaging) sonar,
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sub-bottom profilers, and acoustic Doppler current profilers,
would also be beneficial for transportation agencies to un-
derstand the benefits and challenges of how such technolo-
gies can be used to assess bridge health and provide data to
support hydraulic and hydrologic modeling. Lastly, enhanc-
ing the capabilities of USVs through advanced autonomy and
perception algorithms may enable more robust operation, in-
cluding risk-aware coverage path planning, GNSS-denied or
GNSS-degraded navigation near bridges, and autonomous be-
haviors that detect and avoid hazards (e.g., vegetation, debris,
and shallow water).
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