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 a b s t r a c t

Autonomous Surface Vehicles (ASVs) are becoming increasingly affordable and versatile, integrating a wide range 
of sensors for applications ranging from oceanographics to marine wildlife monitoring. However, the high cost 
and limited adaptability of commercial ASVs remain major barriers for many research applications, particularly 
in ecology. To address these challenges, we developed a low-cost, open-source, and reproducible ASV designed for 
multi-modal surveys. The ASV enables autonomous acoustic tracking of marine animals equipped with acoustic 
tags, achieving a mean spatial accuracy of  1m (standard deviation of 1.8m) over 4.5 h of continuous monitoring. 
Additionally, the ASV efficiently performs bathymetric surveys that meet Class 1 hydrographic survey standards, 
and photogrammetric surveys with a mean horizontal accuracy of  0.51m and a vertical accuracy of  0.66m (CE90 
and LE90 metrics, respectively). The cost of the ASV varies between about US$2500 to US$11,000, depending 
on sensor configurations, making is significantly more affordable than commercial alternatives. Field validations 
confirm the ASV’s ability to deliver high-quality, reliable data, offering an accessible and adaptable solution for 
ecological and environmental monitoring.

1.  Introduction

Most unmanned surface vehicles (USVs) and autonomous surface ve-
hicles (ASVs) are highly expensive and developed primarily for mil-
itary applications (Liu et al., 2016; Yan et al., 2010), the indus-
trial operations (Hodges et al., 2023), or large-scale scientific re-
search (Kimball et al., 2014; Campos et al., 2024). However, in re-
cent years, several projects have emerged, proposing small, low-cost 
ASV/USV under $ 5000, though these typically lack specialized sen-
sors (Chaysri et al., 2024; Raber and Schill, 2019; Lambert et al., 
2020). This increase in affordability has been driven by the increased 
availability of low-cost, open-source and reliable electronics and ma-
rine robotic parts, which have democratized ASV development and en-
hanced their accessibility to smaller-scale ventures. For example, the 
T200 thruster, a popular propulsion unit made by Blue Robotics, is 
now widely used by many hobbyists (Boogie Board Boat, 2022), sci-
entists (Sotelo-Torres et al., 2023), and industrial projects. A similar 
evolution has taken place in software development. Both profession-
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als and hobbyists contribute to the development of high-quality, user-
friendly, well-documented, and open-source autopilots systems. For ex-
ample, 𝐴𝑟𝑑𝑢𝑝𝑖𝑙𝑜𝑡 is now embedded in various vehicles such as drones, 
rovers, remotely operated vehicles (ROVs), boats, and ASVs (Zhao et al., 
2020; Baldi et al., 2022; Wardoyo et al., 2022). Beyond navigation, 
𝐴𝑟𝑑𝑢𝑝𝑖𝑙𝑜𝑡 provides data logging, analysis, and simulation capabilities. 
The open community linked to these projects fosters continuous inno-
vation and rapid technological advancements, making low-cost ASVs 
more viable than ever for scientific and environmental applications
(Fig. 1).
Building on these advancements in low-cost marine robotics, we devel-
oped an ASV designed to perform key scientific tasks in marine envi-
ronments. In this paper, we present an ASV developed for three main 
missions:

• Autonomous acoustic tracking of a marine animal;
• Bathymetric surveys; and
• Photogrammetric surveys.
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Fig. 1. Schematic of the functioning of the autonomous surface vehicle (ASV) and the data collected during an ASV survey: Autonomous acoustic tracking, single-
beam bathymetric survey, and photogrammetric survey.

1.1.  Autonomous acoustic tracking of a marine animal

Advances in biologging technology, which produces geolocated tra-
jectories have enabled fine-scale tracking of marine animals, providing 
valuable insights into habitat use and behavior. Biologging refers to the 
deployment of autonomous devices on free-ranging animals to collect 
physical and biological information through different sensors (Iwata 
and Akamatsu, 2025). A common technique for geolocated trajectory 
estimation of marine animals is dead-reckoning, which integrates iner-
tial data, sensor speed, and GPS positions to track movement over time 
(Gogendeau et al., 2022). Though effective, dead-reckoning requires tag 
recovery, high computing effort, and is subject to cumulative errors 
(Gunner et al., 2021).

Underwater fine-scale geolocated tracking is also possible with 
acoustic systems composed of transmitters and receivers. Some systems 
with anchored or buoy receivers need dense acoustic antenna arrays 
Shipley et al. (2024) to use their geolocation algorithms. These systems 
are not adapted for marine species that travel several kilometers per 
day. Some other acoustic systems are more compact, like ultra-short 
baseline (USBL) and short baseline (SBL) acoustic systems. USBL and 
SBL systems calculate the range of an acoustic transponder based on the 
time of arrival or time of flight (TOF) of the signal. In addition, USBL 
uses a phase-differencing algorithm with the receiver baseline to obtain 
the bearing angle Liu et al. (2024). With the calculated relative position, 
both systems infer the geolocated position of the transponder by adding 
the global navigation satellite system (GNSS) position of the receiver sys-
tem. USBL receiver systems are more compact and offer a better range 
and accuracy than SBL systems. For example, for Blue Print USBL,1 the 
range is 1 km with 0.1m accuracy compared to 100m with 1m accu-
racy of the Waterlinked UGPS G2 SBL.2 USBL systems have successfully 
been installed on autonomous underwater vehicles (AUVs) Dodge et al. 
(2018) and Page et al. (2021) for animal tracking. For example, Dodge 
et al. (2018) were able to follow a turtle with their AUV for several 
hours with a USBL system. However, some drawbacks of the USBL sys-

1 https://www.blueprintsubsea.com/seatrac/seatrac-lightweight
2 https://store.waterlinked.com/product/underwater-gps-g2/

tems include higher cost, larger transmitter size and reduced accuracy 
in shallow environments.

Given these considerations, we aimed to develop an accurate, fine-
scale tracking systems for juvenile green turtles (Chelonia mydas) inhab-
iting the shallow reefs of Reunion Island in the western Indian Ocean. 
Green turtles play a crucial ecological role in maintaining healthy sea-
grass beds and coral reef ecosystems, yet their movement patterns in 
shallow coastal habitats remain poorly understood. Understanding their 
fine-scale movements is essential for assessing habitat use, identifying 
critical foraging areas, and informing conservation strategies Chambault 
et al. (2020). To balance accuracy and feasibility, we selected the SBL 
Waterlinked UGPS G2 system to estimate the underwater positions. To 
address the 100-m range constraint, we adapted the ASV navigation sys-
tem to follow the acoustic transponder within this range.

1.2.  Bathymetric survey

Bathymetry surveys using ASVs are generally performed by profes-
sionals, as they require high-cost sensors such as an echosounder and a 
differential GPS for sub-centimetric positioning. An echosounder mea-
sures depth by sending acoustic signals to the seafloor, which bounce 
back to the sounder, thus measuring the depth based on the travel time 
and velocity of the signal in water. These surveys are commonly used 
to map harbors and navigation channels. For the ecological purposes 
of this study, the bathymetric data can be compared with the animal’s 
recorded depth to better understand its use of the water column during 
key behaviors such as resting or feeding Dodge et al. (2018).

As with other electronic systems, the cost of bathymetric sensors has 
decreased over time. For example, an ECT-400 echosounder3 was ini-
tially priced at US$ 3700 in 2022 with the equivalent sensor, the S-
500 by Cerulean,4 is available for US$ 890 in 2025. Several projects 
emerged in the past few years integrating bathymetry sensors into ASVs 
(Hyun et al., 2023; Sotelo-Torres et al., 2023; Carlson et al., 2019), but 
these are not easily reproducible or do not fit our purposes. For instance, 

3 https://www.echologger.com/products/single-frequency-echosounder-deep
4 https://ceruleansonar.com/products/sounder-s500
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the project by Hyun et al. (2023) is not open source. In addition, most 
studies do not specify the bathymetry accuracy, making it difficult to 
assess their compliance with standardized survey requirements. In our 
project, we aim to achieve the Order 1a bathymetry standard from the 
Hydrographic Surveys reference Organization (2020) and to discrimi-
nate small seabed features within at least a 5m radius. Additionally, cost 
constraints also limits the feasibility of using multibeam echosounders 
which remain an impractical option, often priced in the tens of thou-
sands of dollars.

1.3.  Photogrammetric survey

Photogrammetry enables three-dimensional (3D) reconstruction and 
mapping of a scene with overlapping images from different perspectives. 
Here, we propose a simple method for planning and validating pho-
togrammetric surveys conducted with an ASV. The use of photogramme-
try for underwater purposes have been applied by archaeologists since 
1968 (Drap, 2012; Joseph, 1968). and has since been widely adopted 
in scientific research. Its applications have expanded substantially, par-
ticularly in the study of coral reef habitats (Ferrari et al., 2017; Marre 
et al., 2019; Million et al., 2021). Most of these studies have focused on 
small coral colonies with surveys performed by divers, providing accu-
rate estimates of coral surfaces, with errors ranging between 2 to 19% 
Lavy et al. (2015). Among these, Marre et al. (2019) achieved one of 
the highest reported resolutions, with an average model resolution of 
3.4mm, demonstrating the potential for fine-scale reef monitoring.

Recently, some studies have explored the use of ASVs for photogram-
metry surveys Johnson-Roberson et al. (2010). However, these methods 
require significant computing resources, which can limit both the accu-
racy and resolution of the final models. A key challenge is maintaining 
positional accuracy over a large area, but this can be addressed by cou-
pling images with high-resolution GPS positioning and orientation data. 
By integrating these additional data sources, photogrammetric models 
can be run more efficiently and with greater accuracy. Once 3D image 
reconstruction is complete, orthophotos can then be overlaid onto the 
bathymetry derived from the echosounder, creating a more detailed and 
spatially accurate representation of the underwater environment.

Advancements in photogrammetry software have simplified the com-
puting process, reducing the need for extensive preprocessing steps, 
such as manual camera ordering and calibration. Several software pack-
ages are available, but their performance varies depending on survey 
conditions and image quality, making comparisons difficult Vlachos et 
al. (2019). For our study, we selected the OpenDroneMap software, 
which is user-friendly, provides high-quality reconstruction, and also 
supplies quantitative metrics to evaluate reconstruction quality Open-
DroneMap Development Team (2025).

While ASVs provide a promising platform for photogrammetry sur-
veys, they also have limitations. A key drawback using ASVs for pho-
togrammetry of the seafloor is the restricted depth at which the seafloor 
can be mapped, as visibility is influenced by factors such as ambient 
light, image quality, turbidity, and surface conditions. These environ-
mental constraints can affect both the accuracy and usability of the col-
lected data.

This paper outlines the tools and methods required to build and op-
erate an ASV equipped with acoustic tracking capabilities as well as 
integrated bathymetric and photogrammetry data collection.

In the following sections, we describe the ASV’s design, covering me-
chanical, electrical and software components. We then present valida-
tion and characterization tests conducted through field surveys, which 
evaluate each functionality of the ASV and demonstrate the ASV’s per-
formance in real-world conditions. Additionally, we provide detailed as-
sembly instructions, hardware specifications, software files, and training 
datasets in a publicly accessible GitLab repository.5

5 GitLab link : https://gitlab.ifremer.fr/sb07899/Plancha-ASV.git

Table 1 
ASV requirements for the various operations.
 Global
 Handling  2 people recommended
 Transport < 2.5m (for aircraft regulation)
 Deployment  From a small boat or the shore
 Environment  Tested in tropical weather: Temp: 10–35 ◦C
 Stance  Stable for wave: 0.5m / wind: 20 kt
 Guidance  Autopilot and manual control
 Buoyancy  Can support > 10 kg
 Communication  Telemetry range > 1 km
 Power limitation  Motor under 2.5 kW
 Surveys
 Lifetime per survey > 2 h
 Speed  Between 0.5 and 1.2m/s
 Navigation  Autopilot allow following 1m transect
 Bathymetry sensor  Single beam echo-sounder
 Photogrammetry sensor  Camera (e.g. GoPro)
 Communication mode  Cellular & telemetry
 Tracking
 Lifetime per survey > 5 h
 Speed  about 0.8m/s
 Mechanic  2m between each hydrophone
 Sensor 1  Acoustic geolocation system (SBL)
 Sensor 2  Camera for behavior analysis
 Communication mode  Celular & telemetry

2.  ASV description

The key requirements for the ASV are summarized in Table 1. The 
hull is constructed from a paddleboard, selected for the ease of deploy-
ment, transportability, and durability in challenging marine conditions. 
The ASV can be used with or without 3G/4G network, depending on the 
deployment location, operational needs and available resources. While 
all functions are operational regardless of internet access, acoustic track-
ing becomes more challenging without network connection as real-time 
validation is not possible. The overall network system architecture of 
the ASV is detailed in Fig. 4.

To ensure affordability and reproducibility, all electronics (except 
the echosounder) are standard parts commonly used by robotics hobby-
ists and are readily available from general robotics suppliers.

We divided this section into two subsections: mechanical parts and 
electronic parts. Table 2(a) summarizes the main components and the to-
tal price of each ASV configuration. A complete bill of materials (BOM)6 
is provided. Additionally, detailed assembly tutorials, wiring diagrams, 
Computer Aided Design (CAD) files, and installation instructions of the 
different software components are available in the GitLab repository.5

2.1.  Mechanical parts

The primary mechanical parts include a paddleboard, a waterproof 
case for the electronics, and a thruster support positioned underneath 
the board. Some of the custom parts are 3D printed. For acoustic 
tracking, additional arms are attached to hold and submerge four hy-
drophones.

2.1.1.  Hull, cases and thruster
The hull is made with a simple paddleboard measuring8′ in length 

and 80 L in volume. Two thrusters are mounted on a support, which pro-
vides stability and protection when the board is on the ground or operat-
ing in very shallow waters. This support, made from 5mm marine-grade 
aluminum, is designed to be robust and is screwed to the board. To en-
sure durability and waterproofing, a support base is screwed and bolted 
on both sides with o-rings. Cables are routed through the board using 
two custom 3D-printed and coated cable entry points. The echosounder 

6 BOM link : https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/
Documents/4_BOM.xlsx

https://gitlab.ifremer.fr/sb07899/Plancha-ASV.git
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Documents/4_BOM.xlsx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Documents/4_BOM.xlsx
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Table 2 
Description of the main ASV parts for the different configurations and operations.

 Global Mode  Component  Name  #  Unit Price in US$
 (a) Different parts classified by mode and operation
 Electrical  Fligth controller  Pixhawk cube 2.1 black  1  315.00

 GNSS RTK  Emlid reach M2  1  499.00
 Telemetry  RFD900  1  277.00
 Radio command  RadioLink AT9S  1  129.99
 Thruster  Blue robotic T200  2  179.00
 ESC  Blue robotic Basic ESC  2  27.00
 Battery  Tattu 14.8V 25C 4S 10000mAh  2  149.00

 Remote  GNSS RTK Base  Elmid reach RS2  1  2199.00
 GNSS radio communication  Reach LoRa radio  1  118.00

 Internet  4G dongle  Huawei E3372  1  50.00
 Companion board  Raspberry pi 3B+  1  38.00

 Mechanical  Hull  Paddle board 8”, 80L  1  250.00
 Waterproof case  HRDR waterproof case  1  225.20
 Thruster support  Custom aluminum support  1  150.00
 Cobalt Series Connector  Blue trail engineering Connector  2  67.00

 Surveys Mode
 Electrical  Echosounder  ETC400  1  3850.00

 Camera  GoPro Hero 7  1  349.00
 Mechanical  Echosounder holder  Printed custom part  1  20.00
 Tracking Mode
 Electrical  SBL acoustic receiver system  Waterlinked Underwater GPS  1  2200.00

 Acoustic beacon  Waterlinked locator U1  1  1500.00
 Additional battery  Tattu 14.8V 25C 4S 10,000mAh  2  149.00

 Mechanical  Aluminum holding arm  Aluminum tubs  2  200.00
 (b) Price estimation of the ASV for the different modes. Only indicative, it does not include inexpensive components and spare parts

 Global (G)  G + Surveys  G + Tracking  G + Surveys + Tracking  Remote
 Total ∼ $2434 ∼ $6634 ∼ $6802 ∼ $8672  add $2400

is mounted on a 3D-printed support, which is potted into a pre-drilled 
hole in the board for secure placement.

All electronic parts and sensors are housed in a waterproof case mea-
suring 54 × 42 × 22 cm. The GPS antenna mast, made of aluminum, func-
tions as a ground plane for the antenna. The echosounder is wired with 
the Binder 770 Bulkhead Connector and a plug from Blue Robotics. For 
thruster wiring, which requires handling high electrical currents, we 
chose the Cobalt Series bulkhead connector and plug from Blue Trail 
Engineering.

2.1.2.  Integration of acoustic parts
In the acoustic system, we require four hydrophones which are 

mounted on two aluminum holding arms positioned 2m apart, follow-
ing the manufacturer recommendation (see Fig. 2(b)). The first arm, lo-
cated at the back of the board, consists of five aluminum tubes: two short 
10 cm tubes, two 60 cm tubes, and one 2m tube. The 60 cm and 2m 
tubes are connected with a stainless-steel elbow sourced from marine 
hardware stores. The arm is secured to the board using stainless steel 
mounting plate, which are screwed onto the surface, and stainless steel 
T joints to secure the long tube. Bases are screwed onto the board. Since 
the mounting bases are positioned closer together towards the front of 
the board, additional reinforcement is necessary. We thus fix the two 
bases on a 3D-printed support which is then potted on the board. To 
connect the four acoustic receivers, we used binder 770 bulkhead con-
nectors and plugs from Blue Robotics. The connectors are pre-mounted 
on the acoustic electrical board.

2.2.  Electrical parts

For the electrical and software sections, we first described the power 
part, followed by the main components and sensors. In Fig. 3(b)), el-
ements related to power are represented by a blue background, while 
the command and sensors are indicated by the green background. The 
core of this part follows a standard ASV configuration. It includes an 
autopilot (component 1) for navigation control, a GPS module (com-
ponent 4) for positioning, and communication systems (component 7) 
for data transmission and remote operation. All electrical components, 

including external sensors (camera, echosounder) and the electronic 
speed controller (ESC) for the thrusters, are housed in a waterproof case 
(Fig. 3(c)). Fig. 3(a)) provides an overview of the system, including a 
high-level electrical schematic and a photograph of the ASV’s electrical 
circuit with annotated labels identifying the corresponding components. 
Fig. 4 describes the software and how the different components commu-
nicate with each other.

2.2.1.  Power part
The power part is composed of a minimum of two 4S/10Ah batteries 

(component 10 - Fig. 3), two electronic speed controllers (ESC) (compo-
nent 12), two thrusters (component 16), one voltage monitor (compo-
nent 13), one voltage regulator (component 12) and some fuses. Except 
for the batteries, all the components are sourced from Blue Robotics.

2.2.2.  Autopilot
The autopilot or flight controller used in the ASV is the Pixhawk 2.1 

cube black (component 1 - Fig. 3). With the exception of the camera and 
SBL acoustic system, all ASV components and sensors are connected to 
the flight controller. The flight controller is powered via the 5V output 
of the voltage regulator. A power sense module is integrated into the 
system to monitor battery voltage and electrical consumption, providing 
real-time power management. It is also connected to the Pixhawk. The 
flight controller is configured with the open-source autopilot Ardupilot
rover V3.5 running in “boat” mode. This software manages navigation 
rules and the configuration of hardware and sensors. The parameters of 
our configuration are given in the parameter file available in the GitLab 
repository.7

These settings depend on the board selected and the hardware used. 
Any modifications require recalibration to ensure optimal performance. 
The autopilot uses the MAVlink protocol, connecting via USB to the 
companion computer and via radio telemetry to the ground-based com-
puter. A ground control station (GCS) software is required to commu-
nicate with and control the autopilot. Different GCSs are available and 

7 Parameter file path: https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/
blob/main/Sotfware/Parameters/param_110122.param

https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Parameters/param_110122.param
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Parameters/param_110122.param


Ocean Engineering 331 (2025) 121201

5

Gogendeau et al.

Fig. 2. ASV photos for the different modes: (a) Survey mode for bathymetric and photogrammetric data collection and (b) Acoustic mode for animal tracking with 
the four arms equiped with hydrophones.

we used Mission planner as it displays real-time variables and ASV posi-
tions. Mission Planner also allows mission planning and vehicle param-
eter configuration prior to field deployments (Fig. 5). More information 
on how to install and use this software is available on the Ardupilot web-
site.8 A general tutorial about Ardupilot rover is available at this link.9

2.2.3.  Companion computer
The companion computer used in the ASV is a Raspberry Pi 3B (com-

ponent 2 - Fig. 3). It is powered by a 5V voltage regulator. It connects 
to the flight controller via a USB cable for serial communication. The 
Raspberry Pi has multiple functions, including communicating with the 
acoustic module and the flight controller, as well as running custom 
scripts for sensors and ASV components. During tracking mode, the 
Raspberry Pi runs a Python acoustic tracking script, which processes data 
from the flight controller and the acoustic modem. In internet mode, the 
Raspberry Pi connects to the network using a USB 4G dongle, allowing 

8 https://ardupilot.org/copter/docs/common-choosing-a-ground-station.
html
9 https://ardupilot.org/rover/docs/rover-first-drive.html

it to act as a WiFi access point to share its connection. To enable remote 
access, we use OpenVPN, which allows secure SSH connections to the 
Raspberry Pi via the internet. More information on how to use Raspberry 
Pi as companion computer is available.10 Detailed information and the 
procedure to install the Raspberry Pi image are available on the GitHub 
repository.11

2.2.4.  RTK GNSS
We use an Emlid Reach M212 as a differential GNSS receiver (com-

ponent 4) with the possibility of Real Time Kinematics (RTK) (Fig. 3). 
It connects to the flight controller via serial communication through 
a telemetry port. The 𝑅𝑒𝑎𝑐ℎ𝑀2 is powered with a micro USB connec-
tor connected to a 5V voltage regulator. The 𝑅𝑒𝑎𝑐ℎ𝑀2 can be config-
ure via WebGui or a smartphone app. In internet mode, the GNSS con-
nects to the WiFi access point of the companion computer, allowing it 

10 https://ardupilot.org/dev/docs/raspberry-pi-via-mavlink.html
11 Software instructions link : https://gitlab.ifremer.fr/sb07899/
Plancha-ASV/-/blob/main/Documents/2_software_insctructions.docx
12 https://store.emlid.com/product/reachm2/

https://ardupilot.org/copter/docs/common-choosing-a-ground-station.html
https://ardupilot.org/copter/docs/common-choosing-a-ground-station.html
https://ardupilot.org/rover/docs/rover-first-drive.html
https://ardupilot.org/dev/docs/raspberry-pi-via-mavlink.html
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Documents/2_software_insctructions.docx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Documents/2_software_insctructions.docx
https://store.emlid.com/product/reachm2/
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Fig. 3. ASV high level electrical schematic and electrical circuit. On the left (A), the corresponding numbers and names of the main parts. The colored names 
correspond to different wires on the electrical diagram. In the middle panel (B), the high level electrical schematic displays the main components and wiring. On the 
right (C), the electrical circuit with the corresponding numbers. Some components are fixed on the top of the case or outside and thus are not visible in this photo.

Fig. 4. Network diagram of the ASV showing how the autopilot receives and interacts with the difference sources of information to perform the navigation of the 
ASV.
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Fig. 5. Screenshot of Mission Planner during a navigation test in Saint-Gilles les Bains (Reunion Island). The yellow boat shape corresponds to the ASV position. 
The purple line is its actual track and the green dots are positions where an external signal is sent to control a camera. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

to fetch corrections through an online NTRIP server (for example, us-
ing the docker available here13). For remote mode, RTK corrections are 
transmitted using a LoRa link. In this case, a second GNSS receiver is 
deployed as a reference base and sends RTK corrections to the embed-
ded GNSS. For this purpose, we use an Emlid RS2 located at a known 
reference position. The complete setup of the GNSS module is available 
in the Emlid documentation.14

2.2.5.  Communication
Several methods of communication are available for telemetry. Here, 

we primarily use radio telemetry or an internet connection, with radio 
telemetry serving as a reliable backup even in internet mode. The ra-
dio telemetry system (component 7 - Fig. 3) facilitates communication 
bewteen the autopilot and the GCS software via the mavlink protocol. 
For this, we chose the RFD900x module operating at 868MHz, which 
provides a communication range of 20 km. It ensures a reliable link with 
the ASV and it is used in both modes.

In manual mode, the ASV can be controlled using a radio control (RC) 
transmitter to perform some simple tasks such as arming and disarming 
the thrusters. We use the R9DS RC model operating at a radiofrequency 
of 2.4GHz, with the RC receiver (component 15 - Fig. 3) connected to 
the RCIN port of the flight controller. The RC radio transmitter is used 
as a fail-safe backup in case of telemetry or internet connection failures.

2.3.  Additional sensors

2.3.1.  Echosounder
The echosounder used for the ASV is the ECT400 by Echologger (com-

ponent (8)). It is an echosounder with a single-beam frequency capable 

13 https://github.com/goblimey/ntripcaster
14 https://docs.emlid.com/reach/reachview-3/connecting-to-reach

of conducting bathymetric surveys at depths of up to 100m with a 5◦
beam angle. The ground and power wires of the echosounder are con-
nected to the battery output as it supports a wide power voltage range 
(8 to 75 VDC) and thus does not require any voltage regulation.15 For 
data transmission, the echosounder communicates with the flight con-
troller via a serial link and an RS232 level shifter is used to convert the 
output of the echosounder to a 5V serial signal. The recorded depth data 
are stored in the ardupilot log as the “DPTH” variable. The echosounder 
must be configured as described in the Ardupilot tutorial.16

2.3.2.  SBL acoustic positioning
The SBL system used in our setup is the underwater GPS G2 from Wa-

terlinked R100 (component (3)). It consists of four acoustic receivers, a 
master board, and an acoustic beacon. The electrical board is connected 
to the Raspberry Pi using an Ethernet cable. The input voltage range is 
between 10 and 30V. We connected the board directly to the battery 
voltage by adding a 3 A fuse. The acoustic transmitter used in the sys-
tem is the locator U1, which must be manually activated and has battery 
life of 10 h. The standard version of the SBL system has a range of 100m, 
with positioning accuracy 1% of the range, i.e., 1m for this application. 
A WebGui is available to configure the underwater GPS. The acoustic 
receiver array needs a specific baseline configuration.17

Waterlinked recommends maintaining a distance of 2m between each 
acoustic receiver. Distances between the acoustic receivers are measured 
directly on the paddleboard and entered into the baseline configuration 
tab using the WebGUI. For our application, orientation and position data 

15 https://www.echologger.com/products/single-frequency-echosounder-
deep
16 https://ardupilot.org/copter/docs/common-echologger-ect400.html: Con-
figuring the sensor
17 https://store.waterlinked.com/product/locator-u1/

https://github.com/goblimey/ntripcaster
https://docs.emlid.com/reach/reachview-3/connecting-to-reach
https://www.echologger.com/products/single-frequency-echosounder-deep
https://www.echologger.com/products/single-frequency-echosounder-deep
https://ardupilot.org/copter/docs/common-echologger-ect400.html
https://store.waterlinked.com/product/locator-u1/
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are retrieved from the flight controller and transmitted by the compan-
ion computer. The settings “tab/top-side”, GPS and compass must be 
switched to External. To record the tracking data, we use a custom Python
script, which runs on the companion computer and logs tracking infor-
mation. The software and system integration information are explained 
in the documentation.18 For our specific application, the procedure de-
tails are available in documentation folder.19

The position of the acoustic transmitter to the ASV is calculated using 
a time of arrival algorithm to calculate the signal arrival times between 
each different receiver to determine the relative position. The system 
then integrates the GPS position and heading of the ASV to calculate 
the geolocated position of the transmitter. To keep the acoustic receiver 
within the 100m operational range, its position is continuously defined 
as a new waypoint, guiding the ASV.

2.3.3.  Camera
We used the GoPro 7 black edition (component (6)) as the onboard 

camera powered by a 5V voltage regulator. The camera’s images play 
a crucial role in both photogrammetry and tracking modes. For pho-
togrammetry, the GoPro 7 is mounted to face downward, whereas in 
tracking mode, it is mounted at a 30◦ angle from the vertical position. 
During the photogrammetric survey, the field of view of the GoPro 7 
should be as linear as possible to ensure accurate reconstruction of 3D 
images. To optimize image quality, we set the ISO parameter at the low-
est value (ISO 100) and the shutter speed at a high value. The GoPro 7 
is set in video mode to ensure continuous image capture. A minimum 
of at least 70% overlap is required between two pictures for reliable 
photogrammetry results. We used an excel file20 to calculate the space 
between transects as a function of the depth of the survey area and the 
coverage needed. The distance between transects also highly depends 
on the navigation accuracy capabilities of the ASV.

3.  Prototype validation and survey results

To illustrate the potential applications of the ASV, we present some 
survey results. The validation of the ASV (e.g. accuracy of the trajec-
tory) and the power consumption estimates are provided in the Git 
repository.21 All data and software presented in the section are avail-
able here.22

3.1.  Autonomous acoustic tracking

The acoustic tracking feature allows for fine-scale trajectory estima-
tion and active tracking of the underwater acoustic beacon (U1 Loca-
tor). The beacon measures 3.2 cm×12.1 cm, and weighs 75 g in wa-
ter. This tracking feature can be applied to various use cases such as 
tracking AUVs or monitoring animals/humans with limited swimming 
speeds. For ethical reasons, preliminary prototype tests were conducted 
on divers and were later conducted with wild animals. For the first case 
study, the beacon was deployed on a freediver instructed to mimic the 
surfacing behavior of a turtle. The survey was conducted at Cap La-
houssaye (21.0173◦S, 55.2382◦E). Once the prototype was validated, 
we deployed the system on a wild juvenile green turtle in a second ex-
periment off Saint-Gilles-les-Bains (21.0571◦S, 55.2194◦E). The tagging 
process followed a standardised protocol reviewed by an ethical com-
mittee and local regulations, with all personnel involved receiving com-
prehensive training (see Section 4). The following subsections detail the 

18 https://waterlinked.github.io/underwater-gps/quickstart/
19 Documentation folder : https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/
blob/main/Documents/2_software_insctructions.docx
20 https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/
Photogrammetry/Spacing_between_transect_calculator.xlsx
21 Illustration examples link: https://gitlab.ifremer.fr/sb07899/Plancha-ASV/
-/tree/main/Features_example/test_conso_18_02_22
22 Illustration examples link: https://gitlab.ifremer.fr/sb07899/Plancha-ASV/
-/tree/main/Features_example

tracking procedure, data processing, and the results obtained from these 
two case studies.

3.1.1.  Protocol
Tracking. The WaterLinked system does not store the trajectory but only 
displays it on their WebGui. In their GitHub repository,23 WaterLinked
provides example scripts in Python for data retrieval and logging, ex-
ecutable directly from a laptop. To enable tracking and data logging 
for our purposes, we developed our own logging scripts tailored to the 
needs of this study,24 WaterLinked. Furthermore, we developed a track-
ing algorithm to calculate waypoints and transfer them to the autopi-
lot. To initiate the tracking mode, the user must run a command. The 
algorithm operates as follows: the ASV’s position and heading are re-
trieved from the flight controller; these data are then sent to the SBL 
module to estimate the position of the acoustic beacon. The Raspberry 
Pi queries the beacon’s position and compares it to the ASV’s location. If 
the ASV and beacon are too close (5m), the autopilot switches to hold 
mode. If the beacon moves beyond a threshold distance (set to 15m), a 
new waypoint is sent to the autopilot to pursue the target. Navigation 
rules update the distance between the ASV and the beacon every second. 
Tracking parameters are logged on the Raspberry Pi.

Tagging. The U1 Locator was attached on the diver’s chest with a 50 cm 
offset towards the seabed to ensure it remained submerged when the 
diver surfaced, minimizing acoustic signal loss. Despite this adjustment, 
occasional signal spikes and losses were observed when the diver sur-
faced. For the turtle experiment, the acoustic beacon was attached to 
the shell of the turtle’s back. During surfacing events, the beacon was 
temporarily exposed above the water, causing loss of signal.

3.1.2.  Data processing
Tracking data, including the 3D positions of the ASV and acoustic 

beacon, were logged on the Raspberry Pi. Custom MATLAB©scripts were 
developed for data analysis, filtering, and visualization. The acoustic 
sampling frequency was set to 1 Hz. To estimate tracking accuracy, we 
used the standard deviation (STD) of position estimates provided by the 
system. To obtain an accurate trajectory, positions with a standard de-
viation exceeding 3m were removed. A linear interpolation was applied 
to refine the acoustic track. The complete filtering procedure is docu-
mented in our Git repository.25

3.1.3.  Results
Freediver tracking. Fig. 6 presents a 25-min tracking sequence of a free-
diver. The system successfully tracked and calculated the diver’s 3D po-
sition. These results validate the method and demonstrate the potential 
of our ASV to calculate and record precise underwater positioning of 
a moving target, which can serve as reference data for diverse marine 
tracking applications, including the study of animal movements, diver 
safety monitoring, and AUV navigation.

Wild turtle tracking. During the second experiment with a wild turtle, 
tracking was maintained for 228min. The average power consumption 
was 7.05A, suggesting that with the 40Ah battery, tracking could have 
continued for an additional 30min. After filtering, a valid fine-scale tra-
jectory of 138min was calculated from the tracking data (60% of the to-
tal recording time). Fig. 7(a) illustrates the tracking results and Fig. 7(b) 
plots the ASV-turtle distance alongside the STD of the signal, with an-
notated phases for analysis (see text for the description of the different 
phases).

23 https://github.com/waterlinked/examples
24 Tracking and communication scrpits: https://gitlab.ifremer.fr/sb07899/
Plancha-ASV/-/tree/main/Sotfware/Tracking?ref_type=heads
25 Filtering procedure: https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/
tree/main/Documents

https://waterlinked.github.io/underwater-gps/quickstart/
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Documents/2_software_insctructions.docx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Documents/2_software_insctructions.docx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Photogrammetry/Spacing_between_transect_calculator.xlsx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Photogrammetry/Spacing_between_transect_calculator.xlsx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Features_example/test_conso_18_02_22
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Features_example/test_conso_18_02_22
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Features_example
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Features_example
https://github.com/waterlinked/examples
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Sotfware/Tracking?ref_type=heads
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Sotfware/Tracking?ref_type=heads
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Documents
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/tree/main/Documents


Ocean Engineering 331 (2025) 121201

9

Gogendeau et al.

Fig. 6. ASV tracking of a freediver. Green track is the underwater acoustic po-
sition. Red is the ASV position.

Phase 1. Turtle release. Initially, the turtle exhibited fast swim escape, 
staying near the surface. The ASV struggled to maintain tracking and 
lost the acoustic signal. At around 211 s, the ASV reacquired the signal 
approximately 80m from the target when the turtle performed a deeper 
dive, thus allowing the tracking to restart.

Phases 2, 4, 6 and 8. Normal tracking phases. During these phases, 
tracking proceeded as expected. Shaded areas correspond to resting 
phases on the seafloor. During these phases, the ASV maneuvered to 
the turtle’s position, entered hold mode, and drifted with the current 
(regular hatched pattern, Fig. 7(b)).

Fig. 7. (a) Underwater trajectory of the tagged sea turtle on satellite map. (b) Plots the ASV-turtle distance alongside the standard deviation of the distance (STD) 
with the different phases annotated by a number for subsequent analysis. (c) STD in function of distance between the ASV and the turtle.

Phases 3 and 7. Tracking was interrupted twice due to signal loss be-
tween the ASV and the acoustic modem (for 871 s and 726 s). In phase 
7, the turtle was resting on the seabed, allowing easy reacquisition of 
the signal. During phase 3, the turtle was in motion, and the ASV was 
approximately 40m away when the acoustic module restarted. It took 
308 s for the ASV to catch up with the turtle and return to the predefined 
tracking distance. Excluding technical failures timing, 72% of tracking 
was valid. An improvement to the tracking algorithm could involve im-
plementing a search pattern upon signal loss.

The overall mean STD on turtle position was 6.93m. During nor-
mal tracking (excluding technical issues and signal loss), the mean STD 
was 1.80m. Every surfacing event resulted in STD spikes due to a loss 
of precision as the beacon emerged from the water. However, since 
the turtle remained stationary during surfacing, tracking was not sig-
nificantly affected. Fig. 7(c)) plots the ASV-turtle distance against the 
mean STD. We use a moving median filter to smooth the noise of the 
STD data, removing outliers caused by spikes from poor acoustic re-
ception. To maintain an average STD of 3m or less, the ASV should 
be positioned between 4.7m and 14m horizontal distance from the 
animal. Higher STD values at close distances likely come from issues 
with the acoustic signal triangulation when the ASV’s receivers are di-
rectly above the beacon. For horizontal distances beyond 40m, data 
were insufficient to draw conclusions, though the STD remained below
10m.

These results provide a precise fine-scale trajectory of a wild marine 
turtle’s movements, which can be used to address ecological questions 
including behavioral mapping of the animal’s movement within its en-
vironment (Fig. 8).

Video analysis. The quality of video data depends on underwater visibil-
ity and the proximity of the camera to the target. Unfortunately, during 
the second experiment, visibility was low and we were not able to col-
lect enough footage of the turtle within the camera’s field of view. Fig. 9 
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Fig. 8. Example of a map with a turtle’s trajectory and behavior sampled with the ASV (top). The same data are shown in 3D (Bottom). The layers displayed are 
single beam bathymetry associated with hyper-spectral imagery of the area.

Fig. 9. Screenshot of the GoPro 7 footage during the second tracking experiment when the turtle is diving. Behavioral analyses based on video images are limited 
in our experiment due to low visibility.

shows a snapshot of the turtle when it was close to the ASV (5m), where 
it is barely visible.26

26 Processing script in git: https://gitlab.ifremer.fr/sb07899/Plancha-ASV/
-/blob/main/Features_example/test_tracking_26_10_21/code/main_acoustic_
tracking_20_10_21.m

3.2.  Bathymetry survey

Information extracted from bathymetric data depends not only on 
sensor specifications, but is also on the seafloor topology and spacing 
between collected points. Key parameters such as the maximum 
measurement range, sampling frequency, and sensor errors were fixed 

https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Features_example/test_tracking_26_10_21/code/main_acoustic_tracking_20_10_21.m
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Features_example/test_tracking_26_10_21/code/main_acoustic_tracking_20_10_21.m
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Features_example/test_tracking_26_10_21/code/main_acoustic_tracking_20_10_21.m


Ocean Engineering 331 (2025) 121201

11

Gogendeau et al.

Fig. 10. Bathymetry results of a survey done in 2020 in Europa Island (22.3406◦S, 40.3381◦E) with the ASV.

during the design phase. However, for each survey, prior knowledge of 
the seafloor topology is essential to optimise the spatial distribution of 
the data collection over the survey area. Information such as average 
depth and type of substrate (e.g. large rocks, sand rift, corals, …) will 
help when planning the spacing between points. The spacing between 
transects must also be adapted to the desired resolution of the map.

Several standards are available that assist in defining the objectives 
of bathymetric surveys and classifying the quality of their results. To de-
fine the specifications of our bathymetric surveys, we use the standards 
proposed by the International Hydrographic Organization Organization 
(2020) (section 7.3, Table I) that are based on the overall accuracy, the 
area coverage, and the types of features that can be detected.

The next sections present the protocol, the processing stages, and 
the final results for a bathymetric survey with an illustration from a 
survey carried in 2020 on the north shore lagoon of Europa island in 
the Mozambique Channel.

3.2.1.  Protocol
Based on the requirements outlined in Standards for Hydrographic 

Surveys Organization (2020) and detailed in the Supplementary Mate-
rials, our surveys fall under order 1a category. This classfication applies 
to data collected in harbors, harbor approach channels, coastal areas or 
inland navigation channels, with the limitation that is restricted to areas 
with depths less than 100m.

The survey site was a lagoon in Europa Island (22.3406◦S, 
40.3381◦E). Bathymetry in this area has been previously estimated us-
ing hypersectral and LiDAR data collected by the Litto3D Océan Indien 
project in 201927 (see Section 3.2.3) and shows depths ranging from 1m 
to 10m.

To meet the order 1a bathymetry standard, we defined the sur-
vey area as a rectangle of 49m × 115m, centered at 22.340984◦S, 
40.337634◦E. The ASV autopilot parameters were configured as follow:

• 24 transects aligned along the widest dimension, with 2-m spacing 
between transects;

• a target cruise speed of 1m/s;
• a depth sampling rate of 2 Hz.

These settings result in a grid of 24 × 228 points across the survey zone. 
The resulting bathymetric pixels have diameters ranging from 9 cm to 
90 cm, depending on depth (1–10m). The pixels spacing is 0.5m width-
wise and 2m lengthwise.

27 Data accessible here: https://oceans-indien-austral.milieumarinfrance.
fr/Acces-aux-Donnees/Catalogue#/metadata/6b796349-d56e-44c3-b572-
d5488250637e

3.2.2.  Data processing
The survey data are retrieved from the autopilot log file, which con-

tains all recorded system information, statuses and measurements col-
lected by the ASV during the survey. The first step in data processing is 
to discard any unnecessary data and keep only the echo-sounder, GPS, 
and inertial measurement unit data over the survey area. For an accurate 
depiction of the seabed, pre-processing is required to correct and filter 
the measured depth values. The raw data processing workflow includes 
the following steps:

• Attitude filtering: using the ASV’s attitude data (roll, pitch, yaw) 
given by the IMU sensor, any points where the pitch and roll angles 
exceed 10◦ are removed.

• Outlier removal: A sliding median filter is applied to eliminate outlier 
depth values based on the median depth computed within a sliding 
window.

• GPS position correction: the position offsets between the GPS an-
tenna and the location of the ASV’s echosounder are corrected along 
the three axes.

• Depth location adjustment: the true seabed location of the measured 
depth is determined by correcting the surface GPS positions with the 
ASV attitude.

• Final depth correction: the recorded depth values are corrected with 
the ASV attitude, the local datum, and the geoid model of the survey 
zone, to obtain a compensated and georeferenced depth map.

A minimal working example in 𝑃𝑦𝑡ℎ𝑜𝑛 is available on the Git repos-
itory associated with this article.28

3.2.3.  Results and comparison with prior data
For the survey mentioned above, Fig. 10 shows different depth esti-

mates of the same pre-processed data set. In Fig. 10(a), the depth map 
has been automatically computed using the Global Mapper® software. 
Overlaid gray lines represent the ASV path extracted from raw GPS data 
collected during the survey. These data are visualised in a 3D projection 
(Fig. 10(b)) constructed using MATLAB.29

We compare three different techniques that have been used to ana-
lyze the sea floor of the Europa lagoon (Fig. 11) to illustrate the benefits 
of using a single-beam echosounder on an ASV. The maps presented cor-
respond to a subset of the survey area discussed above. Fig. 11(a) shows 
the satellite imagery of the surveyed area. Fig. 11(b) presents the ASV 

28 Example bathymetric data processing script in git : https://gitlab.ifremer.fr/
sb07899/Plancha-ASV/-/blob/main/Sotfware/Bathymetry/Compute_depth.py
29 Example script in git : https://gitlab.ifremer.fr/sb07899/Plancha-ASV/
-/blob/main/Features_example/test_bathy_europa_09_10_20/code/main_plot_
bathy_09_10_20.m

https://oceans-indien-austral.milieumarinfrance.fr/Acces-aux-Donnees/Catalogue#/metadata/6b796349-d56e-44c3-b572-d5488250637e
https://oceans-indien-austral.milieumarinfrance.fr/Acces-aux-Donnees/Catalogue#/metadata/6b796349-d56e-44c3-b572-d5488250637e
https://oceans-indien-austral.milieumarinfrance.fr/Acces-aux-Donnees/Catalogue#/metadata/6b796349-d56e-44c3-b572-d5488250637e
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Bathymetry/Compute_depth.py
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Bathymetry/Compute_depth.py
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Features_example/test_bathy_europa_09_10_20/code/main_plot_bathy_09_10_20.m
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Features_example/test_bathy_europa_09_10_20/code/main_plot_bathy_09_10_20.m
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Features_example/test_bathy_europa_09_10_20/code/main_plot_bathy_09_10_20.m
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Fig. 11. Three different methods to represent the sea floor in the survey area located inside the Europa’s lagoon.

bathymetry data of a zoomed-in view of the previous map shown in 
Fig. 10(a). Fig. 11(c) shows the bathymetric data estimated from hyper-
spectral and LiDAR data collected from the same area in 2019 (Litto3D 
Océan Indien project).

A strict quantitative comparison of feature resolution and depth ac-
curacy among the three methods discussed is outside the scope of this 
paper. Such analysis would require careful consideration of factors in-
cluding the different geodesic reference frames used, the level of depth 
correction applied, the inclusion ofenvironmental/experimental param-
eters (i.e. temperature, salinity, the effect of tides,…), and interpolations 
errors introduced by the varying spatial distribution of each dataset.

However, we find that a qualitative analysis is sufficient to confirm 
that the ASV bathymetry provides an accurate representation of the 
seabed topology in this area when compared to the satellite imagery. 
The ASV bathymetry aligns well with the hyperspectral/LiDAR data, 
but offers greater detail due to higher resolution. While aerial hyper-
spectral techniques have the advantage of covering large areas quickly, 
ASVs equipped with single-beam echosounders provide a more cost-
effective and practical solution for high-resolution mapping of smaller 
areas. Additionally, using an ASV instead of a boat has several advan-
tages, including more regular and dense sampling patterns, improved 
maneuverability of shallow or otherwise inaccessible zones, and lower 
operation costs for small areas.

3.3.  Photogrammetry survey

Images collected over the survey area can be used to generate pho-
togrammetric models. As the ASV is equipped with a differential GPS 
and an autopilot system that records positioning and attitude informa-
tion, each image contains metadata that significantly improve the recon-
struction accuracy of the photogrammetric model Contini et al. (2025a). 
Here, we describe the protocol, data processing methods, and results of 
these surveys.

3.3.1.  Protocol
Camera calibration is essential to optimize photogrammetric recon-

struction results. To mitigate lens distortion, the lens and sensor pa-
rameters of the GoPro camera must be accurately estimated. Calibra-
tion can either be computed automatically by photogrammetry software 
or manually estimated by capturing multiple images of a 9×7 square 
chessboard pattern from varying positions and angles. OpenDroneMap 
includes a built-in calibration procedure to calculate and store the cam-
era model. To achieve a three-dimensional reconstruction of the survey 
area, each image must overlap adjacent images by at least 70%, pho-
tos must be clear, free of surface reflections on the seabed, and without 
shadows from the ASV. Using survey-specific data and camera character-
istics (e.g., camera field of view, water depth), it is possible to calculate 
the optimal distance between transects to satisfy the required overlap. 
We developed a tool to estimate this distance.30 Note that this calcula-

30 https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/
Photogrammetry/Spacing_between_transect_calculator.xlsx

tion does not include camera sampling frequency or ASV speed. For the 
examples provided in this paper, the ASV speed was set at 1m/s, with a 
transect spacing of 1m, in survey areas ranging from 0.6m to 7m depth.

3.3.2.  Data processing
Underwater images used for photogrammetric reconstructions were 

extracted from videos captured with GoPro cameras. Videos were split 
into frames at regular time intervals, and timestamps were used to syn-
chronize GPS positions and images. Further details on image processing 
are described in Contini et al. (2025b). As OpenDroneMap leverages 
GPS positioning and attitude metadata (roll, pitch, and yaw) to enhance 
reconstruction results, these metadata were provided for each image. 
Further information on image footprint calculations on the seabed is 
provided by Contini et al. (2025a).

3.3.3.  Results
Fig. 12 illustrates photogrammetric reconstruction results derived 

from 9143 images captured in Reunion Island. Despite all images being 
captured from the sea surface with minimal angular variation relative 
to the seabed (mainly due to wave-induced motion), effective three-
dimensional reconstructions were achieved, clearly revealing geologi-
cal faults, coral communities, and features such as wrecks colonized by 
coral.We evaluated four photogrammetry datasets collected in St. Leu, 
Reunion Island (21.1638◦S, 55.2863◦E), to assess reconstruction accu-
racy and processing quality. Each dataset covered an average area of 
6,182m2 using approximately 9231 images.Positioning accuracy of the 
reconstructed models was evaluated using two metrics: horizontal accu-
racy CE90 (radius containing 90% of points horizontally) and vertical 
accuracy LE90 (vertical difference encompassing 90% of points). These 
metrics were calculated using two approaches:

• Absolute accuracy, including intrinsic GPS error;
• Relative accuracy, comparing GPS data and reconstructed values 
without considering GPS systematic errors.

Table 3 summarizes the accuracy results. Although absolute accu-
racy shows huge deviations, the relative accuracy values are within cen-
timeters, indicating high internal consistency in reconstructed models. 
Improvements on the absolute accuracy can be obtained by means of 
Ground Control Points (GCPs) Contini et al. (2025a).

Detailed GPS and 3D reconstruction errors (mean, standard devia-
tion, RMS) for each session are provided in session-specific photogram-
metry reports, available with open-access via Zenodo Bonhommeau 
et al. (2024a,b,c,d).

Table 3 
Average absolute and relative accuracy metrics.
 Accuracy type  Absolute mean (m)  Relative mean (m)
 Horizontal accuracy CE90  0.513  0.006
 Vertical accuracy LE90  0.663  0.013

https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Photogrammetry/Spacing_between_transect_calculator.xlsx
https://gitlab.ifremer.fr/sb07899/Plancha-ASV/-/blob/main/Sotfware/Photogrammetry/Spacing_between_transect_calculator.xlsx
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Fig. 12. Photogrammetric reconstructions from 9143 images captured by the ASV during a 2024 survey in Reunion Island (21.1638◦S, 55.2863◦E).

4.  Conclusion

This paper fully describes the hardware, software, and data process-
ing tools for an ASV. The ASV is able to perform:

• autonomous navigation with an autopilot;
• autonomous acoustic tracking with an acoustic SBL system;
• bathymetric surveys with a single beam echosounder for depth <

50m; and
• photogrammetric surveys with a low-cost camera.

All components and mechanical parts were selected to be low-cost, 
readily available, and easy to assemble. The software, firmware, flight 
controller, and in-house development are open-source, ensuring acces-
sibility and adaptability.

The ASV is not designed for use in rough seas or weather conditions. 
Field tests have shown that the ASV can flip in windy conditions (>
20 kt) and choppy waves (≈ 0.3m). It is advised to be operated by two 
operators in case of an issue where the board needs to be recovered.

In addition to the system description and validation, we provide a Git 
repository containing all necessary documents, assembly instructions, 
and software files to replicate this ASV. The ASV is adaptable to differ-
ent environmental conditions and can operate with or without internet. 
The radio telemetry system enables control of the ASV within a range 
of a few kilometers. For inhabited coastal regions with stable internet 
coverage, such as Reunion Island, the ASV remains connected through-
out the survey (< 1 km from the coastline). The ASV is powered by two 
2S batteries (10Ah each), providing over 4 h of survey time. These bat-
teries comply with air transportation regulations, making it possible to 
transport the ASV in a surf bag for ease of travel.



Ocean Engineering 331 (2025) 121201

14

Gogendeau et al.

To summarize, the ASV is reliable, easy to use, reproducible, and cus-
tomizable. Its compact and lightweight design makes it easy to transport 
and practical for field deployments. With telemetry and ground control 
software, the ASV can be monitored with a laptop in real-time during 
surveys. The software enables users to create survey missions, adjust pa-
rameters, and calibrate the ASV as needed. Additionally, the Ardupilot
flight controller logs mission data and facilitates post-survey analyses 
with the dedicated tools.

The ASV’s high buoyancy and available deck space allow for the inte-
gration of other sensors, batteries, or new functionalities. Thanks to the 
Raspberry Pi companion computer and the Pixhawk 2.1 flight controller 
running ArduPilot, integrating new software components is straightfor-
ward and adaptable to different applications .

These features demonstrate that low-cost ASVs can effectively sup-
port environmental and ecological monitoring, providing high resolu-
tion data at an accessible cost. To our knowledge, this is the first ASV 
to track an acoustic beacon using a low-cost SBL system. This ASV is ca-
pable of recording accurate, fine-scale underwater animal trajectories, 
even at shallow depths, while simultaneously collecting bathymetric and 
photogrammetric data.
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