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Multiheterogeneous AUV Swarm Technology
Exemplified by the MAUS Project: Cooperation,
Mission Planning and Hybrid Communication

Sabah Badri-Hoeher
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Erik Maehle

Abstract—The mobile autonomous underwater system (MAUS)
aims to create next-generation vehicles, focusing on improved in-
telligence, mission operations, and application scenarios. Accord-
ingly, two types of autonomous underwater vehicles (AUVs) have
been developed to operate and collaborate in various applications.
The first AUV, named ‘“Hansel,” has hovering capabilities and is tai-
lored to tasks, such as object inspection and detection. The second
AUY, called “Gretel,” has going capabilities and is suitable for tasks,
such as seafloor mapping. The two AUV types are equipped with
different sensors, allowing them to perform distinct tasks simulta-
neously as a team. The going AUV has a robust navigation system
that includes an inertial navigation system, an ultra-short baseline
unit, and a Doppler velocity log for dead reckoning. In contrast,
the hovering AUV only has a low-cost micro-electro-mechanical
system. Gretel’s navigation unit improves Hansel’s navigation,
along with data transfer between the vehicles. The AUVs rely on a
hybrid communication system that integrates acoustic, inductive,
and optical links to combine the strengths of each technology. To
accomplish their individual goals, the AUVs participate in joint
mission planning, utilizing a variety of sensors and tasks that are
specific to each AUV. This approach is commonly referred to as
multiheterogeneous AUV swarm technology. The multiheteroge-
neous concept developed in the MAUS project was experimentally
validated in Kiel Fjord, located in the southwest Baltic Sea, and in
La Spezia, Mediterranean Sea.

Index Terms—Autonomous underwater vehicles (AUVs), auto-
nomy, communications technology, computational intelligence,
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ACRONYMS
ASK Amplitude shift keying.
AUV Autonomous underwater vehicle.

CI Continuous integration.

CLC Creeping line search, coordinated.

CNC Computerized numerical control.

CPU Central processing unit.

DC Direct current.

DSC Dual side control.

DSSS Direct-sequence spread spectrum.

DSP Digital signal processing.

DVL Doppler velocity log.

ESC Electronic speed controller.

FH-FSK Frequency-hopping frequency shift keying.
FOG Fiber optic gyroscope.

FSK Frequency shift keying.

GUI Graphical user interface.

HAT Hardware attached on top.

IDE Integrated development environment.
IM/DD  Intensity modulation and direct detection.
INS Inertial navigation system.

IPT Inductive power transfer.

LED Light emitting diode.

MAUS Mobile autonomous underwater system.
MEMS  Micro-electro-mechanical system.
miniCT  Conductivity and temperature sensor.
miniSVS  Sound velocity sensor.

MFSK Me-ary frequency shift keying.

MOSFET  Metal-oxide-semiconductor field-effect transistor.
MRFSK  Multiresonant frequency shift keying.
MPH Main pressure hull.

OFDM  Orthogonal frequency-division multiplexing.
(0]0) Object of interest.

OOK ON-OFF keying.

OpAmp  Operational amplifier.

PCB Printed circuit board.

PD Photodiode.

POM Polyoxymethylene.
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PSK Phase shift keying.

ROB Reserve of buoyancy.

ROS Robot operating system.

SDR Software-defined radio.

SNR Signal-to-noise ratio.

UART Universal asynchronous receiver transmitter.
UAWC  Underwater acoustic wireless communication.
UMWC  Underwater magnetic wireless communication.
UOWC  Underwater optical wireless communications.
USB Universal serial bus.

USBL Ultra-short baseline.

ZCS Zero current switching.

ZVS Zero voltage switching.

1. INTRODUCTION

HE world’s seas and oceans were once used solely as

waterways or as a source of food. But with the accu-
mulation of environmental disasters and the search for new
energy sources, people have begun to intensively research and
explore the oceans. In shallow as well as in deep waters, many
exploration tasks can only be accomplished through the use
of underwater robots. Underwater robots can be classified as
remotely operated vehicles and AUVs. The global AUV market
is experiencing significant growth, expanding to fulfill a diverse
range of underwater applications [1], [2], [3], [4]. AUV missions
are numerous and diverse, and can be divided in scientific
and environmental, commercial, and military fields. Examples
of scientific and environmental applications are oceanography,
environmental observation, and habitat monitoring and survey.
Commercial applications include monitoring and inspection of
gas and oil pipelines, harbor areas, and offshore wind parks. In
the naval sector, the tasks include reconnaissance and detection
of ammunition. If only a single AUV is deployed, a long mission
duration may be necessary, especially if there are multiple tasks
to be accomplished. This often involves large and heavy vehicle
types that require sophisticated infrastructure and can therefore
be time-consuming and costly. In the worst case and with in-
creasing complexity of a mission, some tasks remain unsolvable
with a single AUV.

Nowadays, swarms of small AUVs are becoming more and
more important and mature. The swarm concept is inspired
by social insects, birds, or schools of fish. Distributed self-
organizing systems of autonomous robots can cooperate to
achieve global or local goals if communication links can be
established between the agents. Robotic swarms offer several
advantages. In general, the agents are of smaller size compared
to classical robots. Ideally, they have few and simple sensors
that benefit from communication. In this case, the success of a
mission is due to the cooperation of all members to accomplish
tasks that they cannot solve individually. In a robotic swarm,
the collective action of the robots results from local interactions
among themselves as well as with their operating environment.
In addition, the swarm structure enables parallelization, which
not only reduces deployment time and improves robustness, but
also allows for efficient utilization of resources, making it highly
scalable. Underwater swarm robotics can be profitably applied

in all the scientific and environmental, commercial, and military
fields already mentioned, but beyond solving classical tasks it
can generate supplementary benefits.

A. Related Work

1) Related Academic Work: The design of robotic swarms is
guided by principles of swarm intelligence [5], [6]. These prin-
ciples promote the realization of systems that are fault-tolerant,
scalable, and flexibly applicable. Initially, swarm research fo-
cused on the study and validation of biological research [7], [8].
Early collaborations between robotics researchers and biologists
helped launching swarm robotics research, which has since
become aresearch field in its own right. Over the years, the focus
of swarm robotics has evolved: from a biologically inspired
field of robotics, swarm robotics is increasingly becoming an
engineering field focused on developing tools and methods to
solve real-world problems [9].

On the subject of underwater swarm robotics, extensive re-
search has already been published. These cover both algorith-
mic design, particularly regarding coordination control [10],
[11], [12], as well as vehicle design [13], [14], [15], [16],
[17]. Concerning swarm navigation, theoretical foundations are
well established [18], [19]. In addition, overview papers have
been published, see for example [20] and [21]. Still, design
considerations are not yet mature [22], [23], [24], [25] and
many challenges remain [26]. Among the objectives of our
contribution is to provide specific design hints for a team/swarm
of AUVs that benefit from different sensor technology.

Reliable communication is one of the key issues in swarm
robotics. Considering that the underwater channel is a harsh
environment on the one hand, but on the other hand distances
between the nodes can be adjusted (known as coordination, con-
sensus control, flocking, etc.), this project focuses on acoustic,
magnetic and optical communication—depending on the situa-
tion. Our UMWC modem is based on a novel approach, where
the receiver coil of a classical magneto-inductive communica-
tion system [27], [28], [29], [30] has been replaced by a magnetic
detector, which is based on one or several high-sensitivity low-
noise wideband magnetic field sensors. Related work has inde-
pendently been published in [31], where the emphasis is on diver
communication employing a speech codec, and in [32], where
magnetic field detectors based on the giant magneto-impedance
effect are studied for communication purposes, motivated by
our original work in [33] and [34]. Magnetic communication is
suitable for harsh environments where optical communication
fails, such as in turbid waters. Range and bandwidth can be easily
traded off against each other.

UOWC has attracted considerable interest in recent years
because the achievable data rates exceed those of acoustic and
magnetic communications when there is sufficient visibility
between the transmitter and receiver. Numerous optical modems
with different specifications have been developed. A compre-
hensive overview can be found in [35], [36], [37], [38], and
[39]. In recent times, related research focused on improved
coverage as well as on higher data rates. Regarding coverage,
hybrid approaches, such as optical-acoustic sensor networks
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have been investigated [40]. It was confirmed that UOWC can
complement acoustic modems with high-rate communication at
short to medium ranges. Among the objectives of our optical
modem design is to avoid a classic pressure housing by using
the pressure-neutral casting technique elaborated in [39] to save
volume, weight, and cost. With ~10 W power, data rates on the
order of 1-10 Mbps are realistic for distances of tens of meters
in clean seawater. To achieve data rates in the Gbps range, micro
LED arrays have proven suitable in the meter range [41].

2) Related Research Projects: Nowadays, many underwater
research projects are considering the integration of underwater
robots for various scientific tasks. For example, the autonomous
robotic sea-floor infrastructure for bentho-pelagic monitoring
project, involving six European marine research institutes, aims
to provide continuous online ocean monitoring. Static underwa-
ter systems are combined with mobile robots for environmental
monitoring. The mobile robot will improve marine monitoring
and will be used for scientific purposes. The offshore robotics for
the certification of assets project, set up by the U.K. government,
aims to combine robotic systems and artificial intelligence to
redefine asset integrity management for the offshore energy sec-
tor. A third example is the integrated technologies longterm de-
ployment of robotic underwater platforms project, which is co-
funded by the EU together with other partners. The project aims
to ensure that AUVs can be deployed for extended time periods
to perform their assigned tasks without external interruption.
To achieve this goal, the partners are focusing on underwater
contactless power transmission and wireless communications.
However, such science projects rarely publish details about AUV
swarm construction.

B. Contribution

The EU.SH project “MAUS,” funded by the EU and the
federal state of SH, targets the hardware and software design,
communication strategy, and route planning of an AUV swarm.
The main contributions of this collaborative project are reported
next and can be summarized as follows.

1) The AUV swarm concept utilizes collective actions and
assigns different tasks and sensors to two different
AUV types, resulting in optimized mission performance.
Among other things, a guiding system for an equipment
carrier without expensive navigation sensors is being im-
plemented in the MAUS project. This allows one AUV to
continuously scan for points of interest while the other can
be guided to these locations by acoustic communication.
This optimizes the use of resources.

2) Innovative and artificial intelligence (Al)-based algo-
rithms are employed in mission planning and execution,
significantly increasing the AUV swarm’s autonomy. In
order to plan the paths and the mission of the AUVs,
computational geometry methods are used to achieve a
result quickly and efficiently even for the limited hardware
resources of an AUV. This ensures a deterministic result
and training is not necessary.

3) For the first time, inductive, optical, and acoustic underwa-
ter communication technologies are efficiently combined
in a hybrid modem to enhance the ability of swarm-based
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communication. A corresponding task scheduling proce-
dure is suggested and experimentally verified.

The developed AUVs are highly modular, small, lightweight,
low cost, and have a long time of operation. The hardware com-
ponents of the AUVs are easily replicable, which simplifies the
process of duplicating the vehicles. With this method, AUVs can
be easily scaled up to form larger swarms for more challenging
missions. Moreover, the modularity of the AUV components
allows for addition of new functionalities as needed.

C. Organization

The rest of this article is organized as follows. In Section II, a
system overview is given covering the general system descrip-
tion, mechanical design and construction aspects, electrical and
sensor integration, as well as the software framework and an
innovative battery system with inductive energy transmission.
Section III presents the data modems and communication strate-
gies developed within the MAUS project. The swarm naviga-
tion and autonomy concept is introduced in Section IV. Sec-
tion V includes the experimental results and field trials. Finally,
Section VI concludes this article.

II. SYSTEM OVERVIEW AND DESCRIPTION
A. General System Description

The collaborative MAUS project, involving academic insti-
tutions and manufacturers, developed and built two different
types of AUVs as prototypes. Both AUV types are modular,
innovative, and suitable for solving different tasks. Among the
applications are the optical and acoustic mapping of offshore
structures and the seafloor as well as the photic zone (Gretel),
and the measurement of various parameters of the water column
with different chemical and physical sensors (Hansel). By na-
ture, AUV projects, such as this one are multidisciplinary. The
focus of this section is on mechanical design and construction,
integration of electrical components and sensors, description of
the software framework, and reporting on the innovative battery
system and inductive energy transmission.

B. Mechanical Design and Construction

The mechanical structure of the two AUV types was indi-
vidually designed according to the tasks that each AUV has to
perform. Both vehicles are designed for a maximum depth of
200 m.

The hovering AUV Hansel is 1292 mm long, 452 mm high,
550 mm wide, and weights 46 kg in air. Its structure, depicted
in Fig. 1, consists of two longitudinal frames connected by
two transverse ribs. All pressure bodies, two lithium-ion battery
modules, and thrusters are attached to this structure. To cope with
the corrosion in the water and the forces acting on the vehicle, the
supporting elements are made of POM. The role of the Hansel
vehicle as a hover-capable AUV for inspection tasks leads to
significant differences in the equipment, compared to Gretel.
Hansel must have sufficient control authority to compensate for
disturbances, such as currents. Therefore, the vehicle is equipped
with seven thrusters of type T200 from Blue Robotics, which are
allocated in all three spatial directions. This configuration uses
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1

Fig. 1.

Technical drawing of AUV Hansel. This AUV has hovering capabilities. The left upper image shows its housing and buoyancy foam. The main components

are: (1) horizontal thruster, (2) camera flash, (3) traverse thruster, (4) USBL, (5) 4 K camera, (6) antenna, (7) MPH, (8) batteries, (9) altimeter, (10) conductivity
and temperature sensor, (11) optical transceiver, (12) optical and magnetic communication pressure hull, (13) vertical thruster, (14) stereo camera, and (15)

forward-looking sonar.

a differential drive for simple position control of the vehicle
in the horizontal plane, while three vertical thrusters are used
for depth control. These are controlled by, which receive the
control instructions from the main computer, an UpXtreme.
Both components are located in the MPH, in the center of the
vehicle between the two batteries. Hansel is equipped with an
M1200D Oculus-type imaging sonar from Blueprint Subsea in
the bow, serving as a forward-looking sonar. Located underneath
is a stereo camera system, an in-house development, to provide
stereo imaging. In addition to camera images of objects in front
of the vehicle, it can also be used to calculate depth information
from the overlap of the two images. Directly behind is a high-
resolution camera that, together with a flash, takes pictures of the
seabed. In the rear part of the vehicle, directly behind the MPH,
is the pressure body for the optical and magnetic communication
systems. Next to it, a miniCT from Valeport and a ping sonar
altimeter from Blue Robotics is placed. With the data from
the altimeter and miniCT, the vehicle can either maintain a
predefined diving depth or a fixed distance above the seabed. At
the top of the vehicle, above the MPH, an antenna pressure body
and an USBL transceiver are positioned. In addition to a Wi-Fi
antenna and a GPS receiver, the antenna pressure body contains
an emergency stop switch with a reed contact that is actuated
from the outside by inserting a magnetic pin. Hansel utilizes
the USBL system for relative positioning to Gretel. Electrical
connections between the components are realized via connectors
from Subconn, which can be plugged in even when wet.

The going AUV Gretel in Fig. 2 is 1230 mm long, 380 mm
high, 570 mm wide, and weights 50 kg in air. The basic shape is
determined by two longitudinal frames onto which three ribs are
bolted. A rail is mounted under each of the two frame elements
to protect against grounding. Above the frames the buoyancy
foam is fixed, which allows a positive residual buoyancy of
1-2 kg. At the rear, there is a 20 x 20 MK aluminum profile that
connects the frames together. For seawater resistance, aluminum

alloy with magnesium is used. Propulsion and rudder action
are implemented by a total of six T200 thrusters from Blue
Robotics. Four thrusters are attached horizontally to the aft MK
aluminum profile and provide thrust and enable steering in the
horizontal plane. Two thrusters are attached vertically to the front
rib to implement depth control. The MPH, the two lithium-ion
battery modules provided by SubCtech, the side-scan sonar from
BluePrint SubSea, and the antenna are located in the center of
the vehicle. The batteries are encapsulated in a titanium pressure
hull and are held in place by two ribs. The energy capacity is
1.4 kWh each at 21.6 V and 66 A. The side-scan sonar is also
attached to the ribs at an angle of 15°. The MPH is made of POM
and is located between the two batteries. In addition to the MPH,
the pressure bodies for the INS and the side-scan control are also
made of POM. Both are mounted vertically in front of and behind
the MPH. The rear third of the AUV also contains a pressure
hull for the magnetic and optical communication control as well
as a miniSVS from Valeport. Both are mounted horizontally
across the frame to save space. Above this, integrated in the
foam, is the coil for magnetic communication. In the front
third of the AUV is a forward looking sonar from BluePrint
SubSea, a DVL from Nortek, and above the INS pressure hull,
the transmitter and receiver for optical communications. All
subsea electrical connectors were supplied by SubConn. The
hydrodynamic shape is provided by a hull that is attached to the
vehicle.

Stability considerations for AUVs diving with active propul-
sion elements differ significantly from surface ships and con-
ventional submarines that use ballast tanks to control buoyancy
weight. In all vessels, the ROB plays an importantrole in stability
and safety. ROB is defined as the enclosed volume above the
waterline when the weight of the vehicle is equal to the weight
of water displaced by its volume. In contrast, all submersibles
need to meet stability conditions in both underwater and surface
operations for safe operation. Stability conditions have been
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Fig. 2.
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Technical drawing of AUV Gretel. Gretel is a going AUV suitable for seafloor mapping and related applications. The left upper image shows its housing

and buoyancy foam. The main components are: (1) DVL, (2) INS, (3) magnetic transmitter coil (transparent in top view), (4) antenna, (5) optical transceiver, (6)
MPH, (7) side-scan sonar transducer, (8) sound velocity sensor, (9) horizontal thrusters, (10) optical and magnetic communication pressure hull, (11) side-scan
sonar pressure hull, (12) batteries, (13) vertical thrusters, and (14) forward-looking sonar.

addressed through a thorough design process that is beyond the
scope of this article.

C. Electrical and Sensors Integration

The essential components of the MAUS AUVs are shown
in Figs. 3 and 4. A well-considered implementation of such
components in terms of alignment and operational stability is
mandatory. The heart of the AUVs is the smart power board that
provides energy to each electrical device, monitors their cur-
rents, and switches each socket. All of these logical interactions
are managed by a microcontroller that communicates with the
main computer via RS-232. It is capable of providing a battery
voltage of 24V, as well as 12 and 5V through multiple step-
down converters. This fits most supply voltage requirements
for underwater-specific hardware and consumer devices. The
current per switch is limited to 25 A, and each switch can be
set by external UART commands. Exceptional operating values
are sent to the main computer for fault detection and situational
awareness. A deeper look into power management is given in
Section II-E. A compact but powerful single board quad-core
computer serves as main processing unit. It collects all sensor
data, processes them, and controls the AUV as explained in
Section II-D. Besides several USB connections, it has a 6-port
Ethernet extension for sensor and tether connections. The dis-
advantage of most single-board computers is the lack of RS-232
connections, as required by several sensor devices. Hence, a
sensor HAT board collects all RS-232-based communication and
forwards it as a serial stream to the main computer. Furthermore,
the sensor HAT reports hull faults using its on-board temperature
and water ingress sensors. In addition, all ESC commands are
passed by the sensor HAT via RS-232 or interintegrated circuit

interfacing. All these electrical components are thermally cou-
pled with an aluminum backplate that dissipates heat through the
aluminum hull cover. Supplementary cooling fans and efficient
spatial alignment of each component prevent hot spots around
the and CPU. The electrical wiring is matched to the required
length to reduce heat loss and electromagnetic disturbances. In
the following sections, each sensor and its purpose are explained.

1) Navigational Sensors: Since the MAUS AUVs are sup-
posed to last under water for at least 12h, the choice and
integration of the navigational sensors is crucial. Further, the
MAUS concept requires a steady communication and local-
ization between the vehicles. Therefore, an USBL system as
well as an acoustic modem is attached to each vehicle. The
range of the USBL links is limited to 1.5km. Since the rate
for location and information exchange is low in comparison
to electromagnetic systems, both AUVs aid their navigation
using for instance a DVL or accelerometers. Gretel’s DVL is
suited for depths up to 1000 m and is capable to measure the
velocity above ground for up to 75m at an 8-Hz update rate.
To capture the alignment, an INS including a FOG is used.
The advantages of over magnetic compasses are the robustness
against electromagnetic disturbances and high accuracy that is
mandatory for a precise navigation. On the other hand, require an
initial north seeking phase and suffer from a random walk-like
drift. The actual position of the AUV is calculated by feeding the
speed measured by the DVL and the acceleration and heading
given by the INS into an error-state Kalman filter [42].

Since Hansel is supposed to navigate relative to Gretel via
USBL, accelerometers are used to estimate the motion be-
tween acoustic updates. In certain modes its navigation is aided
by sonar-based positioning toward, as explained in detail in
Section IV. A simple single-beam altimeter with a maximum
range of 50 m secures operational height above ground. The



BADRI-HOEHER et al.: MULTIHETEROGENEOUS AUV SWARM TECHNOLOGY EXEMPLIFIED BY THE MAUS PROJECT 233

Map of Acoustic/Optical/
. — Magnetic Mission Log Mission Plan
Environment L.
Communication
Sonar Collision
Sensors Avoidance 1
Route Planning Swarm Intelligence
. Mission Sync (e]0)
4K Camera Object
Stereo Camera Detection
Mission Control
DVL o Object
Altimeter o Detection
Artificial Intelligence
> Self—Protection
- Dead
INS . —
»| Reckoning
Water Ingress
USBL — .
Overheating
> Propulsion
miniCT
miniSVS

Fig. 3.

Sensors and software modules of the AUVs are shown as block diagram. Depending on the configuration, only a subset of modules is active. Artificial

intelligence is applied in the following tasks: route planning, mission control, self-protection, and swarm intelligence.
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Fig. 4. Integration of internal hardware. The main computer (2) with the
Ethernet extension uses the sensor HAT (1) for synchronized UART commu-
nication with corresponding, multitude devices, inter alia, the ESCs (5). On
the opposite site, the smart power board (3) with its modular LTC-boards (4)
provides power to each sensor device. On Hansel, a MEMS-based INS (7) is
mounted internally, whereas Gretel’s FOG-aided INS is placed in an external
hull. The aluminum carrier plate (6) is thermally coupled with all electrical
components as well as with the top pressure hull aluminum cover for optimized
heat dissipation. Standard cooling fans (8) support an even heat distribution. The
interior is designed for convenient handling of each socket and clear arrangement
of wirings.

alignment and positioning needs to be well known to reduce
localization errors as in dead reckoning methods. Hence, the
determined sensor positions are set in the design phase and are
used as offset position values.

2) Communication Devices: A unique feature of the MAUS
project is the variety of innovative communication solutions.
For long-range communication, an acoustic modem is devel-
oped. This system is realized as a software-defined radio to
adapt the transmission mode to the environmental situation. The
provide rudimentary acoustic communication between vehicles
and are used as a backup solution. For short to medium range
communication, a magnetic modem and an optical modem were
developed. For further details see Section III.

3) Surveillance and Inspection Payload: As explained
above, Hansel and Gretel fulfill different purposes. Conse-
quently, both AUVs are equipped with different sensors cor-
responding to their tasks. To realize the task of surveillance,
Gretel’s main sensor is a side-scan sonar with a maximal swath
of 200 m. Each transducer is placed on both sides of the AUV
(see Fig. 2) and adjusted for the maximum range. For situational
awareness, Gretel uses a forward looking sonar with a maximum
range of 120 m and 130° field of view. For inspection of, Hansel’s
payload consists of a high resolution forward looking sonar with
maximum range of 10m at 60° field of view. It is used for
collision avoidance as well as maneuvering toward transmitted.
To collect optical and spatial information of, Hansel uses a



234

tilt adjustable stereo camera module and a downward-facing
high resolution 4 K camera. Both of the modules are in-house
developments to fit the requirements for inspection like online
image processing and exposure and frame rate adjustments. The
stereo camera contains two industrial 1.5-MPix cameras with
4 cm baseline, pointing in the same direction. A small 1.5-GHz
single-board computer triggers the cameras and calculates the
disparity information by the captured images. The 4 K camera
has a 12 MPix 1.1-inch sensor and a lens with 8 mm fixed
focal length and variable aperture of 1.8 to 22. The lens is
set to focus on objects in range 0.3—5 m. An extension board
receives trigger commands from a microprocessor and forward
them to the camera trigger and activates the flash light. Each
camera system including extension boards and microprocessors
is housed in a separate pressure hull to maintain modularity and
reduce heat accumulation.

D. Software Framework

1) Overview: The execution and development of the AUV
software takes place on Linux distributions, mostly Arch Linux.
GitLab serves as primary platform for version control, commu-
nication, and documentation. X2Go is utilized as remote desktop
software, and containerization of the software is accomplished
with Podman. UpXtreme boards and Raspberry Pis are used
to execute the software on the AUVs, both being single-board
computers. The former boards feature more advanced CPU
and graphics processing unit (GPU) capabilities, additional I/O
options, as well as expandable memory and storage. One option
for the AUV software was the use of the ROS. During the
development of the initial software architecture at the digital
signal processing group of the University of Applied Sciences
in Kiel, between 2013 and 2016, ROS was not established well
enough and posed various challenges. Among the challenges
in those years were insufficient documentation and examples,
as well as limited support for the underwater domain, since
ROS 1 was mainly focused on land-based vehicles and drones.
Therefore, the AUV software was developed without utilizing
ROS. However, it should be noted that ROS 2, which had its
first distribution release in 2017, is a viable choice for the
underwater domain. The software is modular, written in C++
and compiled using Clang. The Qt software framework and its
associated ecosystem are employed. Qt Pro files are utilized for
software reconfiguration across different AUVs with varying
hardware setups. Qt signals and slots are used to implement
the main software communication system, while Qt Creator
serves as IDE. In addition, ZeroMQ is partly utilized with the
intention of eventually replacing Qt signals and slots. OpenCV
provides a foundation for many algorithms implemented within
the software. The core modules of the AUV software include:
mission execution, swarm navigation and autonomy (explained
in Section 1V), communication (presented in Section III), ob-
ject/anomaly detection, seafloor mapping (exemplified in Sec-
tion V), power management (described in Section II-C), propul-
sion, and finally the implementation of all sensor interfaces.
Fig. 5 gives an overview of the hardware and software compo-
nents implemented in the AUVs.
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2) Modular Design: Modular hardware and software archi-
tectures are established in AUV design and development, as
evaluated and exemplified in [43] and [44]. A modular design is
supposed to maintain similarity between hardware and software
modules, preferably in a one-to-one relationship. This approach
allows more isolated, independent development and testing of
modules, while ensuring loose coupling. Integration of new
modules into the software framework is straightforward. This
primarily consists of including input and output of modules in
the main communication system. Finally, this modular approach
defines the overall capabilities of an AUV by the aggregate of
all individual modules capabilities.

3) Programming Languages: The AUV software is written
in established and popular C++, giving access to a vast software
ecosystem. For example, it contains numerous compilers, which
can perform differently, as has been shown in [45]. In general, the
study of software ecosystems is a continuously evolving area of
research, as has been shown by multiple literature studies [46],
[47]. Finally, C++ is widely recognized as very efficient, but
newer programming languages, such as TinyGo or Rust, are not
lacking in terms of performance, as has been recently shown on
ESP32 microcontrollers [48]. However, C++ is prone to memory
safety problems, as described in [49]. Utilizing multiple pro-
gramming languages in the future could enhance the flexibility
of the AUV software, but creates the need for a communication
system with support for all programming languages.

4) Software Frameworks: Different software frameworks are
employed within the AUV software. The primary tool utilized in
the development of the GUI is Qt. Furthermore, Qt modules and
add-ons are used to allow for additional functionality, such as
communication over networks and serial connections. OpenCV
is a library mainly used for computer vision. Among the utilized
features are object detection, stereopsis, motion tracking and
neural networks. ZeroMQ is a messaging library, supporting
numerous programming languages, transports, and patterns. To
summarize, ZeroMQ allows for a more flexible approach when it
comes to the modularity of the software, for instance Qt signals
and slots may be used from within a single process only, ZeroMQ
does not have such limitation.

5) Containerization: Containerization is the process of pack-
aging software and all of its dependencies into a single file, called
a container. Such containers are shared across the AUVs and the
systems on which development takes place. This approach pre-
vents problems that could arise from different compiler and/or
library versions. The containers of the AUV software contain
Arch Linux as OS, drivers, compilers, dependencies, X2Go
server, XFCE desktop environment, and various IDE. Containers
are supported on both x86_64 and ARMG64 architectures, thereby
including deployment on Raspberry Pis. Podman, a drop-in
replacement for Docker, was preferred due to its native support
for system development and is therefore used.

6) Software Tests: The large code base combined with com-
plex interactions between software and hardware make it chal-
lenging to perform separate testing of the AUV software without
utilizing external hardware. Tests are divided into two categories,
one for tests that do not require external hardware and another
for tests that do. The Google Test library is used for unit testing
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Hardware components of the AUVs are horizontally aligned at the top. Hardware components implemented in both vehicles is marked in yellow, while

green and red indicate hardware components unique to Gretel and Hansel, respectively. Vertically aligned are the corresponding tasks implemented in software.
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and mocking. Integration of the Podman container of the AUV
software into GitLab CI allows tests of the first category to
be executed automatically. An evaluation of challenges and
suboptimal approaches related to CI has been conducted in [50].

E. Battery System and Underwater Charging

To optimize usage of internal space, the MAUS AUVs are
powered by two separate, equal batteries as visualized in Figs. 1
and 2 each using an internal, manufacturer proprietary. Since

the packs automatically disconnect upon system shutdown and
are designed to accept charging individually via additional con-
nectors, this presents the challenge of parallel connection upon
system startup. Originally, MAUS addressed this via LTC3463
bus protection circuits featuring ideal diode emulation using
discrete MOSFETS, as visualized in Fig. 6(a). The diode emu-
lation prevents current backflow and hence equalizing currents
between the packs. The chip provides auxiliary functionalities,
such as an electronic fuse, for overcurrent protection.
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In practice, this earlier solution causes an overvoltage issue.
If the thrusters are controlled in a fashion reducing their speed
at maximum rate, the rotor mechanical energy is regenerated in
less than 80 ms and vastly exceeds the power consumption of the
system. The excess current could not return to the batteries due to
the diode emulation. The system designed for a peak bus voltage
of about 25 V at full charge would experience overvoltages
in excess of 30 V during regeneration, causing disruption to
system operation and actual hardware damage to subsystems.
This shortcoming has been solved by multiple safeguards. A
digital low-pass filter in the control system is used to prevent sud-
den changes of the thruster speed reference values, preventing
unnecessarily rapid speed changes. To prevent system damage
in any case, the hardware is additionally modified as per Fig. 6.
Instead of drawing power from the main propulsion bus (a), the
control computers and other low power, sensitive components
are isolated behind a second pair of Schottky diodes (b) in a
separate quasi-isolated bus. Third, high power TVS diodes (c)
such as type SM8T22AH by Eaton are connected in parallel to
the propulsion system to dissipate the regenerated energy. The
manufacturer leaves a significant safety margin in the break-
down voltage, therefore the 22 V type is chosen to stay below
28 V peak voltage, respecting the rating of other components.
Since regeneration events are rare and constitute negligible time
average energy loss, this dissipative solution is actually energy
efficient, lightweight and low noise compared to a unified bus
controlled by a bidirectional power converter system.

In recent years, a number of IPT systems for AUVs have been
presented. The physical layout of the transfer coils in particular
has been subject of thorough investigation to adapt them to
the unique shapes and requirements of different AUVs. The
saltwater efficiency, even though slightly reduced when com-
pared to operation in air, is generally adequate for systems using
suitable magnetic materials and frequencies below 100 kHz [52],
[53]. Battery charging and general dc-bus voltages, as seen with
the overvoltage problem described previously, should be tightly
regulated for system safety. Since IPT has the energy transmitter
and rectifier operating as separate units, control becomes an
issue. Achieving high efficiency in a wide load/battery range and
reliable target bus regulation requires active, local control of both
system sides, i.e., DSC. This requires coordination of the system
sides, on land frequently done with common radio communica-
tion standards. The saltwater environment exacerbates the com-
munication issues and inspired a study, in which control schemes
for IPT are reviewed with a focus on “communicationless”
DSC schemes. These schemes provide simple, low complexity
DSC in any environment and without explicit communication or
complex observers/measurements. Following the review, a pre-
viously little known, remarkably simple phase cooperative DSC
scheme summarized in Fig. 6(d) is investigated in depth [51].
Since phase is measured, the scheme uses a PLL for efficient
synchronous low voltage rectification by default. An IPT system
for MAUS based on this work is currently under construction.

III. MODEM DESIGN AND COMMUNICATION STRATEGIES

In the MAUS project, data communication is based on three
custom-made modems, providing an adaptation to different
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environments and supporting the well-known tradeoff between
data rate and range. An acoustic modem is designed for long-
range communication, and an inductive modem as well as an
optical modem are developed for short-range communication.
There are at least two reasons why short-range communica-
tion is particularly interesting in swarm systems with mobile
agents: the distance between the agents is adjustable, and swarm
systems preferably work in combination with docking stations
for power supply and data transmission/storage. The acoustic
modem serves as an umbrella cell, i.e., a robust backup link is
available when short-range communication fails. This section
concludes with a hybrid system concept that takes advantage of
the three communication media, illustrating the range-versus-
rate tradeoff in different water types.

A. Acoustic Modem

Acoustic localization and data transmission is the only option
for long-range underwater wireless positioning and communica-
tion. However, due to the nonconstant speed of sound and various
noise sources in water, the requirements for acoustic signal
transmission are very high. Among other things, the acoustic
signals are reflected, attenuated and scattered [54]. Multipath
propagation affects both the localization of an object (e.g., an
AUYV) as well as the communication between two or more nodes
(e.g., between AUVs). Commercial UAWC modems have been
available off the shelf for many years. Table I lists some options.
When comparing the selected acoustic modems, large specific
differences between the manufacturers become apparent. Very
high data rates and very high ranges are usually advertised at the
same time, without pointing out the degradation of signal quality
with range and channel conditions, such as shallow or deep
water. Manufacturers usually do not specify the measurement
parameters, so no information is given about interference and
circumstances under which the stated values were achieved,
or whether they were measured or calculated at all. Without
further information, it can be assumed that the high data rates
claimed are only achievable under very favorable conditions.
Therefore, Table I should be taken with caution, as channel
conditions significantly affect data rate, transmission range, and
reliability. For example, maximum working range specification
and maximum data rate specification cannot be achieved in the
same setup.

It is important to note that besides the already mentioned
disturbances and influences caused by the characteristics of the
underwater transmission channel, in AUV swarms employing
small vehicles the requirements are even tougher. On the one
hand, the form factor needs to be small. On the other hand, the
interference generated by other vehicles operating in the same
frequency range is not negligible. For these reasons, a new acous-
tic micro-modem has been developed (see Fig. 7). This modem
provides robustness under single-user conditions while being
able to compensate for noise generated by the swarm agents,
and is able to adapt to changing channel characteristics. A key
feature of the developed modem is the SDR concept. Depending
on the measured channel properties, the type of coding and
modulation is selected software-based. Therefore, the datarate is
adapted automatically to the transmission channel. The modem



TABLE I

OVERVIEW OF SOME COMMERCIALLY AVAILABLE ACOUSTIC MODEMS AS SPECIFIED BY MANUFACTURERS
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Manufacturer/Model Modulation Data Rate Frequency Max. Range
DSPComm/AquaComm [55] DSSS/OFDM  100-480 bps  16-30 kHz 3 km
DSPComm/Aquacomm Gen2 [56] DSSS/OFDM  100-1000 bps 16-30 kHz 8 km
KONGSBERG/cNODE Modem Embed [57] FSK <6 kbps 21-31 kHz 10 km
Teledyne Benthos Atm9xx [58] MFSK 2400 bps 18.5-24.5 kHz 6 km
AM-OFDM-S [58] OFDM 1600 bps 21-27 kHz 4 km
WHOI Micro Modem [59] FH-FSK/PSK  80-5400 bps  3-30 kHz 1.5 km
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Fig. 7. Acoustic transmitter and receiver unit. The double-sided PCB houses
the entire transmitting and receiving hardware, including dsPIC microcon-
trollers, amplifiers, and power supply peripheries. A Neptune T204 piezo
transducer is connected to the PCB.

supports both single-carrier as well as multicarrier modulation
methods. The latter method spreads a bit stream of fixed length
over a wide frequency range. Each symbol is assigned to its
own subcarrier frequency. A block can thus be transmitted at the
same time, each of the bits on a different frequency. A special
orthogonal modulation of the individual symbols ensures that
the carriers cannot interfere with each other, i.e., intercarrier
interference is minimized. Along the information bits to be
transmitted, so-called pilot symbols are embedded [60]. These
are known symbols, which are used on the receiving side to
reconstruct the signal and restore the bit sequence. The signal
processing part of the acoustic modem is implemented on 16-bit
microcontrollers of the type Microchip dsPIC33ch512mp508.
All calculations are performed in fixed-point arithmetic. The
instruction set includes special DSP operations, and microchip
provides an optimized library that performs common tasks, such
as calculation and filtering. In each of the modems there are two
of these microcontrollers, one for transmission and one for re-
ception. These microcontrollers have two separate cores, one of
which is permanently responsible for receiving and transmitting
data to the main PC, and the other of which is permanently
responsible for transmitting and receiving acoustic data through
the water column. The above mentioned and implemented SDR
approach can be used in particular to determine the number of

bits to be transmitted per data packet, the number of bits to
be transmitted per symbol, the coding and modulation mode,
and the number of pilots used for synchronization and channel
estimation. This makes the modem very flexible to use and easy
to adapt to a wide variety of scenarios by software changes alone.
On the hardware side, both an analog Class-AB amplifier and
a modern and efficient Class-D amplifier are installed, and a
choice can be made between their use. The transmission is done
via a piezo transducer (Neptune T204) with a nominal resonant
frequency of 55 kHz described in [61]. The communication with
the modem is done via a serial interface, which can be accessed
by any standard computer via an USB adapter.

B. Magnetic Modem

The UMWC modem utilizes magnetic fields for digital
communication. Compared to the acoustic modem the commu-
nication range is small, but the data rate can be considerably
higher. This technique is sensitive to the conductivity of the
transmission medium but insensitive to water turbidity (includ-
ing surf zones, tidal flow, and rivers), water depth, reflections by
materials and surfaces, interference by sound and light, as well
as Doppler spread and delay spread. In the nonradiative near
field, critical issues like multipath propagation and fading are
negligible. Hence, magnetic communication is even possible in
shallow depths or harbor areas.

The developed UMWC modem uses an innovative system
concept where the receiver coil of a conventional magneto-
inductive communication system is replaced by a magnetic
field detector based on four high-sensitivity wideband magnetic
field sensors [33], [34]. Among other advantages, this principle
enables new data modulation techniques, such as the proposed
hardware/software data modulation MRFSK [62], [63], [64].
This innovative technique performs data modulation by varying
the resonant frequency of the transmitter resonant circuit and
has the potential to overcome several current issues encountered
with other modulation schemes, such as low bandwidth, long
symbol transition time, and an attenuated coil current amplitude.

1) Transmitter: The transmitter hardware shown in Fig. 8
comprises three separate main components: an amplifier board, a
controllable capacitor cell circuit that also includes a high-speed
zero crossing detector for either ZCS or ZVS, and a transmitter
coil. The amplifier is implemented as a half-bridge inverter,
converting the input voltage Vpc into a unipolar pulse train
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Fig. 8. UMWC transmitter consisting of an amplifier board, a controllable
capacitor cell modulation circuit, and a transmitting coil. The coil is encapsulated
ina pressure-neutral manner. The photo was taken for illustrative purposes before
the circuit boards were encapsulated for underwater operation.

at the selected symbol frequency. The series capacitor of the
resonant circuit eliminates the dc voltage component of the
unipolar signal generated by the half-bridge inverter, leaving
only the ac component of the square wave voltage.

The high-Q LC circuit (comprising the switchable capacity
and transmitter coil) only permits significant current to flow at
the fundamental frequency of the square wave voltage if the
combination inverter switching frequency and active capacity
has been chosen correctly. The ac-switches are realized by
two n-channel MOSFETs each, which are arranged anti-serially.
Due to the large voltages that occur in the resonant circuit,
the MOSFETs have to feature a high breakdown voltage. In
addition, the MOSFETSs should have a low Ohmic ON-resistance to
minimize the influence on the properties of the resonant circuit.
These requirements are implemented via MOSFETs driven by
high voltage isolating gate drivers powered from isolated dc/dc
converters.

Maintaining reliable ZCS/ZVS behavior independent of pre-
computed timing and for parameter variation (like aging of
capacitors, metal objects in the vicinity of the inductor, etc.)
and potentially also for more time-efficient encoding schemes
is enabled by addition of a positive-edge-triggered D-flip-flop
buffer to the capacitor switch signal line. The buffer is activated
by a high speed zero transition detector, based on a comparator.
The comparator, outputs a high level for measured voltages
greater than zero and a low level otherwise. The output signal
of the comparator is additionally used for self-driving of the
half-bridge inverter.

The transmitter coil is made of 23 turns of 280 x 0.1 mm
high frequency litz wound on a printed frame with radius
r = 100 mm. The coil is pressure-neutral encapsulated in resin
for underwater applications. The inductance of the fabricated
transmitter coil is 196 pH.

2) Receiver: The UMWC receiver shown in Fig. 9 is based
on four Sensitec AFF755 high-sensitivity wideband low-noise
magnetic field sensors. The sensibility of the AMR sensors is
specified with 15 (mV/V)/(kA/m), enabling measurements of
weak magnetic flux densities in a frequency range from 0 Hz up
to 1 MHz. Each of the sensing signals is amplified by an AD8428
low-noise instrumentation amplifier with a fixed gain of factor
2000. For SNR enhancement, spatial averaging is implemented
on the detector board by combining the signals from all sensors.
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Fig. 9. UMWC receiver based on four high-sensitivity AMR broadband
sensors. The signal from each sensor is amplified, spatially averaged and
demodulated on board. The receiver circuitry is pressure-neutral encapsulated.

Fig. 10.  Transmitter for UOWC comprising five high-power royal blue LEDs.
The LED drivers are potted with thermally conductive resin and placed below
the diodes which are arranged on a CNC-milled mount. This design provides
optimal cooling and is space- and weight-saving.

Fig. 11.  Receiver for UOWC consisting of a large-area PD and a newly de-
signed PCB for coping with several challenges such as strong signal attenuation
and intense, varying sunlight. To maintain good optical properties, the unit is
potted with crystal-clear polyurethane resin.

Subsequently, the signal in fed into the custom-made demod-
ulator circuit, which supports demodulation of frequency shift
keyed (FSK) and OOK signals. The signal of the demodulator
output is analog-digital converted by a microcontroller and
finally digitally evaluated. The outer dimensions of the receiver
hardware are 98-mm length, 82-mm width, and 32-mm height.

3) Data Modulation: The data is modulated by changing the
resonant frequency of the transmitter resonant circuit, which
is made possible by a novel combined hardware and software
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Water Type 1 Water Type 2 Water Type 3
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Fig. 12.  Communication range for different types of water. Water type 1: Deep ocean (medium visibility and high conductivity), water type 2: Baltic Sea water
(medium visibility medium conductivity), water type 3: Brackish water like in a river estuary with turbulent water (bad visibility and small conductivity).
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Fig. 18.  For the list of convex partial polygons consisting of the ears of the
original polygon, a round trip is planned via 2-opt. CLC path planning is applied
to each of the subproblems.

frequencies and features an easy and a robust operation. Thanks
to accurate ZVS, most of the energy of the resonant circuit can
be conserved in the magnetic field of the coil during symbol
changes.

C. Optical Modem

Besides the magnetic modem, an optical modem is devel-
oped for UOWC between the AUVs. It uses light in the vis-
ible range generated by [65]. In principle, are well suited for
optical wireless communication due to their ability to sustain
fast ON/OFF-switching [39]. This results in a high bandwidth of
several MHz. Moreover, nowadays, due to the popularity in the
lighting market, many different sizes, power outputs and colors,
i.e., wavelengths, are available. In underwater communications,
however, the selection is reduced because several limitations
have to be considered.

First, the attenuation in water is considerably higher compared
to air. The reason is that light is absorbed and scattered by
particles in the water and by water itself [39]. Second, the
signal attenuation increases, the more particles are dissolved
in the water, i.e., the more turbid the water is [66]. Third,
the attenuation is wavelength-dependent. As can be seen from
measurements conducted in [67], the wavelength with lowest
attenuation in oceanic water is between 450 nm (royal blue) and
490 nm (cyan). In coastal waters, the minimum is shifted towards
yellow (575 nm) and orange (595 nm).

In conclusion, the attenuation and thus the communication
range strongly depends on the quality of the water. Therefore,
only high-power LEDs should be considered whose color is
optimized to the expected water quality. In contrast to UMWC,
however, the signal attenuation does not depend on the salinity
of the water.

Therefore, a hybrid communication concept is of interest,
where the UOWC approach is employed in clear, salty water
conditions and is supported by the UMWC in turbid, less salty
conditions [39], [68].

1) Transmitter: The developed optical transmitter depicted
in Fig. 10 is equipped with five royal blue (450 nm) LED Engin
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LZ4 due to their high optical power, the good wall plug efficiency
of 52 %, and the availability. Each LED is driven by the IXD 614,
an ultrafast MOSFET driver, which offers very short rise and fall
times of less than 40 ns, a wide operating voltage range and up
to 14 A of drive current. The operating point of each LED is set
by a current-setting power resistor. Equipping each LED with its
own driver circuit has several advantages. First, the high drive
current is split, which in turn distributes the load across multiple
MOSFET drivers and reduces heat generation. Second, up to five
separate data streams can be delivered to the optical transmitter.
Thus, besides OOK, also higher order modulation schemes,
e.g., 4-ASK, can be implemented straightforward. To provide
sufficient cooling, the MOSFET driver and the current-setting
power resistor are placed on an aluminum disc. The entire struc-
ture is then water-proofed by potting with thermally conductive
resin. The are encapsulated separately. For the diode itself,
crystal clear polyurethane resin is used. Both the potted driver
circuit as well as the potted are placed on a CNC-milled mount
made of seawater resistant AIMg3. The advantage is that both
parts are surrounded by water which provides optimal cooling.
Another general advantage of this structure is the space- and
weight-saving design compared to conventional optical trans-
mitters employing pressure housings. With this newly developed
optical transmitter, OOK communication up to several Mbps is
possible.

2) Receiver: The two main parts of the UOWC receiver
shownin Fig. 11 are a large-area S3584-08 PD from Hamamatsu
and a dedicated PCB for signal conversion, amplification, filter-
ing and noise reduction. To make the unit waterproof while main-
taining good optical properties, the receiver is potted with crystal
clear polyurethane resin. The S3584-08 PD is chosen to capture
as much light as possible with its outstanding photosensitive
area of 7.84 cm?. The sufficiently small junction capacitance is
another advantage. With a reverse bias of Vp = —15V a band-
width in the MHz-region can be reached. The PD is mounted on a
which is newly developed to overcome several major challenges
that arise in an underwater optical communication scenario with
mobile participants: the strong signal attenuation and the intense,
slowly varying sunlight close to the water surface.

For this purpose, a design with multiple stages is chosen.
The first stage consists of a, which is an OpAmp circuit that
converts the current from the PD into a voltage and amplifies
it. The amplification is given by the value of the resistor in the
feedback-loop and has to be carefully selected already at this
stage. If the resistor, i.e., the amplification is chosen too large,
the high generated by the sunlight may be sufficient to saturate
the OpAmp.

In the second stage, a high-pass filter is realized with a cut
off frequency of 1 kHz. That way, only the high-frequency part
of the received signal is passed to the next stage, while the and
low-frequency part is canceled out. This stage is employed to
combat the intense, slowly varying sunlight.

The remaining high-frequency signal that passes the high-pass
filter, is further amplified by a noninverting amplifier stage. The
distinctive feature of this stage is the possibility to change the
amplification by switching between different resistors with a
multiplexer. That way, the required amplification can be adapted
to varying water quality conditions.
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Solving of the TSP Problem
for Order of partial problems

Different steps of decomposition and calculation for an area of interest defined as a polygon are displayed. Since the polygon is concave, it needs to be

divided into sub-problems before the coverage paths can be computed. On the left side the result of the triangulation is shown. The resulting triangles are created
in several cyclical iterations around the polygon until only triangles are left. In the middle figure, these triangles are then merged if the union of two sub-polygons
is still convex. This reduces the amount of problems and produces areas that are more suitable for skeleton and boustrophedon paths. In a last step a round trip for

the new set of convex polygons is computed with the 2-opt algorithm.
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Fig. 20.

To improve the SNR, the third stage is followed by an active
low-pass filter of second order employing the well known Sallen-
Key layout. The cut off frequency is chosen as 40 MHz.

Finally, the filtered signal is passed to a noninverting Schmitt-
trigger with switching hysteresis to digitalize the received signal.
This has the advantage that the signal can be fed to a digital input
of the subsequent microcontroller rather than into the analog
input. The digital input can be read out much faster which allows
for higher data rates. To avoid losing the amplitude information,
the signal is also routed to an analog input before the Schmitt-
trigger.

GUI view showing camera images, sonar image, vehicle status, and control elements.

3) Data Modulation: Since generate noncoherent light and
are employed to detect light intensity, the developed optical
modem is restricted to IMDD. A straightforward modulation
scheme of IMDD is OOK, where all five are switched ON and
OFF simultaneously. The light intensities add up constructively
at the receiving PD. With this technique, also other modulation
schemes, such as pulse-position modulation and pulsewidth
modulation can be implemented. As described above, each
LED of the optical transmitter can be controlled individually.
Thus, also higher order modulation schemes, such as 4- can be
used.
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Fig. 21.

Comparison of simulated (top) and real (bottom) CLC-based mission trajectory. Gretel’s navigation is based on dead reckoning and Hansel navigates

via USBL-aided Kalman filter. The shifted waypoints occur from error correction of the positioning results.

Fig. 22. Test of AUV Hansel in the Kiel Fjord. Tethering is done in the tests
only, the AUV was operating fully autonomous.

D. Hybrid UAWC/UMWC/UOWC Communication Concept

As outlined above, the underwater environment is a chal-
lenging communication medium. At present, there is no uni-
versal technology that ensures a reliable and sufficiently fast
underwater communication link for typical communication dis-
tances under various environmental conditions. For this reason, a

combination of several techniques is required to provide a stable
underwater communication link. The short range communica-
tion modem developed in the MAUS project uses both the optical
and magnetic underwater channel. The combination of UMWC
and UOWC is being pursued to provide a high-speed, short-
range link in dynamic underwater environments. In addition,
the acoustic modem serves as an umbrella cell.

On the one hand, UMWC can support UOWC in scenarios
where the visibility between the transmitter and receiver is poor,
i.e., in water with a high concentration of dissolved particles.
On the other hand, UMWC suffers from an increasing conduc-
tivity of the transmission medium, which is associated with an
increasing salt concentration of the water. In this case, UOWC
can support UMWC as the attenuation is hardly dependent on
the conductivity. Fig. 12 illustrates this relationship using three
different example scenarios, which assume different channel
conditions as follows.

1) Water Type 1: Deep ocean (medium visibility and high

conductivity).

2) Water Type 2: Baltic Sea water (medium visibility medium

conductivity).

3) Water Type 3: Brackish water like a river estuary with

turbulent water (bad visibility and small conductivity).

Note that these example scenarios do not apply in all cases,
as the channel conditions also depend on water depth, distance
from the shoreline, algae growth, salinity, etc. Real-time water
quality measurements are therefore advisable.
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Comparing the considered scenarios previously shown, one
finds that the disadvantages of one technology are outweighed
by the advantages of the other: UOWC is well suited for clear
waters and is little affected by salinity. UMWC, on the other
hand, is not affected by water turbidity, but experiences strong
attenuation in water with high salinity.

Basically, the combination of UOWC and UMWC allows
two different modes of operation. The schematic in Fig. 13
outlines the first mode, where the same data are fed to both
communication techniques simultaneously, thus spatial diversity
is obtained.

Fig. 14 describes an adaptive approach for an efficient channel
use. In this operation mode, an efficient distribution of the
data stream to both communication techniques is calculated,
dependent on the actual channel conditions. If the available per-
formance of the communication techniques differs only slightly,
the system operates in a soft-switching mode (0 < o < 1).If the
difference exceeds a defined threshold, only one communication
method is used in a hard-switching mode « € {0, 1}. The hybrid
scheme ensures an efficient use of the prevailing channel condi-
tions. The developed communication system supports this hard
switching mode, where based on the current channel conditions,
the communication technique that provides the best channel
capacity is selected.

To demonstrate the operation and scheduling of tasks of
the hybrid communication system, let us discuss results of a
mission conducted in July 2022 in the Kiel Fjord located in the
southwest Baltic Sea, Germany, i.e., in Water Type 2 defined in
Fig. 12. In the first step, one of the MAUS AUVs broadcasts a
communication command with its acoustic modem. In addition,
this command also contains the current position estimate of
the vehicle. The two vehicles then begin to approach each
other until high-rate communication is possible via UOWC or
UMWTC. In the conducted mission, the position of the first AUV
is close to the water surface for the sake of supervision and
inspection. The second AUV is positioned approximately 5 m
below and is clearly visible. The completion of the maneuver is
then communicated via the acoustic modem.

In the next step, the optical water quality is estimated. For this
purpose, the optical backscattering power is measured, i.e., the
amount of light emitted by an optical transmitter—receiver pair,
reflected in the water column and received by the same pair. The
custom-made optical transmitter—receiver pair has a distance
of 10 cm and is attached to the hull of each AUV. Since a
linear relationship between the backscattering power and the
underwater attenuation coefficient was determined in [69], the
amount of backscattered light provides good information about
the water quality. In addition, the salinity is measured by the
miniCT.

In the hybrid communication system used, the backscattered
power is evaluated by the microcontroller, which hard-switches
between UOWC and UMWC based on a threshold value. Hard-
switching has a decisive advantage in mobile, energy-limited
systems: the other modem can be operated in stand-by mode. In
the selected Baltic Sea mission, the optical channel was chosen
because Water Type 2 favors in many situations the use of the
UOWC technology for short-distance high-rate communication.

In brackish waters, the UMWC modem would probably have
been chosen instead.

Afterward, the high-rate communication is initiated by the
first AUV. Each transmission is piloted by a header and followed
by a number of data packets containing up to 1024 data bits
each. The header which is received at the second AUV over a
distance of 5 m is depicted in Fig. 15. Due to the Schmitt-trigger,
the output voltage of the received signal toggles between 0 and
3.3V, independent of the communication distance. The same
applies to the magnetic modem.

The header consists of ten start bits followed by 128 header
bits plus eight parity check bits, which are all Manchester-coded,
yielding a total of 292 bits. The start bits are represented by
pulses with a predefined width to indicate the start of the header
and to synchronize the receiver. The message bits of the header
contain information regarding the selected communication tech-
nology, the modulation scheme, the chip duration, the number
of data packets following the header, the AUV depth, the water
salinity and the measured backscattering power.

Each data packet consists of ten start bits followed by 1024
data bits plus eight parity check bits, which are all Manchester-
coded, yielding a total of 2084 bits. Fig. 16 shows the header
followed by a data packet with 1024 Manchester-coded bits.
Optionally, multiple data packets can be sent using a single
header.

Between header and data packet as well as in-between data
packets, a pause is introduced. This pause is long enough for
the microcontroller to sample, decode, check, and transmit the
data to the main computer via a serial interface. If an error is
detected by the second AUV, an error message is transmitted
instead. After either all data packets have been received or
a predetermined period of time has elapsed, the main com-
puter generates a handshake message containing either a correct
reception report or the numbers of the missing or faulty data
packets. This handshake message is then transmitted to the first
AUV.

IV. SWARM NAVIGATION AND AUTONOMY

Collaborative task solving by a team of agents provides
numerous advantages, including time savings, robustness, and
mutually improved localization via agent communication. The
risk of supplementary work must be minimized in order to reap
the benefits of collaborative behavior. The goal should be to
use multiple agents to reduce the total duration of the mission,
making it more energy-efficient, while also balancing the load
of the individual agents to use all robots efficiently.

As a heterogeneous team, Hansel and Gretel can perform
various tasks jointly and autonomously. The goal is to find the
best task distribution for the agents. In most cases, the workspace
is known ahead of time, and only area-wide measurements are
required. Choosing the best path for a collaborative team of
robots in terms of energy efficiency, on the other hand, is a
computationally difficult problem. The following subsections
will introduce the Al-guided navigation including the automated
mission path planning as well as the autonomous execution of
tasks.
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<task id=1 optionalid=3 timeout=2000 name=approach_start_point>

<goto easting=50 northing=100 id=1 nextid=2 optionalid=5 timeout=1200 />

<goto easting=100 northing=100 id=2 nextid=3 optionalid=5 timeout=1200 />

</task>

<task id=2 optionalid=3 timeout=36000 name=search>

<find easting=200 northing=200 id=3 nextid=5 optionalid=4 timeout=3600 />

<find easting=300 northing=300 id=4 nextid=5 optionalid=3 timeout=3600 />

</task>

<task id=3 optionalid=0 timeout=5000 name=return_to_home>

<goto easting=100 northing=100 id=5 nextid=0 optionalid=0 timeout=2000 />

</task>

A. Structure and Execution of Commands

To follow the subsequent approach, it is necessary to under-
stand how the AUVs realize a mission. A set of commands, such
asgoto,pause,acknowledge,waitforacknowledge,
and find, are the base for all rasks. A detailed explanation
of all commands can be found in [70]. A task is defined by a
list of commands that subjectively form a higher level action.
Each command is described by its target parameters, a unique
identifier, the identifier of the subsequent command, an optional-
identifier that is per default 0, and an optional timeout. The
term optional in optional-identifier is meant to be the alterna-
tive subsequent command if the intended subsequent command
cannot be reached due to failure of the current command. Each
mission starts by the execution of command with identifier 1
and is terminated if the current identifier is 0. Supposing that a
command succeeds, the command that is set as subsequent iden-
tifier is next active. If a command fails or a timeout occurs, the
command with the optional-identifier is executed next instead.
This enables situation-based decisions, which is elementary for
search missions, for example. This list is extendable during
mission time by adding instructions with unique identifiers or
skipping commands by changing the linked subsequent com-
mand. Each task has also its own unique identifier, a name, an
optional timeout and an optional identifier per default set to 0.
The name is mainly used for post mission analysis, whereas
the other parameters serve the following purpose. In case a
command inside of a task is active, the task timer continues
ticking. If a tasks timer runs out, the first command of the task
with the optional identifier is executed. This helps to prevent
infinite loops and limits the overall possible mission time. All
tasks for one team member are grouped by a mission header that
defines member specific mission parameters. To realize a unique
mission assignment, all team-specific mission headers are listed
in a single mission file, with mission-specific confirmation iden-
tifiers in a meaningful context. A small example demonstrates
the presented functionality:

The mission consists of three tasks, namely, ap-
proach_start_point, search, and return_to_
home. If the first task timer runs out or a contained command
fails, the return_to_ home task is started. Otherwise, the
second task starts, where an OOI has to be found. This operation
continues, as long as the OOI is not found and the task timer
does not run out. This is achieved by the mutual invocation of
the £ ind commands.

B. Creeping Line Search Path Planning

There are several ways to form teams or swarms that are
modeled after SAR maneuvers described in the annual IAMSAR
manual [71]. The CLC is a very efficient variation, in which a
swarm member (Gretel) traverses back-and-forth search sections
parallel to each other based on the scan width of its sensors. The
goal is to cover the entire survey area without using redundant
paths. These paths, as seen in Fig. 17, are simple to compute
for work spaces defined by convex polygons. However, because
there are frequently areas that cannot be navigated, such as jetties
in harbors or fixed fishing nets, the working space often must be
specified by concave polygons.

C. Path Planning for Complex-Shaped Search Areas

Because of the indentations in concave polygons, planning the
search sections is extremely complicated if redundant paths are
to be avoided. The high space and time complexity required to
solve the coverage problem is a major issue with current meth-
ods. A grid map is frequently created for the data representation
of the workspace. As the resolution or size of the workspace
increases, so do the memory requirements. The coverage prob-
lem is usually too complex to solve in real time. As a result, an
approach is taken to decompose the workspace efficiently using
algorithmic geometry methods. The workspace is divided into
triangles by using a modified ear-clipping algorithm based on the
fast industrial-strength triangulation (FIST) method, allowing
for easier handling of the resulting convex polygons [72].
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Fig. 23.  Test of AUV Gretel in the Kiel Fjord. With regard to tethering, the
same applies as for Hansel.

Fig.24.  Sonar map as a result from test in open water. The color corresponds
the pixels closest range to the vehicle and can be interpreted as bottom height.
The red line in the map indicates the trajectory of the AUV.

If the union is also convex, adjacent polygons are connected
for even more simplification. The new workspace division is not
necessarily optimal, but it can be computed quickly. The centers
of the newly created convex polygons for neighbors are then
connected to form a topological map. The 2-opt algorithm can
then be used to determine the optimal order of coverage [73],
see Fig. 19 for the subsequent steps of the decomposition. For
each section, only the parallel search sections are planned. A
complete CLC path for a concave work environment is depicted
in Fig. 18 [74].

To assist end users such as marine researchers in planning
AUV missions, a GUI was developed within the MAUS project,
see Fig. 20. This GUI supports to plan missions with little effort
and prior knowledge for a heterogeneous team of agents and thus
to solve the targeted mission efficiently. The necessary tasks are
distributed by the GUI to the agents. By setting features of each

agent, the GUI provides a mission file including time estimation
of each command and task. It is also capable to receive online
mission data and follow the state of the current mission. This
provides a reasonable overview, especially in dynamic mission
sections.

D. CLC-Based Workflow

Gretel sends the positions of potential objects of interest to
Hansel during the scan so that they can be thoroughly examined.
Hansel is well-equipped for the inspection tasks, but it can only
be located in relation to Gretel using USBL. Since Hansel is
not supposed to follow Gretel, it requires knowledge of possible
positions that minimize the average distance between the AUVs.
As a result, Gretel sends Hansel acknowledgment messages
with unique identifiers, indicating the current search leg of
the mission. Hansel will remain at its synchronization point
as long as it does not receive an acknowledgment message or
a time-out occurs. Gretel sends the acknowledgment message
when itreaches its synchronization point. If necessary, the AUV
can be positioned above each other via the synchronization
points, enabling the exchange of a vast amount of information
via magnetic or optical communication. Furthermore, mutual
synchronization by sending and expecting an acknowledgment
are set between tasks. Fig. 21 depicts an example mission with
a specific CLC pattern and paths for each agent type. A further
issue of the USBL-modem internal localization is that it cannot
provide continuous position information for the requesting AUV.
Therefore, Hansel receives a position update only each 5 to
10 s. In between those position updates, Hansel’s Kalman filter
estimates its position solely on MEMS data. Under the influence
of currents and sensor inaccuracies this may result in a sawtooth-
shaped trajectory, as shownin Fig. 21. As aresult and due to other
measurement inaccuracies, Hansel may miss the true position of
the OOI. One option is to transmit object-specific features of the
OOI via one of the developed modems, allowing Hansel to detect
and localize the position of the OOl in order to correct its planned
path. Because the amount of data per message is severely limited
if the acoustic modem is taken, in [70] a method was proposed
to compress the object information into a short vector. Although
the basic swarm navigation concept is conceptualized for two
types of vehicles, a third surface-based type, namely, an USV, has
been developed in the framework of the MAUS project to support
the underwater vehicles with telemetry data and forwards status
messages to the mission control GUI and hence to the operator.
Buoys and submerged anchors are alternatives.

V. FIELD TRIALS AND EXPERIMENTAL RESULTS

Testing within the MAUS project was done continuously.
Since different partners were involved, individual modules were
first tested separately in the corresponding institute laboratories.
The integration of all modules in the AUVs and joint tests were
carried out in the AUV laboratory at Kiel University of Applied
Sciences. There, simple tests, such as leak testing, control, and
regulation of the thrusters, navigation system of the vehicles,
transmitting and receiving units, etc., were carried out in a tank.
Additional tests were carried out in an outdoor swimming pool
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Fig. 25.

Side-scan sonar waterfall images of different underwater objects, indicated by red bounding boxes.

Fig. 26.  Detection of underwater structures in the 4 K camera.

to check the sensor technology including sonar and camera data
as well as the acoustic, magnetic and optical data transmission.
After completion of these tests, the AUVs were tested in open
waters in the Kiel Fjord and in a harbor basis at La Spezia,
Italy. The entire MAUS system was validated under different

conditions and scenarios. Figs. 22 and 23 show an autonomous
diving process of Hansel and Gretel in the Kiel Fjord taking
pictures of each other. The resulting sonar map of the open
water test is plotted in Fig. 24. This mosaic is utilized in the
subsequent examination of the search area and exhibits a high
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Fig. 27. Detection of a red buoy in the 4 K camera.

degree of sensitivity in identifying anomalies. The basic concept
of swarm navigation is simulated and tested multiple times in a
scaled-down version as depicted in Fig. 21 for the Kiel Fjord. In
this test scenario, the AUVs perform their mission as described
in [70]. Gretel moves in a lawn-moving pattern and searches for
anomalies. If an OOI is found, a message containing position
information is sent to Hansel. Hansel’s mission control module
inserts this new target as a new subsequent job and inspects it. In
this specific test the occurrence of the anomaly in Gretel’s sen-
sors is triggered artificially to test and compare the cooperative
behavior in a determined manner. In the displayed scenario, the
OOI occurs at the bottom left side of the test area. As planned,
Hansel follows Gretel along the northing axes and waits at the
previously described synchronization points for Gretel’s transit.
In Gretel’s last search leg, an (artificial) OOI is communicated to
Hansel via USBL and animates Hansel to inspect the new target.
After Hansel reached the desired target waypoint, it returns
to continue its previous mission schedule. In the tests, Hansel
and Gretel performed as expected, although Hansel’s navigation
struggled through water currents and disturbed position updates
due to the shallow water. Due to the shallow depth of the water
of about 2-5 m, maintaining a stable acoustic communication
and USBL link becomes problematic and causes navigation

challenges. Despite these difficulties, both AUVs are capable
of accomplishing the mission.

The assessment of sensor capabilities and object detection
is conducted in La Spezia, Italy, where a harbor basin was
specifically arranged with simulated underwater structures and
debris, including buoys, pipes, and consoles. The maximum
water depth of the basin is 9 m, and the AUV are customized for
optimal object capture within this range. The use of side-scan
imagery, which is a crucial function of Gretel, necessitates a
consistent velocity along a straight path. In Fig. 25, various
side-scan waterfall images featuring highlighted anomalies are
presented. The images exhibit only few distorted objects, sug-
gesting a stable motion behavior during data acquisition. Next,
the configurations of the cameras are evaluated, and anomaly
detection are tested. The structure is captured using both the
stereo camera system (depicted in the GUI in Fig. 20) and
the 4 K camera system presented in Fig. 26. The object de-
tectors, which were primarily applied to the 4 K camera images,
were assessed using various deep learning approaches such as
MASK-RCNN [75]. These approaches were trained on different
underwater structures, mainly of human origin, such as pipes
and buoys (see Figs. 26 and 27). Currently, the YOLOVS5 [76]
is the preferred approach for analyzing data obtained from
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Fig. 28. Hansel (left) and Gretel (right) during tests in the Kiel Fjord.

the 4 K camera, side-scan sonar, and forward-looking
sonar. However, newer versions of the approach are being
investigated.

In addition to the tests for navigation, localization, communi-
cation, and autonomy in connection with the swarm principle,
procedures for object detection, collision avoidance with the
sonar and camera data were also developed, tested and opti-
mized [70], [77].

VI. CONCLUSION

In this article, we summarize the scientific results of the
collaborative EU.SH project MAUS’, targeting the hardware
and software design, cooperation, mission planning and hy-
brid communication strategy for a multiheterogeneous AUV
swarm. Focus is on two AUV types equipped with different
sensor technology, which complement each other with respect
to their application possibilities: a hovering vehicle (“Hansel”)
and a going vehicle (“Gretel”), see Fig. 28. The vehicles are
characterized by a high degree of modularity, a small size, com-
paratively low cost, and cooperation. Innovative features include
a hybrid communication concept based on acoustic, magnetic,
and optical communication. Communication between the swarm
elements improves localization accuracy. Furthermore, novel
Al-based approaches for route planning, mission description and
task solving are presented, which are efficiently applicable for
arbitrary deployment areas. Experimental verification has been
performed in the Kiel Fjord, located in the southwest Baltic Sea,
and in La Spezia, Mediterranean Sea.

This work has addressed many principles and tasks of swarm
collaboration with two different, cooperating AUVs that com-
plement each other. This has created a platform that is open for
further improvements and enhancements. The extension to more
than two vehicles is taken into account in the concept.
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