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Methodology/Technique

Introduction

Aim Ongoing work

Outlook

Objective

The research performed by SMa5C will in many ways coincide with development areas of interest to improve the military 
capabilities at sea such as intelligence gathering and mine hunting. These areas include among others autonomy, sensor 
development, underwater communication and endurance. To merge the technological research ideas and the needs of future 
military capability this work will focus on Concept 'evelopment of sociotechnical systems where new technology is implemented
in an organization like the Swedish Armed Forces.

The aim for this Ph' work is to sharpen 
the ability within the Swedish Armed 
Forces in general, the 1avy in particular, 
to make use of present technical 
development in the underwater arena in 
concept development and solving present 
and future operational needs. In this case 
being the link between existing research 
and the Swedish Armed Forces when it 
comes to matters concerning operational 
needs, concepts and system performance.

To assist the 1avy in looking at concept 
and capability development with a 
system-of-platforms mindset instead of a 
ship centric focus.

A comprehensive literature study is performed within the areas of concept 
development, autonomous vehicles and sociotechnical systems. This work will 
be able to deliver methods to more efficiently describe, develop and implement 
concepts for future underwater capabilities. This will include:
• Competence in the methods needed to contribute to the Armed Forces 

research and development
• Competence in autonomous naval systems for future development within the 

Armed Forces
• To more efficiently make use of research and development to suit the needs 

of the Armed Forces
This will help the 1avy in looking at concept and capability development with a 
system-of-platforms mindset instead of a ship centric focus.

To be able to address these questions the 
work will contain studies in general concept 
development and how other branches in The 
Armed Forces work with these matters. 

There will also be studies on how other 
nations handle development and system 
integration when building new capabilities. 

The work in SMa5C and similar research 
proMects will be closely followed both to gain 
understanding in the technical systems but 
also to give input about the needs and 
challenges of the Swedish Armed Forces.

• Concept development in the process of building new capabilities and units

• Sociotechnical marine systems 
• Autonomous vehicles
• Manned platforms
• Human organizations

• How to implement technical progress into organizations like the Armed 
Forces 
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Outlook

Fuel cells and batteries are electrochemical devices that convert chemical energy in electricity. They are composed of two
electrodes (anode and cathode) and one electrolyte. The main difference between battery and fuel cell is that a battery is a closed
system with the energy stored in the electrode materials, whereas a fuel cell is open. As long as the fuel cell is fed by reactants, it
can produce electricity. Hybrid fuel cell/battery systems combine the advantages of fuel cells (high energy content) with the
ones of the battery (high power flexibility) to ensure long-range missions for AUVs [1]. Modeling such hybrid systems is a key step
in order to build a really energy efficient vehicle [2].

A Simulink model of a full hybrid fuel
cell/battery coupled with an AUV was built
in order to test several Energy
Management Strategies (EMSs). It is
composed of both theoretical and
empirical equations.

The model has several goals:

• Be flexible and offer the possibility to
change both the AUV and the energy
system

• Compare different Energy Management 
Strategies 

• Highlight the capabilities of the AUV

• Predict the behaviour of the AUV during 
critical missions

The built Simulink model is under development but already offers the possibility
to implement any AUV with any energy system. The fuzzy logic approach
shows promising capabilities for such systems [3]. A first series of tests have
been performed confirming this trend.

More strategies will be investigated in the future. 

                        
          

 

   

   

   

   

 

  
   

  
  

  

The figure shows the evolution of the 
battery State of Charge (SoC) while running 
a routine mission with a LoLo-like AUV with 

a fuzzy logic strategy.
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The figure shows layout of the built Simulink model with all its
components and their interactions.
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Simultaneous Localization and Mapping (SLAM) is a set of techniques aimed to enable autonomous platforms to build maps of 
unknown terrain while estimating the vehicle trajectory. Underwater SLAM is particularly challenging due to the limited sensing and 
communication capabilities of an AUV, together with the changing dynamics and lack of landmarks in submarine environments.

- MBES-based Bathymetric SLAM for long-
range surveys [1][2].

- Loop closure detection MBES, SSS and/or 
biochemical sensors [3].

- Active SLAM: combined SLAM and mission 
planning to achieve intelligent exploration.

Enable AUVs to explore and map bast regions 
of seabed accurately on long-term missions. 
For this, our SLAM solutions must provide an 
accurate vehicle pose estimate, which will be 
used by the AUV navigation system.

 

i) Improved vehicle trajectory estimate and map reconstruction from AUV surveys
ii) Biochemical sensors can be potentially useful for loop closure detection.
iii) Current work on active SLAM and integration of SSS on the framework.

2������������(������4
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Given the raw multibeam and the dead 
reckoning estimate from an AUV survey:

1) Correct the vehicle pose maximizing the 
consistency of the current bathymetric patch.

2) Global optimization over the entire map and 
trajectory. 

1. SLAM framework for accurate bathymetric surveying [1]

From left to right: bathymetric map from noisy dead reckoning, visualization of our 
method applied and corrected output from the SLAM optimization.

2. PointNetKL: inference of the noise model of bathymetric GICP registration 
[2]

PointNetKL network architecture with input 
and output visualization 

2D prior and posterior covariance of a 
bathymetric submap.

The shape and scale of these covariances model the underlying bathymetry 
such that it can used in the SLAM optimization from [1].
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Objective

Differnt prismatic cages 
that maximize the 
utilization of the 
geography in order to 
minimize the number of 
vehicles

One vehicle can only do so much. When the areas that need to be covered are vast or there are spacial and temporal 
constraints in the mission, one vehicle is simply not enough. In such circumstances, multiple vehicles must be used in order 
to accomplish the given task. Such tasks include but are not limited to coverage, search, and capture. In our works, we have 
examined and formulated methods that tackle these problems using multiple affordable underwater vehicles. To that end, we 
have developed algorithms and processes that can compute the requirements for a given mission and generate the mission 
plan automatically.

Our aim is to create algorithms and 
processes that can generate mission 
plans for multiple AUVs in order to 
complete a given task and do so while 
optimizing some objective.

Use fewer vehicles.
Complete the task faster.
Be robust to failures.
Handle uncertainties.
Be understandable.
Cooperate to achieve all of the above.

Different spherical 
cages created with 
different number of 
vehicles and different 
sensor models

[1] Özkahraman, Özer, and Petter Ögren. "A Two-Step Pursuit-Evasion Algorithm for Autonomous Underwater Vehicles." arXiv preprint arXiv:1809.09876 (2018).

Our current results show that utilizing multiple vehicles is beneficial. 
     We are currently working on utilizing Behaviour Trees for coordination and 
safety while executing such missions.
     In addition, we are also working on formulating efficiency metrics for multi-
vehicle coverage tasks in order to create an improved coverage technique 
that takes into account the intricacies of the underwater domain. Our 
preliminary work indicates that there is much to be gained in this area.

Initial input to the 
algorithm is a sighting of 
the evader. The source 
could be anything from a 
person to stationary 
sensors.

The vehicles are 
deployed to the 
computed cage walls. At 
this point the invader is 
contained to a known 
volume.

After a secondary 
sighting by the vehicles, 
a spherical cage is 
constructed using the 
now-nearby vehicles.

Now the spherical cage 
can be shrunk until the 
evader is captured.

In order to solve the caging problem, we 
solve the following sub-problems:
- Min-cut Max-flow Problem: Used to 
partition the caging space and          
optimize the number of vehicles needed.
- Set Cover Problem: Used to generate 
vehicles targets such that they cover the 
barrier walls found in the previous step.
- Charged Particles Problem: Used to 
generate the targets for the vehicles 
around the unit sphere.
- Linear Bottleneck Assignment 

Problem: Used to assign vehicles to their 
positions, both for prismatic and spherical 
cage types.
More details can be found in our paper [1].
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Objective

Communication under water is characterised by the absorption of most types of signals, e.g. optical and radio, at distances larger 
than 10-100 meters. For longer ranges, acoustic waves remain the only option, although they too are absorbed with increasing 
frequency; leaving only a useful frequency range of up to hundreds of kHz. The acoustic underwater channel is possibly the most 
challenging channel encountered: limited bandwidth, multitude of echoes from the surface, bottom or water layers, non-stationary
conditions due to surface waves, and a dependence of most parameters on season, sea conditions, water salinity, temperature, 
depth, and sea bottom composition. This makes the channel unpredictable; models are generally insufficient for complete 
evaluation of communication methods, and rigorous testing in the field is generally required [1]. 

The aim of this PhD project is to evaluate 
and improve available robust methods, in 
order to establish the highest possible 
performing baseline for underwater 
modems. These have been explored 
historically, but recent advances in the 
communication field allow for significant 
improvements.

Polar Codes have yet to receive extensive application in the underwater channel. 
Applying the robust methods described here in difficult environments with high 
time variability is also of interest, as this is where they might have the most to 
offer. Directional transmission and reception will possibly make the 
communication channel easier because of the reduced number of reflections, 
and improve the received signal power because of directivity. This also has 
applications for covert communication, low interference multi-agent networks, 
and navigational aid, as a network of directional modems could form a local 
coordinate system for an underwater vehicle.

Figure 1: Depiction of signalling using sinusoids with different frequencies and 
time- and frequency guards (left), and the spectrogram of a received signal in a 
multi-echo environment from sea-tests in Ulvsundasjön in 2019 (right).

Two of the main channel difficulties are time-
and frequency spreading; a signal becomes 
spread in time because of the arrival of 
multiple echoes, and spread in frequency 
because of echoes from surface waves 
having different Doppler shift. Robustness 
may be achieved by parallel transmission of 
sinusoids with different frequency, which are 
separated in frequency by guard bands, and 
transmitted signals are separated in time by 
time guards. Signals are commonly 
transmitted omnidirectionally, and another 
method of improving robustness is to use 
directional signalling; reducing echoes and 
improving the signal strength. Also, new 
high performing codes are of interest in this 
work, e.g. Polar Codes [2][3].

Figure 2: Possible 
information rates for a 
method using blocks 
parallel in frequency, 
in which one out of 
four information-
bearing sinusoids are 
transmitted. Rates are 
plotted for different 
time guards (horz.), 
and frequency guards 
(vert.), which depend 
on the particular 
communication 
channel.

The objective is to design robust 
communication methods that are tailored 
to specific applications; being robust in the 
applied underwater environment, while 
maximising the information throughput, 
and minimising the energy consumption of 
modems.
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