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Abstract

Underwater position estimation is challenging due to the absence of Global Navigation
Satellite System (GNSS) signals. Underwater vehicles are typically equipped with a Doppler
Velocity Log (DVL) that measures the velocity relative to the seafloor. Aside from the
velocity, the DVL also measures the range of each of the four beams. When compared
against a bathymetry height map, these measured ranges provide additional information
enabling improving position estimates. Unfortunately, surveys often occur in areas where
detailed bathymetry maps are unavailable [29]. In these cases, bathymetry Simultaneous
Localization and Mapping (SLAM) could be used to improve the position estimates
compared to the velocity integration position. With SLAM, the map is being estimated
during the mission while at the same time using the map for position determination.

In this thesis, reduced rank Gaussian processes (GPs) are used as map representation for
SLAM. The downside of regular GPs is a time complexity of O

(
n3), reduced rank GPs

improve the computation performance. GPs provide Gaussian distributions at any point,
leading to a neat integration with probabilistic SLAM algorithms. To the best of the
author’s knowledge, this has not been used in bathymetry SLAM. This report investigates
how reduced rank approximated GPs, representing the bathymetry, can be integrated into a
SLAM algorithm to improve the position estimates of an underwater vehicle equipped with
a DVL and low-quality gyroscopes.

A squared exponential kernel is used as GPs model of the bathymetry. The reduced rank
approximation is vital for real-time SLAM performance. This map representation is integrated
with a Rao Blackwellized particle filter (RBPF) that estimates both the underwater vehicle’s
trajectory and the bathymetry map.

The SLAM algorithm is evaluated using data from an underwater vehicle operated at the
surface such that a GNSS reference position is available. Experiments of the SLAM algorithm
show a reduced position error compared to the GNSS reference. The resulting algorithm has
a computation time of up to 30 times faster than the Autonomous Underwater Vehicle (AUV)
collects data while improving position estimates. This concludes that the RBPF using reduced
rank GPs is capable of onboard improved position estimation on underwater vehicles.
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Chapter 1

Introduction

Oceans are ecosystems with an enormous impact on our lives. They determine the weather on
our planet to a large extent, and many communities rely on the oceans as a food supply [31].
Yet humanity causes severe problems in the oceans, such as ocean warming, acidi�cation,
over�shing, and plastic pollution [31]. To mitigate the e�ects caused by these problem, it is
vital to have a good understanding of the oceans' ecosystems to make rational decisions for
a sustainable future.

Detailed underwater exploration is complex since the rapid attenuation of electromagnetic
radiation limits both the range and �eld of view of high-resolution sensors [32]. The limited
sensing range requires these surveys to be conducted in the vicinity of the sea�oor to get
detailed underwater information, such as visual data, detailed bathymetry data or magnetic
�eld data. 90% of the oceans have a depth exceeding one kilometer as measured by surface
area [6]. Reaching these deeper oceans is challenging due to hydrostatic pressures, severe
communications constraints and the high costs of the required surface vessel to reach these
remote areas. Due to these challenges, detailed deep ocean exploration is limited to some
research sites of interest and industries with an economic interest, such as the oil & gas
industry.

The technical challenges of the hydrostatic pressures and communications constraints are
solved by manufacturing high-quality pressure chambers and the increased autonomy of
underwater vehicles. However, as surveys have to be conducted near the sea�oor, the
mapped area per second is inherently low. At the same time, the associated costs of the
surface vessel are high. Autonomous Underwater Vehicles (AUVs) are the preferred platform
for surveys of large areas over remotely operated vehicles and towed sensors due to their
autonomy. Also, AUVs are not subjected to the disturbances caused by a cable connected to
the surface ship and enable the vessel to execute other tasks in the meantime [29]. To
reduce the required costs of underwater surveys, a logical step forward would be to operate
multiple underwater vehicles simultaneously from a single surface ship to increase the
mapped area per second. One challenge is, that the current method of acoustic triangulation
is not scalable to a �eet of AUVs as update rates decrease linearly with the �eet size.
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