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Large Scale Mosaics of side scan sonar data are a practical visualisation tool for Rapid
Environmental Assessment and Mine Counter Measures. The quality of these is depen-
dant on the quality of the underlying navigation solution. The Ocean Systems Laboratory
in Heriot-Watt University has developed a system that can fuse the navigation estimates
from a standard navigation suite with observations extracted from the side-scan data.
This system works by smoothing the output from a Concurrent Mapping and Localisa-
tion (CML) algorithm. The chosen CML algorithm is the stochastic map. The stochastic
map is an augmented state Kalman filter that can be easily incorporated into a Rauch-
Tung-Striebel smoother. This practical tool provides accurate and smooth navigation
solutions that can be used to create Large Scale Mosaics. The Large Scales Mosaics are
produced using different resolutions. SeeByte’s SeeTrack can be used as a visualisation
tool. SeeTrack can then compute which resolution is best for optimal visualisation.

1 Introduction

Rapid Environmental Assessment and Mine Counter Measures have been positively influ-
enced by the introduction of Autonomous Underwater Vehicles (AUVs). These vehicles
provide a platform that is able to acquire large volumes of high quality sonar and video
data. The Ocean Systems Laboratory (OSL) in Heriot-Watt University (HWU) and See-
Byte Ltd., the spin-out company commercialising OSL research, have a long track record
working with AUV data products. One of the outcomes of this work is SeeTrack

�����
, ini-

tially developed in the OSL and now commercialised by SeeByte Ltd. SeeTrack offers a
user friendly Geographic Information System (GIS) that enables the visualisation and pro-
cessing of the AUV data products. This tool allows the operator to superimpose different
layers of geo-referenced data.

Until recently side-scan data has been geo-referenced to create mosaics. These would
then be displayed as layers in SeeTrack or other GIS. With this strategy errors in the nav-
igation solution produce discrepancies between mosaics created from different data sets.
Certain objects can appear in different positions, although they have not moved. When
producing Large Scale Mosaics (LSMs) the information corresponding to the same world
region needs to be properly registered. The OSL has understood this challenge and pro-
duced a system that uses the side-scan data to aid the registration process. This system
is a stochastic map

� ���
that can incorporate measurements from the side-scan sonar data.

The stochastic map is nothing more then an augmented state Kalman filter, where the new
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states represent observable landmarks in the workspace. In this case the landmarks are ex-
tracted from the side-scan data. This system has already been successfully implemented to
create high quality visual mosaics

� � �
. This work showed how the stochastic map can be

adapted to implement a Rauch-Tung-Striebel Fixed-Interval smoother to further improve
the accuracy of the navigation solution.

This paper shows how the new system has been extended to create LSMs. Section 2
examines the CML architecture, the RTS smoother and how these can be used to produce
high quality LSMs. The mosaics are visualised in SeeTrack, this tool is re-examined in
section 3. Section 4 illustrates results obtained with data products obtained during the
BP’02 experiment organised by the SACLANT Undersea Research Centre. The final sec-
tion summarises the contributions of the paper and details some of the work that is now
been carried out by the OSL in HWU to further improve the system.

2 Concurrent Mapping & Localisation Using Side-scan Sonar

This section examines the process implemented by the OSL to produce high quality LSMs
using side-scan navigation data. A simple diagram of the system can be seen in figure 1.
The system takes the AUV navigation data and landmarks, manually extracted from the
side-scan images, and uses them to produce a new navigation solution using the stochastic
map architecture. This new solution is further improved by implementing a RTS smoother.
The OSL has produced a version of the RTS filter capable of accepting the CML output.
The new navigation solution is then used to geo-reference the side-scan data and create
LSMs. The LSMs can then be displayed by SeeTrack as a new layer.

Landmark
Extraction

Raw AUV
Navigation RTS Filter

Side−scan
Sonar Data

Mosaic
Generator

Stochastic Map
GUI

Figure 1. Overview of the System

The system was develop as a desire to extend the CML capabilities of the OSL from
forward-looking sonar

� � �
to also include side-scan sonar. The CML architecture devel-

oped was based on the stochastic map and it was largely unchanged. It is examined in the
next section.

The RTS smoother has been found to produce smoother and more accurate estimates
and it’s briefly examined in section 2.3.

The process by which the LSMs are generated is explored in section 2.4.
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2.1 The Stochastic Map

The stochastic map
� � �

is an EKF
� �������

with extra states. These new states estimate
the positions of landmarks in the world. This method allows to estimate and maintain
the vehicle-to-vehicle, landmark-to-vehicle and landmark-to-landmark correlations. It is a
mature technique with well documented advantages

��� �
. This section summarises the key

differences between the stochastic map and the EKF. For a more detailed description of the
OSL implementation the interested reader should consult

� � �
.

The state vector of the stochastic map looks like this:

�	��
����� ������
��������
���������
��������������
�� ��! (1)

where � � �"
�� is the vehicle state vector and ��#$�"
�� are the landmark vectors for each
landmark % . The associated covariance holds the vehicle and landmarks covariances and
correlation terms.

The stochastic map’s prediction and correction equations are exactly the same to those
of an EKF, the interested reader should refer to

� �������
for these.

The difference is that when a new landmark is observed it is placed in the world given
the vehicle’s own estimate of its position and an observation model. The new state estimate
is appended to the state vector of the stochastic map. The covariance and correlation terms
for the new landmark can be found from,

& �('��)�('*����
�+�-,�.0/ & �����"
��$,	.0/ !21 ,�35476"8:9;��
�$,�35476"8 !& �('������
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����=,�.0/ & �����"
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where
& �����"
�� is the vehicle state covariance,

& �<'��)�('�����
�� is the covariance of the
new landmark and

& �('*�����"
�� is the correlation term between the landmark and the vehi-
cle. Also, ,	����
�� and ,	3>�"
�� are the Jacobians of the function that estimates the landmark’s
position in the world with respect to the robot vehicle state ?��� , evaluated at ?������
� , and to
the new observation @ �BA7C , evaluated at @ �(A�C and 9;�"
�� is the measurement error covari-
ance.

2.2 Extracting Landmarks from the Side-scan Data

The landmark extraction and data association process chosen for this implementation must
be manually done by an operator. The operator is required to pin-point landmarks in the
sonar data, see figure 2, and match them to landmarks that have been previously extracted.
The state vector and covariance of the stochastic map will be augmented to accommodate
each new observed landmark. If stored landmarks are re-observed the stochastic map will
be corrected.

2.3 The Rauch-Tung-Striebel Filter

The output from the stochastic map produces an optimal estimate of the the vehicle trajec-
tory given all the observations from time D to time E . This trajectory is not best suited to
produce side-scan sonar mosaics. Each landmark observation or acoustic baseline update
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Figure 2. Manual Extraction of Landmarks

produces a jerk in the trajectory. A smoother on the other hand is a non-real-data process-
ing tool that also uses the measurements from time E to time � , where D�� E���� . The
outcome of a smoother is a more accurate trajectory with no apparent jerks. A smoother
that takes all Kalman filter predictions and corrections to produce the smoothed signal is
the Rauch-Tung-Striebel (RTS) filter

� � �
. The OSL has shown that the RTS can be readily

adapted to handle the stochastic map output
� � �

. The output from the combined CML-RTS
solution can be used to produce high quality mosaics.

2.4 Generating Mosaics

The process by which the mosaics are generated is simple. The data is slant-range corrected
and compensated for the AUV pitch and yaw. The sonar beams are assumed to be straight
lines (for simple and fast processing). The world is divided into cells of a predefined
resolution. The highest resolution is a function of the sonar’s range resolution. For each
range sample in a sonar beam the algorithm finds its appropriate position in the world
grid. Cells in the world with more than one observation assigned to them will average the
returns. This can result in the loss of information if the navigation of the vehicle is poor.

The LSMs thus require that the navigation solution be as accurate as it is feasibly
possible. The results shown in section 4 show that the proposed CML-RTS solution can
offer that accuracy.

The algorithm generates overlapping regular sized mosaics that cover the whole area
covered by an AUV mission. These mosaics are produced at different resolutions from the
highest resolution, normally tens of centimetres, to the lowest resolution, set generally at
one meter.

3 SeeTrack

SeeTrack is a post processing tool for rapid on-site data reduction, analysis and data fusion
of sensor data, including sidescan, forward look sonar, imaging sonar and video. See-
Track’s data products can be directly exported to a larger 4D Cube database. The 4D Cube
concept can be thought of as a database that stores and displays geo-referenced data in a
common world frame (WGS-84) and time frame (UTC). The 4D Cube will display all raw
and processed data products and also outputs from complex models. SeeTrack can be de-
scribed as the AUV’s 4D Cube. AUV operators can use SeeTrack on the ground to quickly
visualise and analyse the AUV’s payload data.

It is a highly modular system and it is designed to perform on both notebook and desk-
top environments, see figure 1. It has been successfully employed during 2000 and 2001 in
the US Field Battle Experiments, NATO SACLANTCEN GOATS 2000 trials, Kernel Blitz
2001, AUV Fest 2001 and, as reported in this document, NATO SACLANTCEN BP’02.
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SeeTrack now also offers the ability to merge multiple geo-referenced images into a
single layer. This ability allows for the LSMs to be easily loaded and handled. Each LSM
becomes a layer in SeeTrack.

SeeTrack can also load multiple layers for all the different resolutions and optimise the
visualisation process by choosing the appropriate resolution and viewable area given the
zoom settings.

Alternatively, SeeTrack can also optimally provide multi-resolution browsing capabili-
ties using the MrSID software application from LizardTech, Inc. This solution reduces the
storage needs.

4 Results

The following results were obtained by processing the side-scan sonar returns and navi-
gation records gathered by the REMUS vehicle the 21st of May 2002 during the BP’02
experiments. These show the qualitative significance of the LSMs obtained when using the
CML-RTS strategy to improve the navigation solution. The system’s accuracy and other
quantitative properties have been demonstrated elsewhere

� � �
.

Figure 3. Unprocessed vehicle navigation: The resulting mosaic displays more objects than there
really are in the scene.

The vehicle mission ran a lanwmower pattern over an area of approximately 1150
metres in length and 575 metres wide. The data was used to produce a large scale mosaic.
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Initial results used the output from the vehicle’s navigation computer. These results showed
discrepancies when geo-referencing superimposed legs, see figures 3 and 4. Figure 3 shows
a region with multiple man-made objects. These are not properly co-registered and appear
multiple times in the same region of the LSM. Figure 4 shows the boundary between two
different types of sea bed. This boundary is not a smooth boundary as would normally be
expected.

Figure 4. Unprocessed vehicle navigation: The border between different sea bed types is not contin-
uous.

These results can be directly compared to results obtained using the CML-RTS solu-
tion. Figures 5 and 6 zoom into the same regions as the previous two figures, but this time
the CML-RTS LSM is used. Figure 5 now clearly shows that the multiple objects have
been properly co-registered. Some of these can be seen to have two clear shadows.

The final result shown in figure 7 shows the LSM, obtained using the CML-RTS solu-
tion, displayed in SeeTrack as a single layer.

5 Conclusions

This paper shows a system that processes side-scan sonar returns and navigation data to
create LSM. The system uses a CML-RTS technique. The operator is able to extract land-
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Figure 5. CML-RTS vehicle navigation: The resulting mosaic displays the right number of objects
that appear in the scene.

marks from the side-scan sonar data and match them to aid the mosaic creation process.
The resulting LSM can be viewed in SeeTrack as a single layer. SeeTrack can be used to
efficiently load the viewable data and it chooses the best resolution.

The OSL has recently extended the system presented in this paper to provide auto-
matic landmark extraction and data association facilities

� � �
. This work builds on the

OSL’s broad experience in Computer Aided Detection and Computer Aided Classifica-
tion

��� D � � � �
and landmark feature descriptors and data association algorithms

� �� ��� �
.
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Figure 7. LSM in SeeTrack
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