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Abstract

Current work on undersea vehicles at the Australian
Centre for Field Robotics concentrates on the develop-
ment of terrain-aided navigation techniques, sensor fu-
sion and vehicle control architectures for real-time plat-
form control. Accurate position and attitude estima-
tion and control methods use information from scan-
ning sonar to complement a limited vehicle dynamic
model and unobservable environmental disturbances. In
this paper we present the wvehicle control architecture
currently running on the Oberon submersible. This ar-
chitecture is based on the Distributed Architecture for
Mobile Navigation. We use a distributed, decoupled
control paradigm to facilitate the tuning of individual
control modes. A number of behaviours have been cre-
ated to direct the motion of the vehicle. We show that
when coupled with a low-level terrain-aided navigation
scheme, effective control of the vehicle can be achieved.

I. INTRODUCTION

Current work on undersea vehicles at the Australian
Centre for Field Robotics concentrates on the devel-
opment of terrain-aided navigation techniques, sensor
fusion and vehicle control architectures for real-time
platform control. Accurate position and attitude esti-
mation and control methods use information from scan-
ning sonar to complement a limited vehicle dynamic
model and unobservable environmental disturbances.
Key elements of this work include the development of
sonar feature models, the tracking and use of these
models in mapping and position estimation, and the
development of low-speed platform models used in ve-
hicle control.

One of the key technologies being developed in the
context of this work is Simultaneous Localisation and
Map Building (SLAM). The robot typically starts at
an unknown location with no a priori knowledge of
landmark locations. From relative observations of land-
marks, it simultaneously computes an estimate of ve-
hicle location and an estimate of landmark locations.
While continuing in motion, the robot builds a com-
plete map of landmarks and uses these to provide con-
tinuous estimates of vehicle location.

Map building represents only one of a number of
functionalities that are required in order for a robot to
operate autonomously in a dynamic environment. An
AUV must also have the ability to make decisions about

the control actions to be taken in order for it to achieve
it’s goals. These goals may change as the mission pro-
gresses and there must be a mechanism in place for
the robot to deal with unforeseen circumstances that
may occur during the course of a mission. We have de-
veloped a distributed, decoupled control architecture
based on the Distributed Architecture for Mobile Nav-
igation (DAMN) as proposed in [10].

In this paper we present the vehicle control architec-
ture currently used on the Oberon submersible followed
by results of the application of Simultaneous Localisa-
tion and Map building to estimate the motion of the ve-
hicle. Section II presents the vehicle sensors and actu-
ators while section III describes the distributed, decou-
pled control scheme currently operating on the vehicle.
In Section IV we present a summary of the Simultane-
ous Localisation and Map building Algorithm. In Sec-
tion V we describe a series of trials and show the results
of applying this technique to data collected in a natural
terrain environment. Finally, Section VI concludes the
paper by summarizing the results and discussing future
research topics as well as on-going work.

II. THE OBERON VEHICLE

Tests of our underwater navigation techniques are
performed on a mid-size submersible robotic vehicle
called Oberon designed and built at the Centre (see
Figure 1). The vehicle is equipped with two scanning
low frequency terrain-aiding sonars and a colour CCD
camera, together with bathyometric depth sensors and
a fiber optic gyroscope [12]. This device is intended pri-
marily as a research platform upon which to test novel
sensing strategies and control methods. Autonomous
navigation using the information provided by the ve-
hicle’s on-board sensors represents one of the ultimate
goals of the project [8].

A. Embedded controller

At the heart of the robot control system is an embed-
ded controller. Figure 2 shows a schematic diagram of
the vehicle sensors and their connections. The Oberon
robot uses a CompactPCI system running Windows NT
that interfaces directly to the hardware and is used to
control the motion of the robot and to acquire sensor
data. While the Windows operating system doesn’t
support hard real-time performance, it is suitable for
soft real-time applications and the wide range of de-



Fig. 1. Oberon at Sea

velopment and debugging tools make it an ideal envi-
ronment in which to test new navigation algorithms.
Time-critical operations, such as sampling of the ana-
log to digital converters, are performed on the hard-
ware devices themselves and use manufacturer supplied
device drivers to transfer the data to the appropriate
processes.
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Fig. 2. Vehicle System Diagram

The sensor data is collated and sent to the surface
using an ethernet connection where a network of com-
puters are used for further data processing, data log-
ging and to provide the user with feedback about the
state of the sub. Communications between the com-
puters at the surface and the sub are via a tether. This
tether also provides power to the robot, a coaxial cable
for transmitting video data and a leak detection cir-
cuit designed to shut off power to the vehicle in case
of a leak. While some effort might have been spent on
eliminating the tether, it was felt that the development
of the navigational techniques was of more immediate
interest.

B. Sonar

Sonar is the primary sensor of interest on the Oberon
vehicle. There are currently two sonars on the robot.
An Imagenex sonar unit operating at 675 kHz has been
mounted at the front of the vehicle. It is positioned
such that its scanning head can be used as a forward
and downward looking beam This enables the altitude
above the sea floor as well as the proximity of obsta-
cles to be determined using the wide angle beam of the
sonar.

The second sonar is a Tritech SeaKing. This is an
imaging sonar and has a dual frequency narrow beam
sonar head that is mounted on top of the sub and is used
to scan the environment in which the sub is operating.
It can achieve 360° scan rates on the order of 0.25 Hz.
The information returned from this sonar is used to
build and maintain a feature map of the environment.

C. Internal Sensors

An Andrews Laser Gyro has been included in the
Oberon robot to allow the robot’s orientation to be de-
termined. This sensor provides yaw rate information
and is used to control the heading of the sub. We cur-
rently estimate the bias in the gyroscope reading prior
to a mission. The bias compensated yaw rate is then
integrated to provide an estimate of vehicle heading.
Because the yaw rate signal will inevitably be noisy,
the integration of this signal will cause the estimated
heading to drift with time. At present, missions do not
typically run for longer than 30 minutes and yaw drift
does not pose a significant problem on this time frame.
In the future, a compass will be added to the system
to allow us to periodically reset the heading for longer
missions. This will also allow us to detect changes in
the yaw rate bias that typically occur as a result of
changes in the internal temperature of the unit.

A pressure sensor measures the external pressure ex-
perienced by the vehicle. This sensor provides a voltage
signal proportional to the pressure and is sampled by
an analogue to digital converter on the embedded con-
troller. The pressure can then be converted to a depth
below the surface of the ocean. Feedback from this
sensor is used to control the depth of the sub.

D. Camera

A Panasonic camera in an underwater housing is
mounted externally on the vehicle. It is used to provide
video feedback of the underwater scenes in which the
robot operates. This is a colour camera and sends the
video signal to the surface via the tether. A Matrox
Meteor card is then used to acquire the video signal for
further image processing.



FE. Thrusters

There are currently 5 thrusters on the Oberon vehi-
cle. Three of these are oriented in the vertical direction
while the remaining two are directed horizontally. This
gives the vehicle the ability to move itself up and down,
control its yaw, pitch and roll and move forwards and
backwards. This non-holonomic thruster configuration
does not allow for lateral motion but this does not pose
a problem for the missions envisaged for this vehicle.

III. VEHICLE CONTROL SYSTEM

Control of a mobile robot in six dimensional space in
an unstructured, dynamic environment such as is found
underwater can be a daunting and computationally in-
tensive endeavour. Navigation and control both present
difficult challenges in the subsea domain. We have de-
veloped a distributed, decoupled control architecture to
help simplify the controller design.

The vehicle control architecture currently running on
the sub is based on the Distributed Architecture for
Mobile Navigation (DAMN) as proposed in [10]. This
behaviour-based control architecture uses a centralised
arbiter to combine votes from various behaviours run-
ning in the system in order to determine the optimal
course of action to pursue. A behaviour encapsulates
the perception, planning and task execution capabili-
ties necessary to achieve one specific aspect of robot
control, and receives only that data specifically required
for that task [2].

A. Decoupled control

By decoupling the control problem, individual con-
troller design is greatly simplified. In the case of the
Oberon vehicle, vertical motion is controlled indepen-
dently of its lateral motion using two separate PID con-
trollers. These controllers are then tuned to provide the
required performance in each case.

This division of control has been selected as it fits in
with many of the anticipated missions to be undertaken
by the vehicle. A typical mission might see the vehicle
performing a survey of an area of the Great Barrier Reef
while maintaining a fixed height above the sea floor [12].
The task of performing the survey can then be made
independent of maintaining the vehicle altitude. This
also allows us to optimize the performance of the depth
controller prior to deploying the navigation algorithms
used for mapping of the environment to ensure that the
vehicle has little risk of hitting the sea floor.

The behaviours that run on the vehicle are also di-
vided into horizontal and vertical behaviours and there
are consequently two arbiters currently present. One is
responsible for setting the desired depth of the vehicle
while the other sets the desired yaw and forward offset
to achieve horizontal motion.
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Fig. 3. The low level control processes that run on the embedded
controller. These processes include processes for sampling
the internal sensor readings, computing the PID control out-
puts and driving the thrusters.

For a survey mission, the vertical behaviours would
typically be responsible for keeping the sub from col-
liding with the sea floor. The vertical behaviours that
run on the vehicle include maintain minimum depth,
maintain minimum altitude, maintain depth and main-
tain altitude. The combination of the outputs of these
behaviours determines the depth at which the vehicle
will operate. A large negative vote by the maintain
minimum altitude behaviour will keep the vehicle at a
minimum distance from the sea floor.

The horizontal behaviours that would run on a sur-
vey mission include follow line (sonar and/or vision),
avoid obstacles, move to location and perform survey.
The combination of the outputs of these behaviours de-
termines the orientation maintained by the vehicle as
well as the forward offset applied to the two horizon-
tal thrusters. This allows the vehicle to move forward
while maintaining its heading.

B. Low and High Level Control

The control of the sub is further decoupled into low-
level and high-level control processes. The low-level

processes run on the embedded controller and are used
to interface directly with the hardware (see figure 3).
In addition, the PID controllers have been implemented
at this level. This allows the PID controllers to respond
quickly to changes in the state of the sub without being
affected by the data processing and high-level control
algorithms running at the surface.

The high-level processes run on a pair of Pentium
machines at the surface control station. Information
from the sub’s sensors is fed to a series of processes
running on these machines. These processes use the
data supplied by the sensors to determine the desired
set points for the low-level control processes. The raw
sensor data is pre-processed to produce virtual sensor
information - information that is of interest to multi-
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Fig. 4. The high level process and behaviours that run the vehicle. The sensor data is pre-processed to

produce virtual sensor information available to the behaviours. The behaviours receive the virtual sensor
information and send votes to the arbiters who send control signals to the low level controllers. The
greyed out boxes are the SLAM processes that will be detailed in section IV.

ple behaviours in the system. The behaviours register
their interest in the data being generated by the virtual
sensors and send votes to the arbiters to specify their
desired course of action. A task-level mission planner
is used to enable and disable behaviours in the system
depending on the current state of the mission and its
desired objectives. The arbiter combines the votes from
the behaviours and selects the optimal action to satisfy
the goals of the system. A schematic representation of
the data flow within the system is shown in figure 4.
This control strategy relies on the ability of the sub to
gather information about its environment and reason
about its desired actions. By continuously monitoring
the state of the environment, the sub is able to respond
to changes as they occur.

C. Distributed control

A number of processes have been developed to ac-
complish the tasks of gathering data from the robot’s
sensors, processing this data and reasoning about the
course of action to be taken by the robot. These pro-
cesses are distributed across a network of computers
and communicate asynchronously via a TCP /IP socket-
based interface using a message passing protocol devel-
oped at the Centre.

A central communications hub is responsible for rout-
ing messages between the distributed processes running
on the vehicle and on the command station. Processes
register their interest in messages being sent by other

processes in the system and the hub routes the messages
when they arrive. While this communications structure
has some drawbacks, such as potential communications
bottlenecks and reliance on the performance of the cen-
tral hub, it does provide some interesting possibilities
for flexible configuration, especially during the devel-
opment cycle of the system. As shown in Figure 5, the
low-level processes that control the vehicle can easily be
replaced by a data playback process to replay mission
data or by a simulator to develop closed-loop control
algorithms prior to vehicle deployment.

IV. SIMULTANEOUS LOCALISATION AND MAP
BUILDING(SLAM)

Simultaneous Localisation and Map Building (SLAM)
is the process of concurrently building up a feature
based map of the environment and using this to obtain
estimates of the location of the vehicle [3][4][5][6][11].
The robot typically starts at an unknown location with
no a priori knowledge of landmark locations. From rel-
ative observations of landmarks, it simultaneously com-
putes an estimate of vehicle location and an estimate
of landmark locations. While continuing in motion, the
robot builds a complete map of landmarks and uses
these to provide continuous estimates of vehicle loca-
tion.

The localisation and map building process consists
of a recursive, three-stage update procedure compris-
ing prediction, observation and update steps using an



(“Base ™ (Base

Sea King
\‘3&< oo \Ggl/<
ea Ki ng

(o >, ’ /oaa
Noger /e —("sese > w;// e
Comm /—
~7Sea King
\ Slam

Ima;e:ex ﬁeaKm\ %bernm > Data

\emotty \Remote Low Level

(a) Vehicle controller

Fig. 5.

/Sea Kin\g\

%G“‘/ e

=y

(b) Data Playback

ea ng @
Fealuve Featu e
,,,,, G e >{ AED
" Base -

Logger T

Q'njm /\\ S
Sea Klng Sea Kim;h
Iam E ‘ Slam/

i
/ Oberon
Qnu\alion

(c) Simulation

a) The low-level processes that control the vehicle can easily be replaced by b) a data playback

process to replay mission data or by c) a simulator to develop closed-loop control algorithms prior to

vehicle deployment.

Extended Kalman Filter (EKF). The state estimate
%x(k) is the augmented state vector consisting of the
two dimensional pose of the vehicle x,(k), made up
of the position (x,,y,) and orientation ,, together
with the estimates of the positions of the NV landmarks
Xi, @ = 1...N [4]. Point landmarks are currently tracked
in the map although the state formulation of the esti-
mates can accommodate higher order features such as
lines, curves and polylines.

V. RESULTS

This section describes results from the deployment of
the vehicle during testing in a natural terrain environ-
ment along Sydney’s coast. We show that the control
architecture appears to be working effectively by show-
ing the altitude versus depth plots over a particular
run. We also show some of the results achieved using
the Simultaneous Localisation and Map Building tech-
niques. As can be seen, the vehicle is able to navigate
in a straight line relative to the sonar targets deployed
in the field.

A. Altitude/Depth control

By coupling the depth controller with the depth sen-
sor, which is continuously sampling the depth, the sub
can quickly respond to disturbances in its depth. One
of the key behaviours envisaged for the vehicle is the
ability to maintain a constant altitude above the sea
floor. The Imagenex sonar that currently provides alti-
tude estimates operates at a much slower rate than the
depth sensor (on the order of 1 Hz) and would be un-
able to supply the information at a rate sufficiently high
to reject disturbances in depth. The Imagenex sonar is
also shared by both the task that maintains the altitude

of the sub and by tasks interested in obstacle avoidance.
Since the resources of any robot will be limited, it is im-
portant to share these resources as necessary. A task
scheduler has been implemented that allows resources
to be shared between various tasks based on their rel-
ative priority.

Figure 6 shows a typical example of the performance
of the system. The maintain altitude behaviour is vot-
ing for an altitude of 1.5m. The Imagenex sonar returns
are being processed to produce an estimate of the alti-
tude of the vehicle. This altitude data is passed to the
arbiter which takes it into account when determining
the desired depth. The difference between the current
altitude and the desired altitude represents the desired
change in depth necessary to maintain the correct alti-
tude. As can be seen the vehicle successfully maintains
its desired altitude with a standard deviation of 0.2m
despite a changing sea floor profile over the course of
the run.

B. Localisation and Map Building

We have also tested the SLAM algorithms during
deployment in a natural environment off the coast of
Sydney. The sub was deployed in a natural inlet with
the sonar targets positioned in a straight line in inter-
vals of 10m. The sub’s yaw controller maintained a
constant heading while the vehicle drove parallel to the
line. Since there is currently no absolute position sensor
on the vehicle, we cannot measure the performance of
the positioning filter against ground truth at this time.

The plot of the final map shown in Figure 7 clearly
shows the position of the sonar feature targets along
with a number of tentative targets. Some of the ten-
tative targets are from the reef wall while others come
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Fig. 6. Results showing the measured altitude versus depth. The
desired altitude has been set to 1.5m and the vehicle is able
to maintain this altitude with standard deviation of 0.2m
over the entire run despite a marked change in the bottom
profile. The mean vertical thruster value of -10% downward
thrust is due to the positive buoyancy of the vehicle.

from returns off of the tether. These returns are typi-
cally not very stable and therefore do not get incorpo-
rated into the SLAM map. The sonar principal returns
have been plotted relative to the estimated position of
the vehicle. The reef wall to the right of the vehicle
and the end of the inlet are clearly visible.

VI. SUMMARY AND CONCLUSIONS

We have been testing the Oberon system in a number
of locations. At present, we have shown that the decou-
pled, distributed control architecture proposed here is
practically feasible during deployment in a natural ter-
rain environment on Sydney’s shore-line. These control
schemes have proven to be effective in controlling the
motion of the sub. It appears that more complicated
control schemes relying on complex models of the sub
are not necessary in the context of this problem.

The focus of recent work has been on the develop-
ment of robust terrain-aided navigation. We are inves-
tigating criteria for feature selection as a function of the
geometric distribution of features in an environment as
well as based on the current mission being run. In-
corporation of the SLAM architecture into the mission
planning loop will allow decisions concerning sensing
strategies to be made in light of the desired mission
objectives.
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