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Abstract

In order for the field of robotics to become
widely accepted, it is necessary to address the on-
going problem of reliability. For too long now,
the robotics community has neglected robustness
and reliability, focusing instead on theoretical ad-
vances. This paper presents work undertaken at
the Australian National University to develop a
mobile robot which operates 24 hours a day, 7 days
a week without human intervention. The design
of our system is presented, with emphasis on the
aspects which improve the robustness of the sys-
tem. In addition, the results from our experiments
are presented which illustrate the reliability lev-
els that we have achieved and highlight the areas
where further work is required.

1 Introduction

Mobile robotics is today reaching the point
where deployment into real-world situations seems
possible. Enabling technologies such as path plan-
ning, localisation and obstacle avoidance have all
been proven in laboratory situations. However,
long-term experiments with mobile robots are still
quite rare. This paper describes the mobile robot
and the framework for long-term experiments that
is being established at the Australian National
University.

To date, only a few researchers have presented
their experiences with and approaches to long-
term mobile robotics. The robot Xavier [1] has
been in operation for a number of years, available
for teleoperation on the web. However, Xavier
possesses no automatic recharging system and
therefore was not available continuously. Since the
batteries were charged manually, some supervision
of Xavier’s operation is required. Two generations

of museum tour guides developed by Burgard et
al. [2] and Thrun et al. [3, 4] both demonstrated
longer term operations, online for a total of 32
hours 18 minutes and 94 hours and 23 minutes,
respectively. Again, these systems required man-
ual battery charging and so had a degree of su-
pervision. In Japan, Yuta and Hada [5, 6] have
started a project to develop an automatic recharg-
ing system but have yet to demonstrate integrated
localisation and navigation capabilities. Our goal
is to develop a system that can run 24 hours a
day, 7 days a week for up to a year with no su-
pervision. This goal requires modification of the
hardware of the robot, development of a software
system suited for long-term operation as well as
reliable sensing and control algorithms.

This paper presents our initial steps towards
the development of a reliable mobile robot system
which can operate autonomously for long periods
in real-world environments. Section 2 presents
an overview of the hardware and software com-
ponents of our robot. In Section 3, we discuss
the problems of batteries, power management and
recharging. Section 4 outlines our localisation sys-
tem and Section 5 describes the navigation algo-
rithm. In Section 8, we present the results of our
long term experiments.

2 System Overview

The hardware and software systems required to
build and run a mobile robot are extremely varied
and complex. Clearly, we, the robotics commu-
nity, must develop methods to manage this com-
plexity or we will be unable to create reliable and
scalable robot systems. Experimentation on real-
world robot systems is required to gain the experi-
ence and insight to address the issue of complexity.
Our robot runs DROS|7], an open source mobile
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Figure 1: Overview of the hardware and software components that are used for the mobile robot

robot operating system that we have developed.
An explicit goal for DROS is to simplify the tasks
of modular programming. Modular programming
is typical in research environments, where stu-
dents work on separate aspects of the system. In
addition, the hope is that multiple modules can
be developed for each important robotic task to
promote error recovery. DROS consists of over
100,000 lines of code, with more in development.

The system developed for our mobile robot is
shown in Figure 1. The robot contains two on-
board computers, both 750MHz Pentium CPUs.
The lower CPU runs the navigation software, con-
sisting of localisation, path planning and obsta-
cle avoidance modules. In addition, the mapping
process runs on the lower computer. The upper
CPU has video capture cards and is used to pro-
cess the incoming video data. At present, no use
is made of vision information though work is on-
going on vision-based SLAM and visual-servoing
for recharger docking.

3 Batteries and Recharging

One of the important aspects for autonomous
operation of a mobile robot is its power source.
Most mobile robots today use batteries to pro-
vide power both for motion and for computation.
Therefore, the management of the energy supply
of the robot is a crucial function for long-term op-
erations. The robot must monitor the state of the
batteries and periodically recharge them. There
are many possible ways to implement recharging.
Figure 2 shows the recharging station that has
been built at the ANU (for less than $100). The
recharging system for our robot has been imple-

mented as follows: at the top there is an infrared
beacon which can be used to locate the recharger
from a distance (this is not presently used as it is
not needed); once the robot is fairly close to the
recharger, the robot servos using the laser scan-
ner and the reference grid in the middle of the
recharging station; finally, the robot docks with
the power plug just below the grid (see Figure 2).

The recharging station consists of the power
plug and the target for the robots laser sensor (see
Figure 2). Our XR4000 has on-board charging
power supply which is connected to the AC 240V
power supply by a standard IEC plug, the type
used to power computers. IEC plugs are quite
good in that they are proven to be safe and be-
ing a standard are cheap and easy to get, however
millimeter precision is required to plug an IEC
connector in to the socket. Our XR4000 robot is
capable of performing sideways moves with mil-
limeter accuracy, and the algorithm developed by
Seungjun Oh [?] used this feature of the robot
to perform docking successfully. However due to
a firmware bug in the robot’s controller the algo-
rithm would stop working (small movements cease
working) approximately 24 hours after rebooting
the robot

To overcome this problem we decided to develop
a docking system which does not rely on the side-
ways moves and only uses a car-like model for mo-
tion, with one exception: on-the-spot rotation is
allowed. Initially we were hoping to achieve mil-
limeter accuracy, but we failed in that and had to
redesign the plug.

The solution we came up with is as follows: if
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you can not position the robot accurately enough
relative to the plug, make plug slide into the right
spot instead. So we mounted the connector on a
compliant platform (see Figure 3), which can move
sideways 10 mm right and left from the centre po-
sition, change it’s orientation by few degrees, it is
also spring loaded and can be pushed towards the
recharging station by 20 mm, this helps to reduce
the impact during docking. This connector design
allows for slight misalighment of the robot dur-
ing the docking, increasing the reliability. When
robot is docking to the recharging station it forces
the plug in to the right position by sliding it left
or right from the centre.

The decision to use this movable platform
rather than designing a new type of the connec-
tor was mainly due to safety concerns. As there
is high voltage involved the plug would have to be
human-proof. It seemed that designing a platform
that can be aligned during docking was an easier
and safer solution in our case.

The target we use to identify the recharging sta-
tion is a grid which generates a highly distinct pat-
tern when “viewed” by the laser range sensor. We
have reused the grid developed by Seungjun Oh
[?] It consists of the backplate, 50 cm in length,
and four 3 cm wide strips positioned 8 cm in front
of the backplate. The strips are equally spaced
with 3 cm gaps between them. The central gap is
located right above the centre position of the plug.
All strips and the backplate have matte surface to
reduce reflection and hence improve range sensor
accuracy.

The docking process consists of several steps:

1. Locate the recharging station.

2. Plan Path. The path is an arc starting at
the current location and ending 10 cm in front
of the plug, such that tangent at the end point
is parallel to the plug.

3. Initial Rotate. Rotate on the spot, so that
robot is on the tangent to the path planned.

4. Follow the Arc. Move along the arc, con-
stantly reassessing your location relative to
the recharging station using output of the
particle filter.

5. Docking. If safe move straight forward with
a slow velocity (10 mm/s).

We use laser range sensor data fed to the parti-
cle filter algorithm [?] to constantly reassess the



robot’s position and orientation relative to the
recharging station. Laser data arrives on average
three times a second, which is a fairly low fre-
quency, so odometry readings are used in between
the laser scans.

We have added a battery balancing circuit [8]
because charging the batteries in series led to di-
verging battery voltages (this is a common prob-
lem with Nomadics XR4000’s). In addition, we
have replaced all of the power wiring to the CPUs.
We believe that inadequate power wiring was caus-
ing the CPUs to hang intermittently.

4 Localisation

Localisation of a mobile robot in indoor envi-
ronments has been studied for some time. Our
system uses a Kalman filter localisation method
(based on [9]) as the primary localiser because of
its low computational overhead. This method uses
a line segment map of the world and determines
the pose of the robot by matching line segments
extracted from laser range scanner data.

In addition to the simple method above, a par-
ticle filter based global localisation method [10]
is used initially and in the event that the robot
becomes lost. This method requires considerably
more computation and so is not used all of the
time.

Clearly, running further localisation algorithms
in parallel will further improve the reliability
and improve detection of failures. However, the
biggest issue in the localisation is that the envi-
ronment changes over time. These changes cause
the map to become less accurate and the error rate
of localisation to increase. This area is the subject
of further research.

5 Navigation

The navigation system used is based on the Dy-
namic Window Approach [11]. Sensor data from
the laser range scanner and the sonars is inte-
grated in an occupancy grid and then the robot
path is planned in the grid to optimise an objec-
tive function. The objective function assesses the
heading towards the goal, the velocity of the robot
and the distance of the trajectory from collisions.
An occupancy grid is used at the low level to allow
the integration of multiple sensors, clearly impor-
tant for robust operation. At the top level, the
path is planned in a topological, graph-based map.
The navigation system detects when the robot
gets stuck and re-plans alternate routes. Statistics
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Figure 4: Web-based teleoperation interface

for each arc of the graph are maintained indicat-
ing the probability of traversal. These statistics
are used in the path planning process.

6 Teleoperation Interface

One of the requirements for long-term experi-
mentation with a mobile robot is a task or series
of tasks to conduct which will take considerable
time. An option is to just generate random points
within our building and send the robot to them.
Instead, we have chosen to make the robot avail-
able on the web for remote users. Figure 4 shows
the user interface that is presented. Remote users
can click on a map of the building, sending the
robot to those locations.

7 Teleprogramming Interface

In addition to the teleoperation interface, we
are in the process of implementing a web-based in-
terface to allow remote users to write programs to
control our robot. The teleprogramming interface
allows users to upload source code files, compile
them into a module and execute the module to
control the robot. The programming environment
is the same open-source DROS system[7] used for
the rest of our robot control system. The user pro-
gram cannot be trusted and is executed in a sand-
box environment with a User Mode Linux virtual
machine. The user program can access the sensor
data from the robot via bandwidth limited con-
nections. The control commands from the user
program are sent to a checking module which en-
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sures that the commands are safe before forward-
ing them to the robot. Figures 6 and 7 show ex-
amples of compilation and execution, respectively.

8 Results

In an experiment with the previous software
system, the robot logged 140 hours of operation
and traveled more than 25km. However, as can
be seen in Figure 8, the robot required some su-
pervision and manual correction of errors. The
first, and most significant problem was that the
old recharging system used a simple IEC plug with
no compliance. This required 1-2mm positioning
accuracy for successful docking. Unfortunately,
due to a firmware bug in the motor control micro-
controller, small position-based motion commands
fail after 24 hours. It was found that this could
be delayed to 48 hours by increasing the veloc-
ity for small motions. However, this solution is
clearly undesirable, and so we implemented a new
recharging system with a compliant plug, as de-
scribed in Section 3 above.

The second significant type of failure was local-
isation failure. Clearly, failure of this type is very
significant since the robot cannot find its way back
to the recharging station if it is lost. Our solution
to this problem is to implement redundant locali-
sation methods, and in particular, to implement a
global localisation method that can recover in the

event that the robot gets lost. This has yet to be
tested in a long-term experiment.

The “Bad Goal Position” failure shown in Fig-
ure 8 is an example of what happens when soft-
ware does not include error checking for failure
cases. In this case, a user of the teleoperation in-
terface was able to send the robot to a point that
it could not reach. The code for handling this case
had not been fully debugged.

9 Discussion

From our efforts to build a robust, autonomous
mobile robot the following conclusions can be
drawn:

e There can never be too much error checking.
When it comes to reliability, software systems
scale poorly. It is necessary to spend consid-
erable effort on handling all possible failure
modes so that each software module is as ro-
bust as possible.

Wherever possible, tasks should be engi-
neered to make them easier. Our original
solution to the recharger docking problem,
while elegant required too much accuracy
from the robot and hence was not robust.
Modification of the recharging station is rela-
tively easy and should be done to simplify the
docking task. However, it is usually not ac-
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ceptable to engineer the environment to sim-
plify the localisation task since this would re-
quire significant changes and effort.

e Critical functions for the system should be
made redundant, as far as possible. This
clearly applies to localisation, and all reli-
able mobile robots should have at least two
localisation schemes, preferably with mul-
tiple sensors and multiple sensor modali-
ties. With this in mind, we are investigating
vision-based localisation because our present
schemes both depend heavily on the SICK
laser scanner. For safety, obstacle avoidance
should also be implemented with redundant
modules.

One of the most frustrating aspects of develop-
ing a robust mobile robot is discovering defects in
supplied, closed systems for which a work-around
must be found. In this regard, mobile robot and
sensor manufacturers still have much to learn.

1. KISS: Keep It Simple Stupid. A fully func-
tional mobile robot system will be a com-
plex system. Manufacturers should strive to
avoid hardware complexity. The XR4000 has
6 micro-controllers, 2 CPUs, plus any addi-
tional sensors.

2. Manufacturers should not attempt to build an
API on top of their system. Instead expose

(and fully document) the communication in-
terface. We have spent considerable effort
reverse-engineering the XR4000 server[12] to
get access to the robot at a lower level, remov-
ing one layer of delay (which added no useful
functionality). Writing a robot software sys-
tem is a very difficult task with real-time con-
straints, multiple sensors and multiple mod-
ules executing simultaneously.

. Time-stamping of sensory information is cru-

cial. It is necessary to be able to compute
timestamps in host CPU time.

. Communications protocols should be robust,

capable of rejecting errors and resuming com-
munication. The SICK laser scanner proto-
col is an example of a bad implementation.
The start of a packet is marked with a 0x02
byte. However, this byte is allowed to occur
in the remainder of the packet, so that when a
communication error occurs, it is non-trivial
to get synchronised again. Furthermore, the
synchronisation can take several packets, or
over a second at standard data rates. Escap-
ing of 0x02 bytes in the packet body would
avoid this problem and make the sensor much
easier to deal with.

. Power supplies should be designed and tested

for the task. Mobile robot control systems
will often consume large amounts of CPU



power (and hence large amounts of electri-
cal power). Manufacturers need to account
for this. Furthermore, research robots need
additional capacity for the sensors and CPUs

Nomadic Technologies may be a particularly
bad example! with most of the above problems,
however, our experience with other robots and
sensors is also far from perfect.
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