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Abstract

operate when wireless communication to the operator is

Search and rescue robots are intended to work
as aids to human rescuers. One of the research
challenges is how to combine autonomous operation with operator control.

This paper

presents a single software system which independently operates several physically distinct
robots.

One operator can coordinate sev-

eral robots by switching their individual mode
between autonomous and remote operation.
For simple regions, a robot may travel autonomously, while in more complex areas the
operator may assert control.

The mixture of

autonomous and remote operation also allows
the robot to continue to operate when wireless
communication to the operator is lost.

lost. This happens frequently in disaster sites because of
interface from building structures and from heavy radio
trac amongst emergency services.
The US National Institute of Standards and Technology has designed standardised simulated disaster sites
to test the capabilities of robots and to certify them for
operation. These standards are also used as the basis for
the RoboCup Rescue competition. Rescue robot teams
have the task of exploring a simulated disaster site and
mapping it while searching for victims. The site contains
a variety of elements to test the robots' locomotion, sensing and decision making (either onboard or on the part
of the operator). The competition consists of an "open"
challenge in which teams may eld either tele-operated
or autonomous robots. In addition, there are challenges
specic for autonomous robots, mobility and manipulation.

1

Introduction

Our team won the award for best autonomous

robot and won an award for innovation in operator interface because of our ability to combine autonomous

Urban search and rescue is a signicant application area

and remote operation. We also came second in the mo-

for robotics, both in terms of its social importance and

bility challenge.

in the research challenges that this domain presents.

the hardware and software systems that were deployed

These robots are intended to work as aids to human

in RoboCup 2009.

In the following sections, we describe

rescuers, however, all currently deployed robots are teleoperated. This means that one operator is required for
each robot.

One of the research challenges for search

and rescue robots is how to combine autonomous operation with operator control, freeing the operator from
close supervision of an individual robot and allowing a
single operator to supervise several robots. This paper
presents a system in which a team of physically dierent robots run the same software that enables both autonomous and remote operation. A single operator can
coordinate several robots by switching modes. When a
robot is in a relatively benign part of the environment,

2

Hardware

Our team consisted of two mobile robots, a highly mobile
tracked robot called
robot called

Emu.

Negotiator

and a four-wheel-drive

These robots carried identical sensor and computation payloads and their mechanical dierences, whilst
complementary in abilities, were abstracted away in our
software infrastructure to present a unied interface, to
be described in Section 3. The system components are
shown in Figures 1 and 2.

the operator may let the robot run on its own but, if it

2.1

reaches an area that is beyond its autonomous capabil-

Our sensor package is an evolution of the sensor pack-

Sensors

ities, the operator can take over. As well as making an

ages that we have elded in the competition since 2005

operator more ecient, the mixture of autonomous and

[Kadous

remote operation also allows the robot to continue to

cus is on rich sensing and mapping for good situational

et al.,

2005; 2006a; Sheh

et al.,

2007]. Our fo-
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Figure 1: Emu (left) and Negotiator (right), the two robots forming our 2009 RoboCup Rescue Robot League entry,
plus an enlargement of the sensor head. Major sensors and system components are shown.
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robot's weight so the arm can be used to improve mobil-

An XSens MTi heading-attitude sensor and a Hokuyo
URG-04LX laser rangender (LRF) are tted to the

USB to serial

robot base and used for mapping and autonomy.
Figure 2: Schematic diagram of the robot's systems with
data connections shown. Whilst the robot mobility platforms are dierent, the payload and sensor heads are
identical.

The

heading-attitude sensor uses an accelerometer and a
magnetometer, combined with an embedded data fusion
and Kalman ltering processor, to provide a quaternion
that represents the rotation of the robot relative to the
earth.

This sensor is relatively immune to the robot's

translational and rotational accelerations. A second unit
awareness, the ability to exibly direct the perception of

can be mounted on top of the sensor head to reduce in-

the victim identication sensors and the need to map and

terference from underground cables.

drive autonomously in an intrinsically 3D environment.
The sensor head contains a CSEM/MESA Swiss-

The RoboCup Rescue arenas consist of large areas of
pitch and roll ramps, as shown in Figure 3.

An LRF

Ranger SR-3100 time-of-ight LIDAR range imager for

mounted straight to the robot will tilt and roll as the

3D mapping, an Indigo Omega/FLIR ThermoVision A10

robot moved over the ramps, causing its scan plane to

◦

thermal camera for victim identication, a 190

wide an-

intersect with the oor or point up over walls. As a result

gle camera for driving and situational awareness and a

there can be phantom and missing observations. To

◦

10

narrow angle camera for identifying distant objects

avoid this, the LRF is mounted on an auto-levelling plat-

and ne features such as victim tags. The near-IR ood-

form consisting of two Dynamixel RX-28 smart servo

lights on the range imager also provide illumination for

motors.

the wide and narrow angle cameras.

act the pitch and roll of the robot as measured by the

The sensor head is mounted on an arm that consists of

These are controlled in software to counter-

heading-attitude sensor on the robot base. The stability
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of the measurements from the heading-attitude sensor,

LRF to a stowed position to protect it. This is reected

combined with the accuracy of the servos, resulted in

in the corrections above so, if necessary, the readings

very good performance with reaction times signicantly

from the LRF can be discarded.

less than one second and no oscillations.

attitude sensor detects that the robot is close to level

Once the heading-

again, the platform unstows and resumes operation.

2.2

Computation and Communication

Onboard computation on both robots is provided by
identically congured Sony Vaio UX92 handheld PCs
which have 1.2GHz Intel Core 2 Solo processors, 1GB of
RAM and a solid-state hard disks. These are mounted
in their docking cradles to provide access to the rewire
ports needed to communicate with the thermal and narrow angle cameras. The internal 802.11a wireless LAN
adapters and antennas are used for communication.
The operator control units (OCUs) are standard lap-

◦

Figure 3: 15

top PCs with high resolution (1920x1200) screens and
pitch and roll ramps, present through much

of the arena. Note that they do not always match up.

dedicated graphics adapters to run the operator interface. An 802.11a wireless access point is used for communication between the four computers.

2.3

Power and Data

The primary communication system for the various components is USB. Ordinary consumer USB2.0 hubs were
found to have insucient bandwidth and stability so Digi
HubPort industrial USB hubs are used to connect the
various sensors and devices.

The thermal and narrow

angle cameras are connected to the onboard computer
via a rewire hub that allows for power injection. The
mobility platforms, joints and heading-attitude sensors
communicate via FTDI USB-to-serial interfaces to ensure a predictable ordering of the serial devices from the
onboard computer's perspective.
Figure

4:

Emu

running

an

autonomous

left-wall-

following policy in the Radio Dropout Zone.

Note the

The sensor and computation package requires an 18V24V power supply.
levellers.

The auto-leveller does not rotate about the LRF's optical center and thus induces a shift as the robot pitches
and rolls.

This directly powers the USB hub

and the servo motors for the arm, pan-tilt unit and auto-

debris-strewn oor.

Our auto-levelling software provides the 3D

position and rotation of the LRF's optical center rela-

It is regulated down for the rewire bus and

range imager. 5V for the LRFs is drawn from the USB
hub's internal regulator.

2.4

Mobility platforms

tive to the robot's local co-ordinate system in order to

Negotiator

correct for this. With these corrections, 3D aware algo-

Negotiator is based on a RoboticFX Negotiator robot

rithms can use the LRF even when the auto-leveller is

base [RoboticFX, 2007].

not functional, such as when the platform hits its limits.

and a pair of linked, tracked ippers on the front that

Although not implemented in time for the competition,

may be continuously rotated forward or backward. The

this also allows the auto-levelling mechanism to deliber-

ippers and low center of gravity allow it to overcome

ately tilt the LRF and produce accurate 3D point clouds,

a wide variety of obstacles including human-sized stairs

such as in [Sheh

and stepelds. It also has a large payload area and has

et al.,

2006], despite not rotating the

LRF about its optical centre.

It has a pair of main tracks

many mounting points for additional equipment.

The LRF is mounted high to reduce the probability

The robot base is controlled via an RS-232 port on its

that ramps would be detected as obstacles. This leaves

expansion connector. Although it is also possible to ac-

it vulnerable to damage if the robot rolled. Our software

cess the robot's onboard nickel-metal hydride batteries

detects when the robot tilts dangerously and moves the

through this connector, we elected to use an additional
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high capacity lithium polymer battery to power the sen-

While the robots used in the competition were dis-

sors and arm. This provides an active runtime of over

similar, the software that was installed on the machines

one hour.

was virtually identical.

A custom worm drive is used for the arm

This meant that if one of the

joint in order to minimise weight, this is combined with

onboard computers broke it could be replaced with the

a potentiometer and embedded motor controller.

backup or, if needed, the computer from the other robot.

Emu

The robots ran the same software with their own indi-

Emu is based on a Volksbot RT mobile base [Volksbot,
2007].

This is a four-wheel-drive, skid-steering robot

with two high torque motors that drive the four pneumatic wheels via a chain system. It has absolute speed
control which, along with its high 70mm ground clearance, make its behaviour very predictable over much of
the Rescue arena, including the pitch/roll ramps (Figure 3) and debris-strewn oors in the radio dropout zone

vidual conguration le.
While it was possible to operate multiple robots using
a single OCU each robot was given its own OCU, so that
the operator could operate both robots simultaneously.

3.1

Robot

The server running on the robot was divided into two
parts: Player[Gerkey

et al., 2001] and RescueServ.

(Figure 4). Tracked vehicles tended to slide on the slop-

Player

ing oors and got railroaded by debris on the oor.

Despite the mechanical dierences between the two

The motors are controlled via commands sent through

robots, we were able to treat them as identical from a

an RS-232 connection. The two on-board lead-acid bat-

software interface perspective by using the Player robot

teries are tapped to power the sensors and arm, providing

middleware [Gerkey

an active runtime in excess of 3 hours. A powerful 24V

ready been written for most of the actuators and sen-

Amtec Powercube harmonic drive servo is used for the

sors and the structure of the Player cong le allowed

arm joint.

us to easily add and remove sensors as required during

et al.,

2001].

Drivers had also al-

the course of preparations and the competition. We also

3

Software Infrastructure

made use of a modied version of the MBICP position
tracking driver present in Player (see Section 4.1).

RescueServ
Most of the processing done on the robot was done in
RescueServ, which was responsible for streaming the images captured from the robot's various cameras to the
client. It also managed which tasks the robot was currently performing and maintained a connection to player
so that tasks could receive data from and send commands
to the robot's hardware.
Tasks in RescueServ were separated into two types:
foreground and background. Each background task ran
in its own thread and any number of background tasks
could run concurrently.

However, only one foreground

task could run at a time.

If multiple foreground tasks

needed to be run, they were queued and run one at a
Figure 5: Overview of Software Infrastructure

time. It was possible for background tasks to be notied
when foreground tasks started and nished.
In the competition two main background tasks were

Due to the distributed nature of a rescue scenario with

used: position tracking and autonomy. Position tracking

an operator controlling robots remotely and indepen-

kept track of the robot's position and fused the sensor

dence between the robots, a networked client/server ar-

data for use in the map, see Section 4.1 for more detail.

chitecture was used with a server (RescueServ) running

The autonomy task drove the robot around the arena

on the robot and a client (RescueGUI) running on the

and is described in Section 5. It kept track of foreground

OCU.

tasks and slept while the robot was tele-operated or while

For the sake of simplicity, all of the computers used in

a foreground task was running.

the competition ran the same operating system, Ubuntu

A foreground task was used to collect a victim snap,

8.10 32bit. The exception was one of the OCUs which

which fused all current sensor data of the victim that

ran Ubuntu 9.04 64bit to take advantage of its higher

was currently in front of the sensors and sent it to the

performance.

map.
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Two other background tasks to perform victim identi-

It was possible to bring up the view from the narrow

cation and autonomous search were developed, but were

angle camera or to overlay the latest reading from the

not used as they proved unreliable in the early rounds of

thermal camera. The range of temperatures in the ther-

the competition.

mal image that were overlaid could be adjusted using a

3.2

few key strokes.

Networking

Along the bottom of the robot pane are the current

The OCU and robot communicated using three separate

conguration of the robot's arm and ippers and preset

communication channels. The rst was through Player

congurations that could be selected using the numerical

which gave low latency access to the robot's motors and

keys 0-9. As these take time to move, both the actual and

servos.

desired congurations are displayed in dierent colours.

The second was the compressed video streams

from the robot's cameras. By using a highly loss tolerant

Clicking on the robot panel using the mouse controlled

codec and UDP as the underlying transport, we could

the position of the tilt-pan unit.

maintain the video stream despite network instability.

return the head to a tilt-pan of (0,0). Left clicking would

The third channel was an Ice[Ice, 2009] connection over
which all other communication between robot and OCU

move the head to look at the point in the wide angle
camera that was clicked.

took place.

3.3

Right clicking would

Autonomous driving for the robot was enabled using
a few keys that set the type of algorithm to employ, with

GUI

the spacebar designated the E-stop.
The `V' key was used to mark a victim and to initiate
the victim snap foreground task on the robot.

Map
The OCU was responsible for maintaining the map (see
Section 4) and displaying it to the user. Visible in the
map were the walls and obstacles detected, the robots'
paths and current location and any victims that had
been marked. The display of these items could be toggled on and o, and the map could be exported to GeoTIFF format. The map interface also allowed the map
to be saved and maps from previous runs to be loaded.
In a second tab in the map section was a list of all of
Figure 6: Negotiator's User Interface

the victims in the current map.

This also showed the

images of the victims that were captured by the various
The user interface the operator used at RoboCup Rescue 2009 (Figure 6) was divided into two sections. The
map panel, on the left, showed the map and victims

cameras onboard the robot that located them.

4

Mapping

whilst the robot panel, on the right, showed the state

Creating a map while simultaneously localising a robot

of the robot being controlled.

within that map is a class of problem called Simulta-

Robot

neous Localisation and Mapping (SLAM) [Thrun

The user interface for operating the robots was based
on our earlier interfaces that were inspired by computer
games. [Kadous

et al., 2006b; 2006a]

as estimating the pose and map given the sensor readings
and robot odometry:

The main body of the robot panel displayed the cur-

p(xt , m|z t , ut )

rent view from the robot's wide angle camera. Superimposed on this at the top of the screen are the robot's cur-

Where

zt

xt

(1)

is the robot's position at time

rent orientation from the heading-attitude sensor, driv-

map,

ing speed and battery voltage.

is the robot's odometry reading at time

The robot's forward

et al.,

2005]. Fundamentally, the SLAM problem is represented

t, m is the
t and ut

is the robot's sensor reading at time

t.

As a stan-

speed could be adjusted by using the scroll wheel on

dard notation we use superscript to denote a series, for

the mouse. Holding the shift key while moving the scroll

example:

wheel changed the turn rate.

line SLAM problem because it estimates only the robot's

xt = {x1 , . . . , xt }.

Equation 1 is called the on-

Overlaid in the wide angle camera were a crosshair

current pose. However, we are often interested in updat-

showing the middle of the panel and a number of rect-

ing our knowledge of the robot's past poses as the map

angles showing the approximate elds of view for the

becomes more accurate. This problem is called the full

range imager and narrow angle camera.

SLAM problem and is represented as:
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Algorithm 1 Occupancy Grid FastSLAM

p(xt , m|z t , ut )

(2)

Obviously, after completion this gives a more accurate
path for the robot, however, it usually involves too much
processing to be calculated in real time.

4.1

1. Generate a new particle according to the motion
model and the odometry
2. Set

Position Tracking

the

weight

of

the

[k]

xt ∼ p(xt |ut , xt−1 )
particle

by

comparing

the actual sensor readings to the map

The SLAM problem denition requires an estimate of
the robot's odometry, usually obtained from wheel encoders.

For each particle in the sample set:

In the rescue environment, the uneven surface

severely reduces the eectiveness of wheel encoders, es-

[k]

wt

=

[k]
[k]
p(zt |xt , mt−1 )
3. Update the map for the particle according to the
sensor readings

[k]

[k]

[k]

[k]

mt = update(mt−1 , xt , zt )

pecially for tracked robots which experience much more

The nal step is to resample these weighted particles by

slippage than wheeled robots in these environments. In

randomly selecting K new particles from the set, with

fact, Negotiator did not even have encoders during the

replacement, according to their weights from step 2.

competition.
We use an implementation of the iterative closest point

et al.,

algorithm called MBICP [Minguez

2005] to align

The basis of FastSLAM is to factor equation 2 into a
position update and a map update.

The robot's state

successive scans from the auto-leveled LRF. The oset

is then estimated by a set of samples as in Monte Carlo

between each scan is used as the odometry data, instead

Localisation (MCL) [Dellaert

of wheel encoder values.

2005] with the addition of a map to each particle and a

ICP works by taking two range scans and for each

et al.,

1999; Thrun

et al.,

map update step (Algorithm 1).

point in the new scan, nding the closest point in the

The eect of resampling is to replace the weight of each

previous scan. The new scan is then adjusted by the av-

particle with the number of particles at that location.

erage vector between its points and the previous points.

Thus, on the next update when the particles are moved

This process is repeated until the size of the motion is re-

probabilistically, there should be enough samples at the

duced below a threshold. MBICP is an implementation

correct location to track the robot's motion.

of ICP which denes the closest point using a special dis-

Map Update

tance metric, rather than simple euclidean distance. The
metric used is the rigid body transformation necessary
to align the two points:

kqk =

p

+

y2

+

L2 θ 2

of the linear and rotational components.

(3)

The benet

of MBICP is that it determines the robot's translation
(x, y ) and rotation (θ ) in a single algorithm.

use an implementation of the FastSLAM algorithm for
occupancy grid maps [Montemerlo
2005].

dimensional, we simplify the map to a two dimensional
occupancy grid height map in order to reduce space and
processing requirements.

Thus, when a sensor ray de-

tects an occupied cell, the cell's occupancy probability
up to that height is increased. In contrast, when a ray
passes through a cell, the occupancy probability is decreased only if the ray is below the occupied height of

SLAM Solution

To produce the 2.5D map and position, we elected to

et al.,

path of each sensor ray and updating the cells as they are
encountered. Although the rescue environment is three

x2

L is a parameter which determines the relative weight

4.2

Each particle's map is updated by raytracing along the

et al.,

2002; Thrun

Using an occupancy grid map makes it

unnecessary to extract and identify specic features from
the raw sensor readings, removing a source of error and

the cell.
The particle weight is calculated in a similar manner.
Each sensor ray is compared to the distance to the nearest wall along the direction of that ray in the particle's
map. A probability is generated from these two values
using a probabilistic model of the sensor.

reducing the processing required. Also, FastSLAM is one

Sensors

of the few real-time algorithms which provides a solution

Although we use only an auto levelled planar LRF, as

to the full SLAM problem, correcting the past poses of

detailed in section 4.1, to perform the position tracking,

the robot as new data arrives. Another benet is that

the FastSLAM algorithm can make use of any occupancy

the run-time does not increase with the size of the map,

sensor. Our implementation uses the data from a range

allowing the algorithm to be used in large environments.

imager as well as the LRF in order to determine the

Finally, because the FastSLAM algorithm is independent

height data of the map cells.

of the underlying motion and sensor models, the same

elled, planar sensor, it could not be used to determine

mapping implementation can handle multiple dierent

the height of the robot, and also could not observe the

types of sensors for position tracking and map building.

environment except at the robot's xed height.

Since the LRF is a lev-

Using

Australasian Conference on Robotics and Automation (ACRA), December 2-4, 2009, Sydney, Australia

the range imager allows us to observe the height of the
walls and so generate a more accurate map which, in
turn, produces a more accurate localisation.
FastSLAM estimated the robot's position in only

(x, y, θ),

as the roll and pitch angles reported from the

heading-attitude sensor were found to be highly accurate. The runtime of FastSLAM increases exponentially

a

b

c

d

e

f

with the number of state variables, so removing these
angles provides a signicant performance saving. Additionally, the planar LRF could not provide roll and pitch
estimates anyway.
Finally, we have no motion data for the vertical z axis
and so we assume that the robot does not move vertically.

This is our most dubious assumption, especially

in the rescue environment, however in practice there is
usually not enough vertical change to cause a localisation failure. Developing a system to estimate the vertical
change in the robot's position would be a signicant improvement to our system.

5

Figure 7: Several stages in the almost-Voronoi autonomy controller. (a) shows the robot with the actual position of the surrounding walls (grey) and the range of
the LRF (red). The path that the robot should follow in
a left-wall-following policy is marked by the black arrow.

Autonomy

Our focus is on autonomy that could assist the single operator by performing tasks such as autonomously driving ahead, avoiding obstacles and following passageways

Note that the gap in the wall on the left is too narrow
for the robot to safely t through. See text for details
on parts (b) to (f ).

whilst the operator could be busy with another robot.
The goal is to save time by keeping both robots advanc-

erns the smoothness of the resulting policy.

ing towards their goals as much as possible, rather than

3m and 0.03m for the dimensions of the occupancy grid

always having one robot stationary as would be the case

and the size of each cell, respectively.

for purely tele-operated robots. Unlike fully autonomous

the obstacles were detected using the auto-levelled LRF.

exploration, assisted autonomy assumes the presence of

We have also implemented obstacle detection using the

an operator who can provide high level commands. We

range camera, which allows the robot to detect obstacles

chose to implement a controller based on wall following,

that might be missed by the LRF, such as small walls

where the high level commands are to follow the left wall,

and negative obstacles.

follow the right wall and to stop and let the operator take

We chose

In competition,

The obstacles are then expanded by a distance equal
to the safety distance of the robot. In competition con-

over.
In addition to having an easy-to-anticipate behaviour,

guration, this distance was a little more than the radius

wall following can be implemented reactively, without

of the robot's bounding circle and represents the closest

relying on an existing map, so transient sensing anoma-

that a robot should attempt to drive to a wall.

lies, such as a referee walking in front of the robot, are

process leaves the areas where it is safe for the center of

less likely to confuse the policy.

This

The algorithm is also

the robot to move to and closes o passageways that are

immune to failures in the position tracker, which are a

physically too narrow for the robot to drive through (Fig-

real risk in this environment (Sections 4.1 and 6.3). We

ure 7(c)). This occupancy grid could be used to directly

also implemented a second policy called bump-and-go

build a wall following policy. However, doing so would

however this was not used in the competition.

result in a policy that always drove as close to walls as

First, all sources of obstacles observed by the robot's

possible.

This is necessary for squeezing through gaps

obstacle detection sensors are placed on a local 2D oc-

but undesirable in more open areas of the arena where

cupancy grid centred on the robot (Figure 7(a,b)). The

the robot can drive more quickly if it keeps a greater

use of the auto-levelled LRF allows us to abstract away

distance from walls. This would also cause the robot to

the fact that the environment is 3D, albeit with increased

follow every indentation in the walls, resulting in unnec-

variability in the response of the robot as it interacts with

essary manoeuvring.

the real 3D terrain. This occupancy grid must be large

To solve this problem, the obstacles in the occupancy

enough to encompass obstacles that the robot should re-

grid are further expanded but with additional logic to

act to in this time step. As the centres of the grid cells

avoid closing o existing gaps that the robot might be

are used as goal points for the robot, the resolution gov-

able to squeeze through. This process is similar to grow-
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ing a Voronoi graph but is stopped after a predened dis-

evaluation of the robots and infrastructure.

tance, equal to the extra clearance that the robot should
give walls when possible. This was generally around 1/2

6.1

to 1/3 the safety distance (Figure 7(d)). We do not use a

In general the hardware performed well. The ability to

full Voronoi graph as this results in faraway objects hav-

move the robots' centres of gravity by moving their arms

ing an undue inuence on the robot's path, resulting in

resulted in some very impressive manoeuvres, including

hard-to-anticipate behaviour. A nal step smooths out

the ability to drive Emu up 45

stubs formed by this almost-Voronoi process (Fig-

few observers believed was possible.

ure 7(e)).

Hardware

◦

ramps, something that

The Best-in-Class Mobility award focused on the abil-

The resulting occupancy grid is used to determine an

ity of the robot to traverse unstructured terrain whilst

appropriate steering angle and drive speed. The grid is

racing against the clock.

scanned in a circle around the robot and the angles at

cation were not required, so Negotiator was stripped of

which the scan observed transitions from occupied to

its sensor and computation payload and controlled via its

clear used to determine the desired goal angle.

The

original OCU. Performance improved signicantly due to

left wall-following policy, shown in Figure 7(f ), starts

the decreased weight and the responsiveness of the con-

its scan at 90

◦

to the left and proceeds clockwise. The

◦

right-wall-following policy starts from 90

to the right

and proceeds counterclockwise. The choice of the radius

Mapping and victim identi-

troller, although situational awareness was limited with
a single wide angle camera mounted low on the base of
the robot as the only sensor.

of this circle is important. Too small and the scan may

Negotiator's performance during the main competi-

not see a transition at all. Even if it does, it may not

tion, however, was found to be severely limited by the

drive smoothly as small errors in the robot's position

fact that Negotiator's motors are eectively torque con-

will result in large changes in goal angle.

Too far and

trolled, rather than speed controlled. Combined with the

the robot may attempt to cut corners. This was chosen

round-trip delays between RescueServ and RescueGUI

to be roughly the safety distance.

The act of rotating

of over 1 second at times, this made traversing the pitch

often causes objects to appear and disappear from the

and roll ramps very dicult. The speed of the robot be-

LRF's view due to occlusions and sensing distance. If the

came heavily dependent on the slope of the terrain and

rst transition is always chosen, the robot will thrash

the robot lost traction regularly. Although the original

between two angles.

To prevent this, the angle closest

OCU, which was used to control the robot during the -

to the last goal angle is reported as the new goal angle.

nal rounds and the Best-in-Class Mobility run, was also

The two-stage process in which the obstacles in the

limited to torque control, there were virtually no delays

occupancy grid are expanded also provides a natural way

and thus it was possible for the operator to react and

of determining the drive speed.

compensate in real time.

If the transition point

picked in the scan process is adjacent to a cell that is
the result of the initial safety radius stage (Figure 7(c)),
that goal point is in an area where the robot has little
clearance and thus the robot should drive slowly.

In

contrast, if the transition is adjacent to a cell that is the
result of the extra expansion stage (Figure 7(d)), it can
be assumed that the goal point is far from obstacles and
thus the robot can be driven more quickly.

Likewise,

the robot should drive slowly for large steering angles,
especially since turning on the uneven and loose surfaces
can be unpredictable. Additional heuristics are also used
for drive speed that included subsequent circular scans
to determine if there is a turn in the distance and adjust
drive speed accordingly.

6

Results

6.2

Software Infrastructure

The software infrastructure proved to be very robust
and exible and was one of the highlights of our entry.
The ability to use the same software on both robots and
switch between them in both tele-operative and assistedautonomous modes proved valuable and allowed us to
take advantage of the introduction of the radio dropout
zone. The fact that only the conguration les changed
between the two robots was also valuable  when the
length of the arm or the position of the laser on Emu
changed, for instance, a single change in the conguration le was able to update all the infrastructure, from
SLAM to the renderings of the robot in the GUI.
The shortcomings of the infrastructure weren't evident
during the operation of the robots in the competition,

The robots were evaluated in the context of participa-

but rather during the development of the innovative fea-

tion in the 2009 RoboCup Rescue Robot League com-

tures that were deployed. The more signicant problems

petition.

We won the Best-in-Class Autonomy compe-

were lack of integrated logging and replay of data, static

tition, the award for Innovation Operator Interface and

connections between the robot and OCU and no inher-

placed second in the Best-in-Class Mobility competition.

ent method for communicating between the OCU and

The following subsections describe in further detail our

background tasks.
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User Interface

The mapping algorithm was eective, producing a rec-

Although the user interface provided good situational
awareness, considerable delays were experienced, primarily in the video feed from the robot.

This was mainly

due to queues within the network infrastructure and delays in image compression. Emu moves predictably and,
often, autonomously and was thus less aected by the
delays. However, Negotiator was much harder to control

ognizable map of the environment when projected into
a two dimensional GeoTIFF. FastSLAM has the feature
of usually either converging to a correct map or failing
catastrophically.

Our mapping failures were generally

caused by the problem that the position tracking was
based on the same sensor as the map, as described in
section 4.1.

with these delays and for much of the competition was

Position tracking tended to fail in situations where

unable to reliably traverse the pitch-and-roll ramps at

rapid motion of the robot was accompanied by severe

an angle as it was very dicult to compensate for the

sensor errors.

robot spinning and sliding down the ramps.

robot changing its vertical position so that low obsta-

During the nal few runs, we reverted to using the
original OCU that shipped with the robot, which uses
an analog video transmitter and thus has no perceptible
delay.

Our sensor and computation package was used

to collect mapping data and victim information.

This

signicantly improved performance and reliability and
more than doubled the number of victims we were able
to identify with this robot.
We were presented with the Innovative User Interfaces
award for our ability to easily run both robots at the
same time with only one operator.

In particular, our

ability to switch between tele-operation and assisted autonomy in an intuitive fashion was recognised.

6.3

Mapping

Such errors were usually caused by the

cles, such as raised sections of the oor, were no longer
observed. These problems were exacerbated by the limited processing power available to the processor-intensive
MBICP algorithm on-board the robot, which reduced
the possible frequency of position tracking updates below
the rate of the sensor updates. Aside from these specic
situations, the maps were an accurate representation of
the environment, especially on Emu, which tended to
have a smoother motion.
Figure 8 shows the map from the autonomous challenge. This challenge was particularly conducive to the
mapping algorithms as a result of the removal of the
arm to allow an unobstructed sensor view and the autonomous algorithm's uninterrupted control, which provided smoother driving than the operator.

6.4

Autonomy

The introduction of the Radio Dropout Zone in this
year's competition allowed us to showcase the assisted
autonomy features of our robot.

A representative pic-

ture of this area is shown in Figure 4. This zone consisted
of a winding passageway with short dead-end branches
and simulated an area through which there was no radio
communication. The robot entered at one end and had
to reach the other end without operator intervention. At
the other end, the operator could resume tele-operation
and score points for the victim. If the robot was able to
return to the start autonomously, this score was doubled.
Using our wall following controller, we were able to complete this zone in every run, doubling our victim score
each time except for one case where Emu completed the
zone less than one minute late.
Figure 8: The map created by Emu during the Best-inClass Autonomy run, each shaded square represents 1m.

◦

The 45

mismatch in the centre of the map is not an

error  the upper and lower sections of the maze were

◦
connected by a region that was set at 45 to the rest
of the maze. The robot's start point was at the yellow
arrow at the left and was executing a right-wall-following
policy.

The roughness of the trace was due to uneven

ooring and rubble tipping the robot from side to side.

In addition to being non-straight, the Radio Dropout
Zone was also non-at, with the oor strewn with xed
and movable debris, the diculty of which increased
through the competition. Apart from one case where the
robot became stuck and damaged its motor controller,
Emu's performance was reliable and largely deterministic. Very few other teams were able to even attempt
the Radio Dropout Zone as it required a combination
of some rough terrain mobility (reaching the zone required descending two 0.2m steps and driving over de-
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bris) and reliable autonomy. As a result, the next best
team achieved less than half our success rate.
Emu also performed very well during the Best-in-Class
for this challenge with dicult narrow passageways coupled with many non-vertical obstacles that required the
robot to keep a safe distance from walls. Using the wallfollowing controller with adjusted safety and extra expansion distances, Emu was able to cover almost all of
the arena on its rst attempt with time to spare and
produced a good quality map as shown in Figure 8.

Conclusion

At present, our mapping is 2D, due to limitations in
our sensing. The SwissRanger 3D imager gives us depth
information but with a narrow eld of view.
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