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From Rats to Robots: Engineering a Functional

Biomimetic Navigation Syi

MICHAEL MILFORD

Abstract: The field of robotics is in a state of transition from traditional hxeci robots

located in industrial settings to mobile robots in domestic homes. Much of the new generation

of mobile robots is produced using low cost hardware, making them unsuitable platforms

for deploying the traditional probabilistic algorithmic approaches to mapping and navigation,

which require accurate but expensive sensors such as scanning lasers. Animal navigation

systems have been under investigation for many years as a potential source of inspiration

for creating alternative robot navigation systems. This paper presents an overview of work

pursuing the idea that animals, specifically rodents, make ideal models for creating practical

robot navigation systems.

Keywords: Navigation, robots, rats, biomimetics, SLAM

INTRODUCTION

Over the last decade robotics has been under-

going a transformation, with the traditional

industrial robots used in manufacturing lines

since the 1960s being supplanted by a new breed

of mobile robots. These mobile robots are being

used in increasing numbers in both domestic

and industrial applications, and are now, in

numerical terms, the most common form of

robot (UNECE, 2005).

Perhaps one of the key reasons for this

robot 'revolution' is the changing image of

such robots; in the past regarded as novelty,

luxury items, some are now regarded as prac-

tical labour-saving machines. Vacuum cleaner

robots produced by companies such as iRobot

and Electrolux, while not perfect, can in some

households produce a net labour saving. By the

end of 2004 there were an estimated 1.2 million

personal domestic robots in service around the

world according to the United Nations Eco-

nomic Commission for Europe survey; of these

one million were vacuum cleaner robots. Half of

these one million were 'installed' during 2004,

giving an indication of the rapid growth of do-

mestic mobile robots. Lawn mowing robots are

also entering into homes, altliougli with a much
slower uptake, with 46,000 units worldwide at

the end of 2004 (UNECE, 2005). Predictions

from the same source indicate worldwide sales

of approximately seven million robots in the

period 2005 to 2008. This figure includes 4.5

million domestic robots with an estimated value

of three billion US dollars, and 2.5 million

entertainment and leisure robots with an esti-

mated value of 4.4 billion US dollars. More
speculative estimates predict as many as 39

million domestic robots being sold by 2010

(Horizons, 2004).

While such numerical growth is impressive,

the sobering fact remains that the majority

of these robots are essentially dumb machines.

Most vacuum cleaner robots, for example, clean

a room by following pre-programmed random

paths and require, as admitted on one major

manufacturer's website, about four times as

long to clean the room as a person. Most

cannot navigate between rooms, requiring a

human to reposition them. Many of the more

capable systems require a user to pre-position

beacons around the home that the robot can

use to navigate. The ultimate vacuum cleaner

robot, one that can 'out of the box' explore,

learn, and then efficiently vacuum an entire

house, has not yet transpired. One of the main

reasons is certainly the difficulty of performing

all these tasks, a problem which is described in

the following section.

THE NAVIGATION CHALLENGE

A robot that moves around its environment

faces a number of significant navigation dial-



2 MILFORD

lenges. One of the most significant of these

problems is known within the robotics hter-

ature as the Simultaneous Localisation And
Mapping (SLAM) problem (Dissanayake, New-

man, Clark, Durrant-Whyte and Csorba, 2001).

When placed in an unknown environment, a

robot must be able to explore its surroundings

in order to learn the layout of the environment,

creating a map of the environment. At the

same time, however, the robot must also use

that map to keep track of where it is in the

environment, a process known as localisation.

The two processes of mapping and localisation

are interdependent - a map cannot be created

without knowledge of the robot's current loca-

tion in the environment, and a robot's location

within the environment cannot be calculated

without a map of the environment. The SLAM
problem has been the focus of a very large

amount of research in the robotics community

over the past two decades.

There is a number of reasons why the SLAM
problem is so difficult. A mobile robot can be

thought of as a mobile sensor platform, with

sensors that vary in type and capability. All

of these sensors have limitations and produce

readings that are noisy. The ubiquitous laser

range finder, probably the most widely used

sensor in robot navigation research, is generally

regarded as highly accurate and reliable. This

sensor measures distances to obstacles but is

neither exact nor infallible. Measurements are

only accurate within a margin of error. Mea-

surements can also be grossly incorrect, such as

when the laser 'sees* through glass wall, or when
the light beam reflects off multiple surfaces

before returning to the sensor. Bright sunlight

in outdoor settings or even through windows in

indoor settings can disrupt the sensor.

Other range sensors such as sonar (ultra-

sound) sensors have their own disadvantages.

Sound waves from a sonar sensor project out-

wards in a cone-like manner from their point of

origin. The 'range' reading for a sonar sensor is

the range to the closest reflecting object within

this cone. The wide beam results in significant

uncertainty regarding the exact position of a

detected obstacle (Moravec and Elfes, 1985).

Surfaces with certain textures or surfaces that

do not transect the sonar cone at ninety degrees

may not even reflect sufficient sound energy

back to the sensor, meaning they are not de-

tected. Like a laser sensor, multipath reflections

can occur, producing misleading range to obsta-

cle readings.

Vision-based sensors have their own set of

limitations. Cameras are very poor at repre-

senting colours in images. A typical approach to

dealing with this is to reduce the image domain

to greyscale images, but this still leaves the

problem of dealing with light intensity variation,

which is an especially difficult problem in out-

door environments. There are techniques for

dealing with illumination change but they are

all partial, rather than complete, solutions to

the problem (Buluswar and Draper, 2002, Tews,

Robert, Roberts and Usher, 2005). Depending

on the type of camera used, camera images can

also be distorted, leading to further complica-

tions and inaccuracies when using them as a

robotic sensor.

One of the most familiar concepts to re-

searchers working with mobile robots is that of

odometric drift. Wheeled robots are equipped

with rotational encoders that measure the

movement of each wheel. However, wheel slip

means that the encoder's measurement of the

amount of wheel movement does not always

correspond exactly to the movement of the

robot along the ground. W^heel slip is un-

avoidable - theoretically it is impossible for

the robot to even start moving without some

amount of slip. Wheel slip means that even

with a 'perfectly' calibrated system, over any

significant amount of time slight measurement

errors due to wheel slip will accumulate to

unmanageable proportions. The problem is

particularly significant in environments with

varied ground surface textures, such as outdoor

environments over rough or loose terrain.

Using more expensive, higher quality sensors

and compensatory algorithms can reduce the

impact of many of these sensing problems.

A more expensive camera may have less lens

distortion, and a higher quality laser will return

more accurate and precise readings. Sensor

fusion between multiple types of range sensors

can help reduce the effects of an occasional
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incorrect iiieasureiiieiit from one particular sen-

sor. Engineers can design tiie mechanical wheel

drive system or tyres to minimize the amount of

slippage. A Global Positioning System (GPS)

can be used to remove the dependence on

integration of wheel encoder values over time

to update the estimate of the robot's position.

However, many of these 'solutions' only work

in certain environments, or add their own prob-

lems such as expense. The use of GPS is a good

example; standard GPS does not work indoors

and is not completely reliable in some built

up outdoor environments (such as Manhattan,

New York). In outdoor environments GPS
can also 'drop out' long enough to severely

test any navigating robot that is not equipped

with a robust alternative navigation system.

The issue of cost is also very relevant when

considering low cost domestic robots, where

expensive sensors or significant computational

power is not possible.

What is inescapable is the fact that animals

and humans manage to navigate in large and

complex real world environments with a set

of inexact, imperfect sensors. While engineers

have developed sensors which are increasingly

accurate (and often more expensive), it is obvi-

ous that in many cases nature has managed to

solve the navigation problem from a completely

different direction. How animals navigate so

effectively poses a very interesting research

question. In addition, from a commercial

perspective it is desirable that robot systems

be able to function with simple, inexpensive

sensors.

The core SLAM problem is only one of many
that must be solved by an autonomous mobile

robot. When placed in a new environment,

a robot must be able to effectively explore

the environment, rather than staying in one

section of the environment. If the robot is to

perform any sort of useful navigation task, it

must also be able to navigate to goal locations

in the environment. Real world environments

are not static, meaning that in the long term

a robot must be able to adapt or at least

cope with changes in the environment. Mobile

robot research has been biased towards solving

the SLAM problem, probably at least in part

because it can be harder to investigate these

related problems if a robot cannot keep track

of where it is. Consequently, nnich exploration

and navigation research has been performed

in sinnilation, with relatively little research on

implementing these algorithms on real robots.

In many cases, the focus on the SLAM problem

has led to piecemeal attempts to implement

goal recall and adaptation abilities, rather than

consideration of the entire mapping and nav-

igation problem from the start. While there

are robots that successfully solve SLAM, or

individual related problems such as exploration

or goal navigation, there are very few robot sys-

tems that have been successfully demonstrated

solving the complete navigation problem in real

world environments.

THE RATIONALE FOR A
BIOMIMETIC APPROACH
Many animals and insects possess well docu-

mented formidable navigation abilities. By per-

forming research into the navigation capabilities

of animals, researchers are able to answer two

important questions: what exactly can animals

achieve using their navigation systems, and how
do they do so. The answer to the first question

is important because it demonstrates that many
impressive feats of navigation can be achieved

with a surprisingly simple set of sensors and

relatively low computational resources. For

instance, it is not necessary to have a high

fidelity laser range finder to navigate effectively

in a range of environments - most animals do

not possess sensors that can tell them the range

to obstacles varying in range from a few millime-

tres to ten or more metres, to a precision of ten

millimetres (except bats). Experiments have

demonstrated that rats can continue to navigate

effectively even in pitch blackness, with the

implication that some navigation systems can

cope without a constant stream of feature rich

information (Quirk. Muller and Kubie, 1990,

Mizumori and Williams, 1993). The answer to

the second question necessarily involves theories

and models of the neural mechanisms in the

animal brain used for performing navigation. It

is these models that roboticists can draw upon

to create their own artificial robotic navigation

systems.
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Rodents

Rodents are one of the most studied animals in

the field of biological mapping and navigation.

Compared to other animals and even humans,

their navigation capabilities are relatively well

characterised. Furthermore, there has been

much progress in understanding the neural basis

of their navigation capabilities. The part of

the brain thought to be responsible for much
of a rodent's navigation, the hippocampus, is

one of the most studied brain regions of any

mammal. Consequently, there are a number

of well established models of how navigation is

achieved neurally in rodents, although much is

still uncertain.

One of the core concepts in navigation

research is that of the cognitive map, which

was introduced in early rat studies by Tolman

(1948). This idea relates to observations of rats

released in an environment with no reward food

source. When placed back in the environment

along with food sources at a later time, the

rats were able to use information learned in the

previously foodless environment to help them
navigate to food sources, hence exhibiting a

form of latent spatial learning. The cognitive

map is often theorised to be a spatial reference

that some animals create and use to navigate in

their environments.

One of the first major neural discoveries with

respect to navigation in rodents was that of

place cells in the rodent hippocampus, which

fired preferentially when the animal was at a

particular spatial location (O'Keefe and Dostro-

vsky, 1971, O'Keefe and Conway, 1978). Over

the next three decades, several other types

of spatial neuron were discovered, including

neurons that responded to the animal's head

orientation, called head-direction cells (Ranck,

1984). Most recently, cells which fired at regular

grid- like intervals in the environment were dis-

covered and dubbed grid cells (Hafting, Fyhn,

Molden, Moser and Moser, 2005, Fyhn, Molden,

Witter, Moser and Moser, 2004). However,

since grid cells were only discovered recently,

most of the models of rodent hippocampus

deployed on robots to date have focussed on

head-direction and place cells.

Bees

Because insects (and correspondingly insect

brains) are generally much smaller than mam-
mals, research on their navigation systems is

biased towards observational work rather than

towards recording cells in their tiny brains,

which is quite difficult to do. Consequently

most of the theories and models of insect

navigation have been developed from careful

observation of their behaviour in a wide variety

of experiments.

forewing

hindwing

sting

three simple eyes

antennae

two compound eyes

Figure 1. Anatomy of a worker bee.
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Honey bee workers are ecjiiipped with a

range of different sensors to help them fly many
lumdreds of kilometres during their lifetime of

foraging for nectar and pollen. They possess

two types of visual sensors, two large compound

eyes and three much smaller 'simple' eyes ar-

ranged in the shape of a triangle on the top of

the bee's head. The compound eyes detect both

light and colour and have a large field of view.

The simple eyes are sensitive to light but can't

resolve images. Non-visual sensors include the

antennae on the bee's head which perform both

odour detection and flight speed measurement.

These features and others are shown in Figure 1

.

Because honeybees start and finish at the

same location (the hive) during their foraging

trips, they are known as central-place foragers.

Typical foraging trips range up to two to three

kilometres from the hive. However, bees have

been observed foraging up to 13.5 kilometres

from their colony location, a huge distance when
considering the tiny size of the bee (Ratnieks,

2000, Frisch, 1967). Most models of bee navi-

gation have been developed by repeatedly sub-

jecting bees to experiments designed to isolate

one particular aspect of navigation behaviour,

such as the bee judging flight distances by its

apparent visual speed through the environment.

Reverse engineering the bee's navigation sys-

tem in this way is not a perfect science, and

seemingly identical experiments can produce

very diff"erent results and interpretations. For

example, one of the dominant debates in this

field is whether bees possess some form of

cognitive map.

Ants

Desert ants regularly leave their nest and wan-

der significant distances into the desert around

them, following squiggly paths, only to then

return via a more or less straight line directly

back to their nest. In order to maintain an idea

of where they are relative to the nest, the ants

perform dead reckoning or path integration,

updating their estimate of where they are based

on their movement speed and direction. Exper-

iments by Muller and Wehner (1988) using the

species Cataglypkis fortis suggest that an ant

keeps track of the average of all directions in

which the ant moves, weighted by the distance

moved in each direction. The reference vector

used for calculating the new movement angle is

the previous homeward course direction. This

navigation system leads to only small errors in

most situations, except when an ant performs

sudden backward turns, which the experiments

show happens only rarely. Since the angular

errors are systematic, an equally large clockwise

and anti-clockwise turn results in the two gen-

erated errors cancelling out. The experiments

also reveal that the ants do not usually have a

direction bias during their foraging activities.

Ants also demonstrate robust coping strate-

gies for non-ideal situations when their nav-

igation strategy does not lead them back to

their exact nest location (for instance, a gust

of wind may have blown them oft' course). One
group of researchers (Wehner, Gallizzi, Frei and

Vesely, 2002) describe the navigation strategy

that desert ants have adopted to deal with

errors in their path integration process. When
returning to the nest from a foraging location,

the ants always use their home vector to return

to the supposed location of the nest. The home
vector is calculated during the outbound trip

using weighted angular averaging as described

previously. For long foraging trips out from

the nest, there is usually some dead reckoning

error, meaning the ant initially returns to a

location near, but not at the nest. To find

the nest, the ant starts this systematic search,

initially searching a small area but gradually

increasing this search area until it finds the

nest. In this way, ants are able to combine

two navigation strategies to produce highly

reliable overall navigation behaviour in their

desert environments.

DISCUSSION

When choosing a biological navigation system

upon which to base a robotic navigation system,

two main issues must be considered. The first

is how well the animal's navigation capabilities

are known - for some animals such as rats,

bees and ants, their navigation capabilities have

been widely studied and there is at least some

consensus on what they can and cannot do.

This in turn can provide a roboticist with an

idea of what they can expect their robot to be

capable of if they get the modelling correct, and

what they may need to improve artificially.
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The second issue regards how well the neural

mechanisms underlying an animal's navigation

abilities are known. It is here that rodents

stand out, as their brains, and specifically the

hippocampus, have been recorded from exten-

sively over the last thirty years. In contrast,

little is known about the neural mechanisms

behind navigation in insects. Because of ethical

considerations, relatively little is known about

navigation mechanisms in the brains of primates

or humans. Consequently, the body of work

described in this paper focussed on using models

of rodent navigation to produce a functional

robotic navigation system.

RatSLAM

There is a variety of theories on how ro-

dents map and navigate in their environments.

and consequently a range of models of these

processes. However there is some degree of

consistency across most models regarding the

major inputs, components, and functions. The
model described in this section follows the

general consensus that rodents use both exter-

nal and internal sensory input, and that they

have neural structures for representing their

spatial orientation and location. The model

and surrounding systems are called RatSLAM,
with 'Rat' referring to the biological animal

serving as inspiration, and 'SLAM' referring to

the robotics term for Simultaneous Localisation

And Mapping. The initial development of Rat-

SLAM drew heavily upon the preceding rodent

modelling work on robots (Arleo and Gerstner,

2000, Browning, 2001, Gaussier, Revel, Banquet

and Babeau, 2002). Figure 2 shows the overall

model structure.

External Vision

Sense
Local View

(LV)

Figure 2. Overall structure of the hippocampal model.
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The robot's pose is encoded in two modules

known as the head-direction (HD) and phice

networks. Competitive attractor networks are

used to represent the cell populations, which

are a type of neural network with highly inter-

connected excitatory and inhibitory links. The

key characteristic of an attractor network is its

ability to maintain stable clusters of active cells,

also referred to as 'attractors', 'activity packets'

or 'bumps'. The head-direction network en-

codes the robot's orientation, the place network

the robot's location. Ideothetic information in

the form of wheel encoder input drives the path

integration process, which updates the robot's

state information in both the head-direction and

place networks. Allothetic information in the

form of camera images is processed to form a

representation known as the local view (LV),

which calibrates the robot's state information

stored in the head-direction and place networks.

Representing Orientation

The core component of the spatial orienta-

tion model is an array of neural units or

'cells' roughly corresponding to biological head-

direction cells. Each cell is tuned to be

maximally active when the robot's orientation

matches the cell's preferred direction. The cell's

activity level reduces as the robot orientation

rotates away from this preferred direction. Tlie

cell arrangement reflects their associated robot

orientations - nearby cells encode similar robot

orientations. When the ensemble activity of the

head-direction cells is viewed as a bar graph,

one can see a 'packet of activity' that resembles

a Gaussian curve. The centre of this 'activity

packet' represents the current perceived orien-

tation of the robot.

Without recalibration the robot's percep-

tion of its orientation will gradually become
incorrect. Recalibration is a two step process;

the robot must first learn associations between

its orientation and the input from its external

sensors, and then use that information to cor-

rect its orientation state information when it

later receives that same sensory input. Once
the robot has learned the associations between

sensory input and orientation, it can use them
to correct its perceived orientation. Whenever a

familiar visual scene is encountered, activity is

injected into the head-direction cells associated

with the scene. If the robot's perceived orienta-

tion is correct, this has the eflect of reinforcing

its belief. However, if the current perceived

orientation is incorrect, the injected activity

initiates an alternative hypothesis regarding the

robot's orientation, which then competes with

the current hypothesis under the competitive

attractor network dynamics.

Representing Location

The representation of the robot's location is

encoded using a network of cells roughly cor-

responding to biological place cells. The place

cells are modelled as a two-dimensional matrix

of cells, with each cell tuned to be maximally

activated when the robot is at a specific lo-

cation. A coarse representation is used, with

the path integration system tuned so that each

place cell responds within a physical area of

approximately 250 mm by 250 mm.

Representational Limitations of Place

and Head-direction Cells

A series of mapping experiments were run using

a Pioneer 2 robot in a small environment with

artificial landmarks (Figure 3). The robot

was able to use the model of place and head-

direction cells to map and navigate the envi-

ronment over short time periods. However,

in longer experiments the network's tracking

ability proved to be unstable. Over the period of

an hour the robot became lost and its perceived

location moved well outside its two by two metre

arena. The place cell model was able to keep the

robot correctly localised for short test durations

only. Because the robot was moving based on its

self-estimate of position, not its actual i)osition,

a small error in pose usually compounded cjuite

rapidly and the tests had to be terminated

before the robot collided with objects outside

the arena.
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Figure 3. The first test em^ronnient was a two by two metre arena with coloured cyUnders as

visual cues just outside tlie boundary of tlie arena.

Tlie reason for tlie system failure was the

splitting of the robot's pose (location and orien-

tation) representation. Active place cells repre-

sented the robot's location in the environment

but not its orientation. Active head-direction

cells represented the robot's orientation but

not location. This splitting of the spatial

representation broke dow^i when the robot was

put in a perceptually confusing situation.

This problem is illustrated in Figure 4. It

shows a schematic of the robot at two different

moments in time when it has associated its

current estimate of its location and orientation

(as encoded by active place and head-direction

cells) with seeing a certain two cylinders in the

environment. In this hypothetical environment,

there are actually two sets of these cylinders at

different locations. Figure 4b shows the robot

some time later when it encounters the same
visual scene again. The familiar visual scene

activates place cells and head-direction cells

representing the two locations and orientations

the robot has seen the cylinders from. In a

standard probabilistic robot mapping system,

the robot would now have two distinct pose

hypotheses, that is, two estimates of its pose.

Instead, it has two estimates of its location, and

two estimates of its orientation, but no binding

information about which location estimate goes

with which orientation estimate.

This lack of binding between location and

orientation leads to problems when the robot

continues moving. Ideally, as the robot then

continued to move forward, the location es-

timate in the left of Figure 4b would move

downwards and slightly to the left. However,

it also has a second orientation estimate associ-

ated with it, shown by the dotted arrow. The

system as it stands has no way of 'knowing'

which orientation estimate is correct for each
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location estimate. Without appropriate biiid-

iug, the separate representations of place and

orientation cannot sensibly maintain multiple

hypotheses of pose. The neuropliysiological

separation of the place and head-direction cells

(O'Keefe and Conway, 1978, Ranck, 1984) ren-

ders this a spatial memory form of the binding

problem (Thiele and Stoner, 2003). Methods

such as updating the location estimates based

on the average orientation estimate (shown

by the short thick solid arrow) unsurprisingly

rapidly lead to the robot becoming lost. Other

possible techniques such as splitting each lo-

cation estimate into two, one for each ori-

entation estimate, can be implemented using

standard probabilistic mapping algorithms, but

are inii)ossible to implement using a standard

attractor network. While mechanisms such as

synclironisation have been proi)os(xl as a way
of binding the information of different neurons

in other domains (Gray, Konig, Engel and

Singer, 1989), we observed that there was a

simple modification of the model that offered

an elegant engineering solution to the spatial

binding problem (Milford, Wyeth and Prasser,

2004). The following section describes the pose

cells, developed to overcome the representa-

tional limitations of place and head-direction

cells.

<

(a)

(b)

Figure 4. (a) An overhead view of the robot (large circle) at two moments in time where it has

associated a cluster of active place cells (grey shading represents location encoded by cells) and

head-direction cells (long solid arrow represents direction encoded by cells) of the robot with an

identical view of two cylinders, (b) At a later time the robot encounters the same two cylinders as

in (a) and activates place and head-direction cells supporting the two possible robot locations and

two possible robot orientations. The representational problem is revealed when the robot continues

to move and tries to update its location estimates. Each location estimate has two orientations

associated with it, one correct one shown by the long solid arrow, and one 'incorrect' one shown
by the dotted arrow (Milford, 2003).
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Pose Cells

The pose cells in RatSLAM are a type of

cell that combines the characteristics of place

and head-direction cells, in that an individual

cell represents a particular robot location and

orientation. They are formed from the same

type of competitive attractor networks used to

form the place and head-direction cells, but

with the cells arranged in a three-dimensional

structure. Each axis of the structure corre-

sponds to a different state variable, x',y' and
6' (Figure 5). For this cell structure primed

co-ordinate variables were used to represent

the degeneration in correspondence between co-

ordinates in the cell structure and co-ordinates

in physical space. For example, in indoor exper-

iments, each pose cell initially fires maximally

when the robot is in a 0.25 x 0.25 m area and

orientated within a 10 degree band. However as

an experiment progresses, the pose volume each

pose cell corresponds to can grow, shrink, warp,

or even disappear under the influence of visual

information. Like the previous networks, cells

are highly interconnected by both excitatory

and inhibitory connections, and connectivity

wraps around in all three-dimensions to the

opposing faces of the structure. The stable

Pose Cells

(PC)

state of the network in the absence of any input

is a cluster of active cells or 'activity packet',

representing a single estimate of the robot's

pose in the environment.

Each cell has an activation range between

0 and 1, with the activity level qualitatively

encoding the probability of the robot having

the specific pose (location and orientation) as-

sociated with that cell. At any one time many
cells can have non-zero activations, meaning

that the activation level of any individual cell is

relatively meaningless. However, by viewing the

activity of the network as a whole, it is possible

to extract the network's estimate of the robot's

most likely pose. Figure 6 shows a snapshot

of cell activity in the pose cell matrix during

an experiment. The largest and most strongly

activated cluster of cells represents the robot's

most likely pose. However, other clusters of

active cells represent alternative possible robot

locations and orientations. These alternative

possibilities are due to perceptual ambiguities in

the robot's environment. As the robot continues

to move, one of these other clusters of active

cells can become dominant if the robot's percep-

tual input supports the location and orientation

associated with those cells.

Activity Packet

Figure 5. The three-dimensional pose cell model. Each dimension corresponds to one of the

three state variables of a ground-based robot (Milford, 2003).
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Figure 6. Snapshot of pose cell activity during an experiment. Several activity packets of varying

size are evolving under the influence of the competitive attractor dynamics (Milford, 2004).
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Experimental Setup

One of the test environments for the pose

cells was a 70 metre long corridor loop at the

Queensland Centre for Advanced Technologies

(Figure 7). Loop environments are typical test-

ing environments in robotic navigation research,

because the robot navigation system must be

able to recognise that it is back where it started

after completing a loop of the environment. The
robot's control scheme used the sonar array to

perform autonomous wall following. SLAM was

performed live during the actual test.
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Closing the Loop

Figure 8a shows the trajectory of the robot

calculated using only path integration. Small

errors in the sensory input from the wheel

encoders as well as wheel slip have accumulated

over time and produced the characteristic drift

in the robot's estimate of its own position.

When the RatSLAM system was used the tra-

jectory of the robot, as represented by the path

of the dominant cluster of active cells through

the pose cells, was consistent over repeated laps,

as shown in Figure 8b. The figure shows the

path of the most highly active pose cells over

time, that encode the robot's representation of

its location and orientation in the environment.

At the start of each new lap the robot was able

to repeatedly close the loop, with dashed lines

showing the robot correcting its estimate of its

location. At other stages of the experiment the

system was able to recover from path integra-

tion errors.

Navigation: Goal Memory

With the model able to create a stable repre-

sentation of its environment, the next challenge

was to use the map to perform navigation tasks.

The task of adding a goal recall capability

to the RatSLAM system was undertaken in

a pragmatic way as with the development of

the core mapping method. Some biological

navigation concepts were considered, such as

the idea of activity encoding the desired future

location of the robot. However there was little

attempt to model the actual firing properties

of biological place cells during task behaviour,

with more emphasis given to the computability

of the algorithms.

The navigation system that was developed is

known as the goal memory component of Rat-

SLAM. The goal memory system uses a copy of

the pose cell structure, but adds temporal link

information between cells as the robot explores

the environment. In effect, the goal memory
system learns the temporal gradient between

places in the environment. To calculate a path

from the robot's current location to a goal

location, the system integrates the temporal

gradient, starting at the goal location. The
integral builds quickly along long or difficult

paths, and slowly on more direct paths that

the robot can navigate eff"ectively. The result

is a temporal map, essentially coding how long

it takes to get from any location to the goal

location. To navigate to the goal, the robot

picks the direction of movement within the

temporal map which moves it to a location

closer in time to the goal. Because the integral

operation starts at the goal location, the robot

is guaranteed to only ever have one possible

(and optimal) direction of movement.

The goal memory system was tested initially

in part of an indoor office environment, shown
in Figure 9a. Figure 9b shows the temporal map
for a typical goal navigation task from A to 1 on

the map. Darker areas correspond to lower goal

memory cell activity levels and hence locations

close in time to the goal. The robot was able to

follow the temporal gradient to reach the goal,

as shown in Figure 9c.

Increasing Environment Size:

Navigation Problems

The initial goal memory experiments, while

successful, were conducted in a small envi-

ronment. One consequence of this was that

the layout of the representation in the pose

cells and goal memory cells (Figure 9b) was

quite similar to the actual environment layout

(Figure 9a). A second set of experiments was

conducted using most of the building floor area

shown in Figure 10a. This larger, more complex

environment led to longer experiment durations,

since the robot had a lot more ground to cover

and more route possibilities. Wrapping in

the pose cell structure became a consideration,

since the nominal area encoded by the pose

cells was smaller than the physical area of

the environment. While the number of pose

cells could be increased to avoid this problem,

rodents are known to navigate large complex

environments with a limited number of spatial

cells. To test the overall system functionality

with pose cell wrapping, a small 40 x 20 x

36 pose cell matrix was used with a nominal

no-wrap area representation of 10 x 5 m (each

ceU is nominally 0.25m x 0.25m). This is much
smaller than the actual 28 x 13 m environment

area.
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Figure 8. (a) Trajectory of the robot calculated using only path integration. (1)) Robot trajectory

calculated by the RatSLAM system. RatSLAIVI closed the loop upon starting the second and

subsequent laps, and also recovered from i)ath integration errors at other points. Dashed lines

indicate the start and finish of re-localising corrections. Each grid square represents 4x4 pose

cells in the {x'
, y') plane of the model shown in Figure 5 (Milford, 2004).
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Figure 9. (a) Floor plan and robot trajectory for initial goal navigation experiments. The
numerical labels indicate the two goal locations, (b) The temporal map cells after recall of the

first goal. Darker areas correspond to lower cell activity levels and hence locations close in time to

the goal, (c) The path the robot followed to reach the first goal. Each grid square represents 4 x

4 pose cells in the {x'
, y') plane (Milford, 2005). ©2005 IEEE.
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Figure 10. (a) Floor plan of large indoor environment. The robot's path is shown by the thick

line, (b) Dominant packet path for a 40 x 20 x 36 pose cell matrix. The path is projected onto

the {x\y') plane. Each grid square represents 4x4 pose cells in the (x', y') plane. "Start* and

"End' mark the initial and hnal location of the dominant activity packet, (c) Temporal map for

the large indoor environment (Milford. 2000). ©2006 IEEE.
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Figure 10b shows the trajectory of the dom-

inant activity packet through the {x', y') plane

of the pose cells. As can be seen in the figure,

the pose cell trajectory looks very different to

the robot's actual trajectory through the envi-

ronment. This is in part due to the wrapping

connectivity of the pose cell structure - many
times the dominant activity packet would wrap

off one 'edge' of the pose cell matrix and re-

appear on the opposite edge. The size of

the environment is also a factor - the robot

travelled longer distances before returning to

a familiar place, and consequently errors due

to odometric drift were larger. The correction

of these errors is shown by the dashed lines

in Figure 10b - these represent times when
the dominant activity packet in the pose cells

switched to a different cluster of pose cells.

These correction events were driven by the

robot's vision system supporting cells encoding

a different robot location to that supported

by the then dominant activity packet. With
enough visual support, the activation levels of

these other cells increased until they became the

dominant cluster of active cells in the network.

Figure 10c shows the temporal map created

for this environment by the goal memory sys-

tem, for a goal located at the 'Start" location

in Figure 10a. The temporal map is created

using the goal memory cells, which themselves

are a copy of the pose cells but with added

temporal information. Consequently, the goal

memory cells inherit the discontinuities of the

pose cell representation. In addition, because

the environment was larger than could be rep-

resented within 'one pass' of the pose cells,

some pose cells represent multiple places in

the environment due to the network's wrapping

connectivity. All this means that the layout of

the cells within the pose cell structure can no

longer be interpreted as a strict representation

of the spatial layout of the physical environ-

ment. Consequently, the goal memory system,

which is dependent on the layout of the goal

memory cells, produces a nonsensical temporal

map. Not surprisingly, robot navigation failed

completely in this experiment, with the robot

repeatedly trying to drive through a wall, with

its local obstacle avoidance routine overriding it

whenever it got too close.

Analysis of the goal memory system revealed

that it had failed because it implicitly interprets

the structural arrangement of the pose (and

goal memory) cells as corresponding to the

physical arrangement of the places associated

with them. These experiments showed that

in large environments the pose cell structure

loses spatial relevance, through a number of

phenomena related to wrapping of the pose

cells and visual re-localisation. Instead the

pose cells develop a characteristic shared by

biological place cells in the rodent hippocam-

pus ~ the arrangement of the cells bears no

correspondence to the spatial structure of the

environment. This characteristic means it is not

possible to directly extract spatial information

from the pose cell structure for tasks such as

navigating to goals. To address this limitation,

the experience mapping algorithm was devel-

oped, in order to maintain the inter-cell spatial

information of the pose cells while retaining the

topological correctness of the pose cell maps.

Experience Mapping

The experience mapping algorithm uses the

output from the pose cells and local view cells to

create an experience map. An experience map
is a graph-like map containing nodes, known

as experiences, and transitions or links between

these experiences. Each experience represents

a snapshot of the activity within the pose cells

and local view cells at a certain time. In effect

an experience is the robot's final representation

of a distinct place in the environment, along

with information about what that place looks

like and other behavioural and temporal infor-

mation. When the set of existing experiences

is insufficient for describing the pose and local

view cells' activity state, a new experience is

created. Figure 11 shows an experience and

how it is associated with certain pose and local

view cells; x'
,
y' and 6' describe the location of

the cells within the pose cell matrix associated

with the experience, and V describes the local

view cell associated with the experience. Each

experience also has its own (x, y, 6') state, which

describes its location within the co-ordinate

space of the experience map. This co-ordinate
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space is completely separated from tlu^ pose and

local view cell co-ordinate spaces, and through

a process of map correction becomes much

more representative of the spatial layout of the

environment.

While experiences represent distinct places

in the environment, experience transitions store

information about the physical movement of the

robot between one experience and another, as

well as information about the robot's behaviour

during the transition and the time taken to

complete the transition. The spatial informa-

tion stored in the transition links is crucial to

the process of map correction, which keeps the

experience map layout spatially representative

of the environment.

When the robot returns to a familiar part

of the environment after spending time in an

unexplored part of the environment, its estimate

of where it is, as encoded in the pose cells, may
be incorrect, due to the build up of small errors

over time (odometric drift). In such a situation,

familiar visual scenes will activate pose cells

representing the correct location of the robot.

This in turn causes the robot's associated loca-

tion within the experience map (given by the

maximally active experience) to jump from the

V

Local View

Cells (LV)

Pose Cells

(PC)

new experience it has most recently learned to

a previously learnt experience. This will cause

a momentary discontinuity in the si)atial layout

of the experience map. Tlu^ transition l)etween

the two experiences will enco(k^ only a relatively

short distance of robot travel, but the actual

positions of the two experiences in the (x,y)

space of the experience map will be relatively

far apart. The map correction process creates a

spatially consistent map by shifting experiences

so that the difference between the distance

separating any pair of linked experiences in the

experience map space, and the distance encoded

by the transition link itself, is minimized.

To perform goal navigation, the experience

maps are converted into temporal maps in a

process similar to that used to convert the

goal memory cells into temporal maps. The
experience maps are also used by exploration

algorithms that enable a robot to rapidly ex-

plore a novel environment, and adaptation

mechanisms which enable a robot to modify

its map to reflect changes in the environment

" due to space restrictions, these sections of

work are merely mentioned here, with further

information available elsewhere.

Experience Map
Coordinate Space

Figure 11. Experience nmp co-ordinate space. An experience is associated with certain pose and

local view cells, but exists within the experience map's own {x,y,6') co-ordinate space (Milford,

2006).
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Experience Maps and Navigation

The new navigation system was tested in the

environment shown in Figure 10a. Figure 12

shows tlie pose ceU representation of the en-

vironment, and the resultant experience map.

Tlie experience mapping algorithm is able to

successfully remove the discontinuities in the

pose cell map, as well as draw multiple repre-

sentations of the same place into overlapping

areas of the map. This is due to the ability of

the experience mapping algorithm to correct its

layout based on connectivity information, unlike

the pose cell representations which are rigidly

linked to the static pose cell matrix structure

(Milford, Wyeth and Prasser, 2006).

Figure 13 shows the planned and executed

routes for six typical goal navigation tasks in

the environment. The temporal maps shown

in Figures 13 a,c,e,g,i,k, which were now built

using the experience map, clearly represent the

actual layout of the physical environment. The
robot followed the planned route to the goal for

goals one and two. The robot followed routes

that were quite similar to the planned routes

for goals four and five, but with some minor

variations. For the routes to goal three and

six the robot deviated very significantly from

the initial planned routes to the goal, but did

eventually reach and stop at the goal.

From observing these and other experiments

it was clear that most of the mistakes made
by the route following algorithm resulted from

using the incorrect local movement behaviour

at critical intersections. Once the robot took a

wrong turn it was also clear that the route plan-

ning algorithm immediately started to plan new
'shortest' routes to the goal. After mistakenly

turning into the room containing goal two while

navigating to goal six, the robot attempted to

exit back into the corridor, as shown by the loop

at the entrance to the room. It was not able to

time its switching of local movement behaviours

correctly and ended up doing a complete loop

of the room.

Although developed as a heuristic solution

to a navigation problem, the experience map-

ping algorithm bears a functional resemblance

to the place cells originally modelled at the

start of the project. Specifically, place cells

are currently thought to encode contextual spa-

tial memories, rather than spatial memories in

isolation (Hafting, Fyhn, Molden, Moser and

Moser, 2005). Each experience in the experience

map represents a distinct spatial location in the

environment through its association with the

pose cells, but also stores the visual appear-

ance of that place through its association with

the local view cells. Furthermore, transitions

between experiences encode behavioural and

temporal information about the robot's move-

ment through the environment, providing some

parallels to the contextual spatial memories

thought to be stored in place cells.

By the end of the project, the RatSLAM
system had been developed to the stage where

a robot could use it to explore an unknown
environment, create a map of that environment,

use that map to navigate between places, and

adapt to simple changes in the environment

(Milford, 2008). In the course of the work

several modifications of the original models were

made to overcome functional navigation limi-

tations. One major problem was the splitting

of the representation of the robot's state into

location and orientation in the place and head-

direction cells, which was solved by developing

pose cells combining both their characteristics.

Another major problem was encountered when

attempting to perform purposeful navigation

using the spatial representations built up in the

pose cells. While the cells learned stable repre-

sentations, they lacked easily accessible spatial

information required to plan and execute routes

to goals. The experience mapping algorithm

was developed to take the output from the pose

cells and turn it into a spatially representative

map that could be used for goal navigation

and other tasks. In recent work, we have

demonstrated that the mapping system can

scale to mapping entire suburbs (Milford and

Wyeth, 2008), and current work is investigating

the scalability in time in experiments running

over several days or weeks.
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Figure 13. Temporal maps, plamied and actual routes using the experience mapping algorithm

for goals one to six (in order). Temporal maps and planned routes, with the temporal distance
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of the executed routes were close to optimal or somewhat suboptimal (b, d, h, j). Two routes

involved major movement errors (f, 1). Overlapping experiences were rendered in order of their

temporal value, with lower value layers rendered above higher value layers. Figure from (Milford,

2008) with permission.
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The work carried out for tliis project raised

a number of issues of interest. Tlie RatSLAM
model and experience mapping algorithm were

evaluated through practical experimentation.

Other computational models such as those of

Arleo (2000) or Stringer et al. (2002) were eval-

uated in terms of their practical performance

and their replication of biological observations.

A set of theoretical analysis tools is required

to complement the practical analysis of these

systems. Being able to theoretically prove

(or disprove) properties of these biologically

inspired models like convergence and long-term

stability, such as in the work by Cheung et al.

(Cheung, Zhang, Strieker and Srinivasan, 2007),

would facilitate their further development as

practical robot mapping and navigation sys-

tems.

The work also touched on the issue of

map usability - a map that looks good is of

course useless if it cannot be used by the agent

that created it, whether human, animal, or

robot. Traditional robotic mapping represen-

tations such as high resolution grid maps are

not necessarily optimal for integrated mapping

and navigation systems. Animals navigate

quite well without apparently forming any high

resolution occupancy grid map. Future work

on both probabilistic and biologically inspired

mapping and navigation systems will benefit

from a detailed study of the properties of a map
that make it usable, and a start on this has been

made in (Milford and Wyeth, 2007).

CONCLUSION

In conclusion, the aim of this work was to

demonstrate the potential for using biology as

the inspiration for robotic mapping and nav-

igation systems. In a relatively short period

of time it was possible to develop, using the

rodent brain as inspiration, a robotic control

system that allowed a robot to explore, map,

and navigate an unknown environment, and

even adapt to very simple changes (Milford,

2008). The work on any particular stage of the

project was necessarily relatively brief, but it

is hoped that it will help spur further work in

this area. Recent new discoveries about how

rats usc^ their brains to map their (uivironments,

such as grid cells, are providing researchers in

this area with rich new sources of inspiration

(Solstad, Moser and Einevoll, 200G, Guanella

and Verscliure, 2006, Rolls, Stringer and Elliot,

2006, Burgess, Barry and O'Keefe, 2007). I

hope and anticipate that we shall soon see

robots equipped with artificial models of animal

brains, adeptly navigating in our everyday lives

using animal navigation systems derived from

millions of years of evolution.
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Thesis Abstract: Supporting Medication-related

Decision Making with Information Model-based

Digital Documents

JEAN-PIERRE CALABRETTO

Abstract of a Thesis submitted for the Degree of

Doctor of Philosophy, University of South Austraha. 2007

Medication is vital in treating chronic dis-

ease. Increasing use of medication, however, can

lead to (potentially preventable) medication-

related adverse events. Medication manage-

ment offers a means of addressing such adverse

events and pharmacists have an important role

in this solution, especially in terms of reviews

of patient medication.

Improved availability and sharing of patient-

related information are critical factors in med-

ication management, so that providing access

to this information becomes a major factor in

effective medication reviews. Although clinical

decision support tools can signihcantly assist

doctors in accessing relevant point-of-care infor-

mation for greater patient safety, it has proven

difficult to ensure the availability and appropri-

ate structure of patient-related information for

such support tools. These information access

and input problems are further exacerbated by

a lack of existing research into suitable decision

support solutions for pharmacists.

This research project explored the suitabil-

ity of an 'essential' information model to sup-

port an electronic document solution to support

clinical documentation and allow effective com-

munication between pharmacists and doctors

for medication reviews. The project inves-

tigated whether this approach could improve

safety, quality and efficiency in the medica-

tion review process; as well as more generally

identifying factors influencing development and

uptake of document-based support tools in the

Health sector. The project used a qualitative

Design Research approach and iterated through

three scenarios:

§ The first, information-rich, hospital scenario

developed an information model of essential

medication management components, which

underpinned tlie development of a digital doc-

ument prototype implemented using XForms
technology.

§ In the second scenario, accredited pharma-

cists evaluated the digital document to enable

refinement of the information model and its

associated digital document for the broader

'community' context.

§ The third scenario involved field studies

which evaluated the digital document (and

thus the underlying information model) within

the community, assessing its contribution to

quality, safety and efficiency throughout the

medication review process. The investigation

identified a number of themes which guided

design and development of the prototype; and

which appeared likely to have a broader impact

on successful uptake of decision support tools.

Missing information proved to be a constant

and serious problem for health professionals -

although, in this project, it also became a way of

determining the value of an information element

and thus its inclusion in the information model.

Conversation played a significant role in the

hospital environment to help supply pharma-

cists' information needs. Information granular-

ity, the 'language' of health professionals; and

their time constraints were major factors influ-

encing design. Health professionals* extensive

use of their personal knowledge also suggested

decision supi)ort tools in this sector should

be 'systems for experts' rather than expert

systems, i.e. the decision support tool and its

user's personal knowledge should complement

one another.

The results of this i)roof-of-concept project

suggest practice improvement in medication

management is possible, with perceived im-
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provements in safety, quality and efficiency of

the medication management process. These

benefits, however, now need to be affirmed in

larger field studies.

The contributions of this research are two-

fold: firstly, it is possible to develop a model of

essential medication-related information which

is succinct, relevant and can be understood and

shared by health professionals - in conjunc-

tion with the individual's personal knowledge.

Secondly, a document metaphor is a natural

fit with health professionals for representing

and communicating information. Expressing

this metaphor as digital document overcomes

the main problems of paper-based documents
- sharing and communication; and the dy-

namic properties of digital documents assist in

decision-making.

Dr Jean-Pierre Calabretto

School of Pharmacy and Medical Sciences Sz

Sanson! Institute, University of South Australia

GPO Box 2471, Adelaide SA 5001

Email: Jean-Pierre.Calabretto@unisa.edu.au

Thesis Abstract: Hemispheric Interaction:

When and Why is Yours Better Than Mine?

NICOLAS CHERBUIN

Abstract of a Thesis submitted for the Degree of

Doctor of Philosophy, Australian National University, 2006

The performance of most tasks requires

some interaction between the cerebral hemi-

spheres. Despite this fact, research has focused

on demonstrating that each hemisphere is spe-

cialised for certain processes and has largely

neglected this interaction. Recent research has

recognised the need for a better understanding

of how resources are shared between the cerebral

hemispheres. While these studies have shed

light on factors external to the participants

being tested they have neglected variables that

differ between individuals.

The studies reported here focused on factors

internal to the participants. They include

sex, age, handedness, functional lateralisation,

practice, attention, and hemispheric activation,

which vary between individuals or within indi-

viduals across time, and have been shown to

influence the structure and morphology of the

corpus callosum which is the main pathway for

hemispheric interactions. This thesis examines

the relationship of these variables to the eflfi-

ciency of hemispheric interactions.

A literature review of the factors aff"ecting

hemispheric interactions and interhemispheric

transfer is presented in Chapter 1, and method-

ological issues relating to the measurement of

these variables in Chapter 2. Based upon

this research, two tasks were selected to assess

interhemispheric transfer time and hemispheric

interactions, respectively, and to investigate the

relationship between these two variables.

Chapters 3 and 4 present the findings

of the principal study, using a large sample

of participants and regression analysis, which

demonstrate that both faster interhemispheric

transfer and more extreme left-handedness are

associated with greater efficiency of hemispheric

interaction. Surprisingly, other factors which

were expected to influence hemispheric inter-

actions (age, sex, functional lateralisation, and

attention) did not have a significant effect.

A strong practice eff"ect found in the task

used in Chapters 3 and 4 is analysed in

Chapter 5. Contrary to previous findings,

this practice effect seems not to be due to

a shift from sequential, rule-based processing

to memory-retrieval, but rather, is a more

general practice effect consistent with progres-

sively more efficient use of neural resources.

Chapter 6 shows that individuals with dyslexia

not only demonstrate an abnormally fast in-
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terheniisplieric transfer, hut also atteiitioiial

deficits, due probably to decreased efficiency in

hemispheric interactions. In Chapter 7 it is

demonstrated that both latent and induced pat-

terns of lateralised hemispheric activation affect

hemispheric interactions. This suggests that as-

sessment of hemispheric activation is important

not only in this held, but also more generally

in neuropsychological research. These findings

highlight the need for a simple, inexpensive

measure of hemispheric activation that can be

applied routinely in cognitive experiments.

Chapter 8 presents a new technique to

measure lateralised brain activation in psycho-

logical experiments using functional tympanic

membrane thermometry (fTMT). This measure

relies on the measurement of ear membrane
temperature as an index of hemispheric activa-

tion. The teclmi(iue is sinii)le and inexpensive,

and is shown to hv suitable for the assessment of

heniisi)lieric activation patterns during typical

experiments.

In conclusion, individual characteristics such

as the efficiency of interhemispheric transfer,

handedness, fvmctional lateralisation. attention,

and hemispheric activation are important fac-

tors to consider when researching liemisi)lieric

interactions in both normal and clinical popu-

lations.

Nicolas Cherbuin

AAR k CMHR Postdoctoral Fellow

Centre for Mental Health Research

Australian National University

Canberra, ACT 0200

Email: nicolas.cherbuin'tianu.edu.au

Thesis Abstract: Molecular Characterisation of

Membrane Transporters Associated with Saxitoxin

Biosynthesis in Cyanobacteria

JASPER J.L. PENGELLY

Abstract of a Thesis submitted for the Degree of

Doctor of Philosophy, University of New South Wales, 2008

Cyanobacteria produce a diverse range of

secondary metabolites, many of which are toxic

to mammals. It is important to understand

the factors affecting the release of toxins from

aquatic cyanobacteria so as to develop manage-

ment strategies that minimise contamination of

potable and recreational water systems. Release

of toxins from cyanobacterial cells is thought

to occur primarily after cell lysis, yet recent

evidence also suggests active toxin export.

The cyanobacterium Cylindrospermopsis

raciborskii T3, contains a gene cluster, sxt,

believed to be responsible for the production

of the neurotoxic alkaloid saxitoxin (STX) and

its derivatives, which includes two genes pu-

tatively encoding members of the nnilti-drug

and toxic compound extrusion (MATE) trans-

porter family, sxtF and sxtM. The cyanobac-

terium A. circinalis contains a putative sodimn-

dependant transporter gene, naDt, shown to be

associated with STX-producing strains. These

transporter proteins were predicted to be in-

volved in the export of STX from cyanobacterial

cells.

The main aim of this project was to char-

acterise tlie transporters associated with STX
biosynthesis, by investigation of the genetic

prevalence, functional substrates and specific

regulation, through a strategic approach involv-

ing bioinformatic analysis, protein expression,

mutagenesis and transcrii)tional measurement.

An sxtM homologue was discovered in A.

cvninalis 131C, as part of an sxt cluster, and

found to be uniquely associated with STX-

producing strains. Membrane topology analysis

predicted 12 membrane-spanning regions for the
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sxt transporter genes, characteristic of members

of the MATE family. Putative MATE trans-

porter genes were also identified in strains of

Nostoc and Nodularia, yet were not found to

be associated with toxic compound production.

Bioinformatic and phylogenetic analysis showed

that the translated sxt transporters clustered

with the NorM prokaryotic MATE sub-family,

whereas the Nostoc and Nodularia MATEs clus-

tered with the DinF sub-family. The genetic

regions surrounding naDt in A. circinalis 131C

were sequenced and found not to include an sxt

gene cluster.

To characterise the functional substrates

of the putative STX-transporters, naDt and

sxtM from A. circinalis 131 C, and sxtF and

sxtM from C. jxicihorskii T3, were heterolo-

gously expressed in the antibiotic-sensitive E.

coll strain KAM32. Expression of the sxt

MATES complemented host sensitivity to the

cationic fluroquinolone antibiotics ciprofloxacin

and ofloxacin.

The functional substrate range of these

transporters was also investigated in the non-

toxic model cyanobacteria Synechocystis sp.

PCC6803. Disruption of gene liomologues of

naDt and the sxt MATE genes in this cyanobac-

teria yielded mutant strains with increased sen-

sitivity to the toxic organic cations, methyl

viologen and acriflavine. Transcription analyses

of mutants growing in sub-lethal acriflavine

stress showed increased expression of these

transporters supporting their hypothesised role

in resistance to toxic compounds through ef-

flux. Increased transcription of other putative

transporter genes, from the ABC and RND

multi-drug resistance families, in mutant strains

indicated the likelihood of a complementary

system of exporters contributing to drug efflux

in Synechocystis sp. PCC6803.
Transcription of the putative STX trans-

porters, naDt and sxtM from A. circinalis 131

C

and sxtF and sxtM from C. raciborskii T3,

and the putative STX biosynthesis gene sxtA

present in both strains, was studied in cells

under alkali and Na+ stress at two stages of

growth. As the Na+ levels, and alkalinity of

the growth media of C. raciborskii T3 have

been previously shown to influence STX levels,

intra- and extracellular STX was measured us-

ing HPLC. Alkali stress (pH 9) decreased total

STX levels in A. cirvinalis 131C, correlating

with down-regulation of the putative transport

and biosynthetic genes. In C. raciborskii T3,

alkali stress provoked higher extracellular STX
levels and lower intracellular STX levels than

in control cultures, which correlated with large

increases in transcription of the putative STX
transport genes. No observable effects were seen

in response to Na+ stress.

Overall, these experiments have provided ev-

idence that the sxt MATEs present exclusively

in STX-producing strains of A. circinalis 131C

and C. raciborskii T3 could potentially act in

the export of the neurotoxic alkaloid saxitoxin.

Jasper Pengelly

School of Biotechnology and Biomolecular

Sciences. The University of New South Wales

Kensington, NSW, 2052

Email: jasperpengelly@gmail .com
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Thesis Abstract: Unnatural Production of Natural

Products: Heterologous Expression and Combinatorial

Biosynthesis of Cyanobacterial-Derived Compounds
ALEXANDRA A. ROBERTS

Abstract of a Thesis submitted for tlie Degree of

Doctor of Philosophy, University of New South Wales, Sydney, 2008

Cyanobacteria produce a myriad of struc-

turally unique secondary metabolites with use-

ful bioactive properties. Heterologous expres-

sion of a variety of microbial natural com-

pounds has been used to harness their diversity

and facilitate their combinatorial biosynthesis.

However, these genetic techniques have not been

developed for secondary metabolite-producing

cyanobacteria. Therefore the genetically ma-

nipulable Escherichia coli and Synechocystis sp.

PCC6803 were engineered in order to develop

effective heterologous hosts and promoters for

the expression of cyanobacterial-derived com-

pounds.

The phosphopanthetheinyl transferase

(PPT), Sppt, from Synechocystis sp. PCC6803
was characterised to determine its ability

to activate carrier proteins from secondary

metabolite pathways. Despite in silico evidence

which suggested Sppt was able to activate

a wide range of carrier proteins, biochemical

analysis revealed that it is dedicated for fatty

acid synthesis. Consequently, E. coli and

Synechocystis sp. PCC6803 were engineered

to encode a broad-range PPT, from the

filamentous cyanobacteria Nodularia spumigena

NSORIO, for the activation of carrier proteins

from nonribosomal peptide synthesis.

Cyanobacterial natural product engineering

was also explored with the characterisation of

two relaxed specificity adenylation domains (A-

domains) from the biosynthetic pathway of the

toxin microcystin. The wide variety of micro-

cystin compounds produced by cyanobacterial

species suggests that nuiltiple amino acids can

be activated by the same A-domain. This was

supported by preliminary ATP-['^^P]PP, ex-

change assays and was subsequently harnessed

in the production of a variety of dipeptides using

two reconstituted modules in vitro.

Transposition was investigated as a poten-

tial mechanism for the transfer of nonribosomal

peptide synthetase gene clusters to heterologous

hosts. This was performed via the characteri-

sation of the putative transposase, Mat, phys-

ically linked with the microcystin synthetase

gene cluster (mcyS). PGR screening, in silico

analysis and nitrocellulose filter binding assays

indicated that this transposase may have me-

diated m,cyS gene cluster rearrangements but

not entire gene cluster mobilisation between

species. The potential role of transposases in

the natural combinatorial biosynthesis of mi-

crocystin has evolutionary implications for the

dynamic nature of cyanobacterial genomes and

applications for use in the engineering of novel

bioactive compounds. Therefore, the results

from this study may provide a biotechnological

platform for the transfer, expression and com-

binatorial biosynthesis of novel cyanobacterial-

derived natural products.

Alexandra A. Roberts

The School of Biotechnology and Biomolecular

Sciences, The University of New South Wales

Sydney, NSW 2052, Australia
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Thesis Abstract: Framing the European Union:

An Australian Case Study of the

European Union's Image Abroad

KATRINA STATS

Abstract of a Thesis submitted for the Degree of

Master of Arts, University of Melbourne, 2007

Contributing to a broader study of Asia Pa-

cific perceptions of the European Union (EU),

this thesis constructs a comprehensive case

study of tlie way in which the EU is represented

and perceived in the official, public, elite and

media discourses of one of its external partners

- Australia.

Official perceptions of the EU and attitudes

towards the EU-Australia relationship were as-

sessed through the analysis of key government

documents and speeches, highlighting a curi-

ous discrepancy between the EU's actual and

perceived importance for Australia. Despite

the clear consequence for the national interest

and its increasingly integrated nature, there

is demonstrable reluctance on the part of the

Australian government to recognise it as a

significant and cohesive international actor and

partner for Australia, and to pursue the rela-

tionship on this basis.

A similar discrepancy was found to exist at

the level of the public. Public perceptions were

measured through a broad public survey and

complemented by a series of in-depth interviews

with key business figures, political leaders and

media producers. The analysis of this data

revealed that the EU was considered to be less

significant than other international partners,

was commonly perceived in terms of its member
states, and was regarded as distant and largely

irrelevant for Australia.

Recognising the media's crucial role in com-

nmnicating distant events, issues and actors,

and thus, in the formation of perceptions, the

EU coverage of five Australian daily newspapers

and two daily news broadcasts was monitored

for a six month period and analysed in order to

determine the way in which the EU is 'framed'

for local audiences. This analysis demonstrated

that the EU was virtually absent from broad-

cast news and comparatively invisible in the

press in contrast to the United States. It

was most frequently reported in the context of

other countries and, moreover, was most often

only a secondary or minor focus of the news.

Its member states and their leaders figured

much more prominently than the EU's own
institutions or leaders. The comparison of the

findings by outlet with the public habits of news

consumption suggests that the media's framing

of the EU largely accounts for public and elite

perceptions - and indeed, misperceptions - of

the EU.

There are a number of explanations for the

limited manner in which the Australian media

frames the EU for local audiences, namely,

the difficulties in reporting the complexities of

European integration and the lack of a strong

Australian media presence in Europe. Never-

theless, there are significant implications of the

resulting communication deficit, both for the

EU and Australia. The findings of this thesis

offer novel insights into the EU's quest to build

a stronger, more cohesive identity and increase

its influence in world affairs. For Australia, the

lack of understanding about the EU means that

significant opportunities are being missed. It

is clear that the EU has outgrown the frames

through which it is viewed from Australia. This

thesis recommends a reframing of the EU that

more accurately reflects, and helps to further

develop, the EU-Australia relationship.
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Archibald Liversidge

Imperial Science under the Southern Cross

by Professor Roy MacLeod

Roy MacLeod is Professor Emeritus of (Modern) History

at the University of Sydney, and an Honorary Associate in the

History and Philosophy of Science. He was educated in history,

the biochemical sciences, and the history of science at Harvard

University (summa cum laude), in sociology at the London School

of Economics, and in history and the history of science at

Cambridge, where he took the PhD degree in 1967.

He is the author or editor of 22 books and about 120 articles

in the social history of science, medicine and technology; military

history, museum history, Australian and American history, Euro-

pean history; research policy, and the history of higher education.

Roy MacLeod's most recent book, Archibald Liversidge: Im-

perial Science under the Southern Cross is about to be published

by the Royal Society of NSW and Sydney University Press. Professor Roy MacLeod
Liversidge was renowned for his remarkable service to Australian

science in the early days of the University of Sydney, where in 1872 he became demonstrator in

chemistry and then 'Reader in Geology and Assistant in the Laboratory' and professor of geology

and mineralogy in 1874.

One of his greatest contributions was to science education. He worked tirelessly to secure

proper recognition of science in both secondary and tertiary education. In the Preface of his book,

Professor MacLeod comments: "Liversidge remained confident that Australia's path would follow

the route of the 'moving metropolis', strengthened by the bonds that tied Australia to its British

heritage, hi that heritage lay his life, and through that heritage, flowed the genius of imperial

science in New South Wales."
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