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Thinking Systems:  

Navigating Through Real and Conceptual Spaces 
 
Project Summary 
 
This project brings together a cross-disciplinary, collaborative and cross-
institutional team to study fundamental issues in how information is 
transmitted, received, processed and understood in biological and artificial 
systems. The core of the project is studying how brains understand spatial 
systems, both physical and conceptual. This integrated approach is leading to 
an increased understanding of neural, behavioural and information processing 
bases of thinking systems. Insights from neurocognitive systems are being 
used to develop computational models, autonomous robots and intelligent 
software agents, which in turn are leading to deeper understandings of the 
relationships between neurocognitive mechanisms and their behaviour in 
whole systems. 
 

Project Team 
 
Professor Janet Wiles Dr. Andrew E. Smith 

Professors Perry F. Bartlett Professor M.V. Srinivasan 

Professor Kevin Burrage Professor Gordon F. Wyeth 

Professor Geoffrey J. Goodhill Professor Michael A. Arbib 

Professor Jason B. Mattingley Professor Jeffrey L. Elman 

Professor Pankaj Sah Professor John M. OôKeefe 
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Thinking Systems Symposium 
Program 
 

Monday 22 November 2010 
 

10.30 ï 11.00am Tea/Coffee 

11.00 ï 11.10am 

11.10 ï 11.30am 

Janet Wiles: Welcome 

Richard Coleman: Opening Address 

11.30 ï 12.00pm 
Mandyam Srinivasan and Tien Luu 

ñInsect Navigationò 

12.00 ï 12.30pm 
Pankaj Sah and Francois Windels 

ñUsing Place Cells in Goal-Directed Behaviour: Rodent Electrophysiologyò 

12.30 ï 1.00pm 
Gordon Wyeth and Michael Milford 

ñBrain-Based Robot Navigationò 

1.00 ï 1.30pm Lunch 

1.30 ï 2.00pm 
Jason Mattingley and Oliver Baumann 

ñNeural and Behavioral Correlates of Human Navigationò 

2.00 ï 2.30pm 
Andrew Smith and Daniel Angus 

ñConcept Mapping Inspired by Physical Navigationò 

2.30 ï 3.00pm 
Allen Cheung 

ñMathematical and Computational Theory of Animal Navigationò 

3:00 ï 3:15pm Tea/Coffee 

3.15 ï 3.45pm 
Peter Stratton 

ñUnderstanding the Dynamics and Function of Networks of Spiking Neuronsò 

3.45 ï 4.15pm 
David Ball 

ñEngineering, Technology and Roboticsò 

4.15 ï 5.15pm Jeff Elman: Closing Address 

5.15 ï 5.30pm Discussion 

5.30pm Close 
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Directorôs Report 
 

The deep mysteries of how the brain navigates in physical and conceptual space are studied by a diverse 

range of disciplines and have potential applications from health to the development of new technologies. 

Navigation is a fundamental ability for movement through both physical and conceptual worlds. Taken for 

granted until something goes wrong, physical navigation is essential not just for animals (from insects to 

mammals), but also for autonomous robots. Just as places are organised using physical maps, so concepts 

are organised using concept maps. Conceptual navigation enables humans to make sense of the complex 

world of ideas ï possibly using neural circuits evolved for physical navigation.  

 

The aim of the Thinking Systems Navigation project is to integrate disciplinary approaches from neuroscience, 

robotics and information science. The strength of the project lies in its personnel, and the research themes 

have been led by an outstanding group of researchers across a range of disciplines, joined by an extremely 

talented group of research fellows and students who have been learning the many interdisciplinary skills 

involved. Our neuroscientists have drawn on engineering and computational modelling for new tools and 

techniques, and our roboticists and information systems scientists have been inspired by biological navigation 

to develop novel technologies. Highlights reported in the following pages include insights into honeybee flight 

using a bee-sized virtual reality world, algorithms for robots inspired by rodent navigation, the identification of 

specialised brain regions for heading direction in human navigation, and a new rat-sized robot (the iRat) 

controlled by spiking neural models. Interdisciplinary research also leads to unexpected and beneficial 

applications, and we report for the first time on visualization of text as a path through a conceptual space, 

which is leading to understanding of communication in a diverse range of conditions including autism, 

schizophrenia and dementia. 

 

We are proud of the depth as well as the breadth of our interdisciplinary work in neuroscience, computational 

science, robotics and information visualization. The quality is recognised by acceptance in highly acclaimed 

international journals and refereed conferences, with publications in 2009 including International Journal of 

Human-Computer Studies, Journal of Neurophysiology, PLoS One, International Symposium of Robotics 

Research, and IEEE International Conference on Information Visualization; and in 2010 in International 

Journal of Robotics Research, Journal of Neurophysiology, Journal of Neuroscience (2), Journal of Theoretical 

Biology (2), NeuroImage (2), PLoS Computational Biology (2), Robotics and Autonomous Systems, 

International Conference on Robotics and Automation (2), International Conference on Artificial Life, and 

International Conference on Neural Information Processing (2). Our trajectory has continued to develop, with 

13 refereed publications in 2009 (46% in ERA A) and 22 in 2010 (73% in ERA A* and A). Impressively, 50% of 

our journal publications in 2010 were ERA A* ranked (i.e. in the top 5% of journals). Our research is also 

producing commercial benefits with three patents to date, one in 2009 for information visualisation, which has 

been licensed to the text analytic company Leximancer Pty Ltd, and two in 2010 in robotics and information 

visualisation, with commercialisation under discussion. 

 

Collaboration has been a guiding principle of the project since its inception. Funded by the ARC Special 

Research Initiative in Thinking Systems since mid 2006, the early years of the project involved establishment 

of our collaborative structure ï weekly meetings of all members of the project, with a focus on presentations 

led by the Chief Investigators in the first year, the postdocs and research students in the second and third 

years, and collaborative endeavours between two or more postdocs in the last year. National and international 

visitors have contributed throughout the project, and we have benefitted especially from extended visits by our 

international Partner Investigators. In 2009 we hosted a joint Symposium of the three Thinking Systems 

projects, a highly successful Summer School on Animal Navigation, and over summer 2009-2010 organised a 

lecture series with internationally renowned speakers and an associated special topics course ñSummer of 

Spikesò on spiking neurons, networks and oscillations in the brain. Computational modelling has been central 

to the project for understanding the theoretical principles and computational algorithms for physical and 

conceptual navigation. An unusual strength of the collaboration across disciplines has been the joint 

supervision of research and research experience students, with engineering students contributing particularly 
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to the development of new technologies and models in neuroscience and benefitting from placements in 

neuroscience labs. Cross-disciplinary fertilisation has enabled rapid development of new technologies for 

investigation of navigation in bees, rodents, humans, and biological inspiration of head-direction, place and 

grid cells for robotics. 

 

The TS Navigation project is entering its final year of funding, and we anticipate that the innovations of the 

past four years will continue, with an ongoing and upward trajectory of excellent results into 2011 and beyond. 

The speed with which new approaches and technologies have been developed has been due to two major 

factors ï the critical mass of outstanding researchers and the range of disciplines that have focussed on the 

challenges. Our diverse and high quality achievements show the benefits of funding exciting interdisciplinary 

projects spanning science and technology. 

 

Professor Janet Wiles 
Director, Thinking Systems Navigation project 
School of Information Technology and Electrical Engineering,  
and adjunct Professor in the Queensland Brain Institute. 
November 2010. 
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Opening Address 
 

 

Professor Richard Coleman 
Executive Director for Physical, Mathematical and Information 
Sciences, Australian Research Council 
 

Professor Coleman joined the ARC in July 2009 as Executive Director for 

Physical, Mathematical and Information Sciences. Prior to this, he was the 

Professor of Marine Science and Director of the Centre for Marine Science at 

the University of Tasmania (UTAS), and also the Director of the joint CSIRO-

UTAS PhD Program in Quantitative Marine Science.  

 

Professor Coleman was a member of the ARC College of Experts on the 

Physics, Chemistry and Earth Sciences panel since 2008.  

 

He has over 25 years experience as a researcher and academic in the Australian university sector. Professor 

Coleman has held positions at the Research School of Earth Sciences, the Australian National University, the 

University of Sydney, and the University of Tasmaniaðwhere he also held a joint appointment with CSIRO 

Marine and Atmospheric Research.  

 

Professor Coleman has taught a wide range of undergraduate and graduate courses in the physical sciences 

(spatial information, earth, and marine sciences). He has a wealth of experience in graduate supervision, with 

some 27 completions, and has served as Acting Dean of Graduate Research at the University of Tasmania. 

 

Professor Coleman holds a Bachelor of Surveying (Hons 1) and a PhD in Geodesy from the University of New 

South Wales. He has received a Fulbright postgraduate award and Queenôs Fellowship in Marine Science and 

has been a visiting scientist at universities and research institutions in France, Japan and the United States. 

 

Throughout his career, Professor Coleman has been awarded more than $13 million in research funding from 

nationally competitive research grants over 20 years. His research comprised geodesy, physical 

oceanography and glaciology, with the main focus based on understanding the role of the oceans and 

cryosphere in the global climate system by using observations, theory and modelling.  

 

Professor Coleman has written more than 90 publications in peer-reviewed journals. 
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Closing Address 
 

 

Professor Jeffrey L. Elman 
 

Jeffrey L. Elman has made several major contributions to the theoretical 

foundations of human cognition, most notably in the areas of language and 

development. His work has had an immense impact across fields as diverse as 

cognitive science, psycholinguistics, developmental psychology, evolutionary 

theory, computer science and linguistics. Elman's 1990 paper Finding Structure 

in Time  introduced a new way of thinking about language knowledge, language 

processing, and language learning based on distributed representations in 

connectionist networks. The paper is listed as one of the 10 most-cited papers in 

the field of psychology between 1990 and 1994, and the most often cited paper 

in psycholinguistics in that period. This work, together with earlier Elman's earlier 

work on speech perception and subsequent work on learnability, representation, 

innateness, and development, continues to shape the research agendas of 

researchers in cognitive science, psycholinguistics, and many other fields. 

 

Elman received his Bachelor's degree from Harvard in 1969 and his Ph.D. in Linguistics from the University of 

Texas in 1977. That same year he joined the faculty at UCSD, where he has remained ever since, first in the 

department of Linguistics and now in the Department of Cognitive Science. He is now Distinguished Professor 

in the Department of Cognitive Science, as well as Dean of the Division of Social Sciences and Co-Director of 

the Kavli Institute for Brain and Mind. 

 

In the early 1980's, Elman was among the first to apply the principles of graded constraint satisfaction, 

interactive processing, distributed representation, and connection-based learning that arose in the 

connectionist framework to fundamental problems in language processing and learning. His early work 

concentrated on speech perception and word recognition, leading to the co-development (with Jay 

McClelland) of TRACE, an interactive-activation model that addressed a wide range of findings on the role of 

context in the perception of speech. Elman's subsequent work on language learning in Simple Recurrent 

Networks has been revolutionary. 

 

Many of Elman's ideas about ontogeny were worked out in detail with several colleagues in the 1996 book, 

Rethinking innateness: A connectionist perspective on development, where the Nature-Nurture controversy is 

redefined in new terms. 

 

Elman has also been a leading contributor as a scientific citizen, working continually to build bridges between 

the disciplines that contribute to the field of Cognitive Science. For many years, Elman directed the UCSD 

Center for Research in Language, where he turned a local resource into an internationally renowned research 

unit. At the international level, Elman has been an active member of the Governing Board for the Cognitive 

Science Society. He has served as President of the society, and serves as consultant and advisory board 

member of many departments and institutions, and on the editorial board of numerous journals.  

 

Elman was the recipient of The David E. Rumelhart Prize (2007), for Contributions to the Theoretical 

Foundations of Human Cognition. In short, Elman exemplifies the kind of model that David Rumelhart set for 

our field, not only in the quality and depth of his science, but in the degree of compassion, leadership and 

generosity that he provides to his colleagues around the world. 
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Theme 1: Neural Mechanisms for Navigation 
 
This theme is investigating neural mechanisms for navigation in insects via 
electrophysiology and behavioural observation. This research is helping design 
computationally efficient and reliable algorithms for autonomous navigation. 
 

Project Members 
 

Theme Leader  Mandyam Srinivasan 

 

Chief Investigators 
 

Pankaj Sah, Perry Bartlett, Gordon Wyeth, Geoffrey Goodhill, 

Janet Wiles 

 

Research Fellow 
 

Tien Luu 

 

PhD Student 
 

Gavin Taylor 

 

Research Assistants 
 

Gavin Taylor (2009), Justin Cappadonna (2009) 

Collaborators 
 

In Thinking Systems: Allen Cheung, David Ball 

In QBI: Judith Reinhard 

 

Research Experience Students 
 

Timothy Mews (2008-09), Gavin Taylor (2008-09) 
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Insect Navigation 

 

Tien Luu 
 

Summary 
 

Honeybees are excellent foragers, able to find food sources at sites up to 10km away from their hive. Their 

ability to find these sites and subsequently communicate the location of the food source to other worker bees 

upon their return clearly demonstrates their exceptional navigational abilities. Thus the honeybee provides an 

ideal experimental model to better understand the neural substrates of insect navigation. 

 

Honeybee and Virtual Reality 
 

A large body of published experimental data exists on freely flying honeybees in tunnel and maze 

experiments, much of which were conducted by theme leader M. Srinivasan and colleagues. Under Professor 

Srinivasanôs leadership, we have recently developed an experimental paradigm to investigate visually guided 

insect flight and navigation using tethered honeybees in a virtual reality arena. The virtual arena was 

constructed with the help of my Thinking System colleagues, Allen Cheung and David Ball. With their help, 

geometrically accurate 3D arenas could be rendered in real time on up to 4 monitors simultaneously, creating 

a panoramic visual environment which simulates motion. This 3D environment has been successful in initiating 

and maintaining flight behaviour in tethered honeybees.  

 

The successful use of virtual reality in studying insect navigation has also paved the way for Gavin Taylor, a 

PhD student, who has adapted the current experimental paradigm to include force sensor measurements. It is 

envisaged that these measurements may be used to control movement within the virtual world, thus allowing 

the tethered honeybee to perform virtual free flights. This experimental setup allows for precise control of the 

visual environment, tracking of flight trajectories and being tethered, it will be possible to carry out electrical 

recordings from neurons in the honeybee brain during navigation and other tasks. 

 

Honeybee flight: A novel óstreamliningô response (manuscript under revision) 

 

The simulation of moving scenes shown across two standard LCD computer monitors, constituting less than 

half the visual panorama, has been shown to be sufficient to induce flight-like behaviour in tethered 

honeybees. The initiation and maintenance of flight-like behaviour purely by image motion (optic flow) has not 

been shown in insects. Using this virtual reality experimental setup an interesting, novel behavioural response 

was observed. The abdomen showed a óstreamliningô response when the bee was exposed to image motion 

that simulated forward flight (Fig. 1). Interestingly, this response is visually driven, and not due to aerodynamic 

drag, since there is no change in air resistance whilst tethered. We also observed this óstreamliningô response 

in 7 day old bees, which are known to be too young to have flight experience let alone performed outdoor 

foraging. This suggests the óstreamliningô behaviour may be an innate response of the honeybee and possibly 

of insects. 
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Figure 1. Changes in the abdominal position of the honeybee were observed when it was exposed to 

simulated forward image motion. The video footage of the flight behaviour were analysed using 

Matlab. The positional changes of the abdomen were tracked by measuring the long axis of the 

abdomen relative to the horizontal axis through the head and thorax. 

 

 

Panoramic motion vision in honeybees 
 

In further experiments, we have implemented a panoramic virtual arena consisting of four LCD monitors. The 

óstreamliningô flight response was observed in both the 2- and 4-monitor setups. However, bees were 

observed to maintain the óstreamliningô posture for much longer periods when tested in the four monitor setup. 

Strikingly, this streamlining response remained the same irrespective of whether the virtual world was 

displayed with the two front, two rear or two diagonal monitors only. When two active monitors were presented 

to the bee, as the speed of image motion was progressively increased, the abdomen was raised progressively 

higher, up to a certain speed, beyond which the abdomen dropped with further increase of image speed. In 

contrast, using the same image speed protocol in the 4-monitor setup, the abdomen was raised progressively 

higher and would then remain elevated for the entire image speed stimulus (Fig. 2). Other flight properties 

have also been investigated using this 4-monitor setup. Some of the properties that we have examined include 

the honeybeeôs abdominal flight response to contrast and to spatial frequency.  

 

In addition, we have also completed studies examining the changes in wingbeat amplitude during the 

honeybeeôs streamlining response. Combining these data with flight thrust measurements, a second 

manuscript is in preparation tentatively titled ñRelationship between flight thrust, wingbeat amplitude and 

streamlining response in tethered, flying honeybees.ò 
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Figure 2. The abdominal positions of tethered bee flights were tracked during testing in the various 2 

and 4 monitor configurations. All flights were presented with the ascending image motion speed 

protocol. Note that the abdominal positional changes were similar regardless of the different 2 

monitor configurations, but were in stark contrast to those flights tested in the 4 monitor set up, in 

which the abdomen remained in an elevated position for most the image speed protocol. 

 

Honeybee electrophysiology 
 

Colleagues from the Drosophila lab (B. van Swinderen, A. Paulk) at QBI routinely obtain multi-unit recordings 
from the honeybee and Drosophila brain. With their help a rig for honeybee electrophysiology has been set up 
and preliminary extracellular spike recordings from the honeybee brain have been successfully obtained. By 
performing extracellular recordings in live honeybees in the virtual reality arena, a number of interesting 
projects are being pursued. One of the projects is to identify the candidate cellular substrates of navigation, for 
example, the honeybee odometer. Another ongoing project is to examine the responses of motion sensitive 
neurons to the alarm pheromone. In the wild, when freely flying honeybees catch a whiff of the alarm 
pheromone, their flight behaviour changes dramatically, from normal meandering flying to increased speed 
and straight flight attack trajectory to the nearest perceived predator/intruder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Recordings from motion-sensitive neurons in live honeybees have recently been made. The figure below 

shows neuronal action potentials firing in response to a green horizontal bar that was moving upwards. There was 

no firing when the bar moved in the opposite direction, i.e. downwards. The bar was moving at a frequency of 1Hz. 
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Ongoing Collaborative Research 
 

Properties of tethered honeybee flights in virtual reality ï in collaboration with Thinking Systems colleagues, 

Allen Cheung and David Ball. 

The effect of alarm pheromone on motion sensitive neuron in the honeybee - in collaboration with Dr Judith 

Reinhard. 

 

Submissions 
 

Luu, T., Cheung, A., Ball, D., Srinivasan, M. ñHoneybee flight: A novel óstreamliningô response,ò Journal of 

Experimental Biology (under revision). 

 

Conference Abstracts or Poster 
 

Luu, T., Cheung, A., Ball, D., Srinivasan, M.V. (2010) ñHoneybee flight: A novel óstreamliningô responseò 

Poster: 9th International Congress on Neuroethology. Salamanca, Spain. 

Luu, T. (2009) Presented at the International Union for the Study of Social Insects conference (IUSSI), 

Brisbane, QLD. 

 

Related Activities 
 

Attended the Summer School of Animal Navigation held at the Australian National University, ACT, 2008. 

Helped with the organization of the Summer School on Animal Navigation (UQ, 2009). 

Demonstrator for the Bee Brain Challenge from 2008- 2010. 

 

Media Coverage 
 

Helped the SBS /BBC film crew (Stefan Moore, producer) shoot tethered honeybee flights. The movie clip was 

used in the ñHoneybee Bluesò documentary shown in Qantas iQ Inflight documentaries. Credited as ñBee 

wranglerò. 

 

Supervision of student related to Thinking Systems 
 

Supervising Gavin Taylor, a PhD student. Project title: Investigating visually guided flight behaviour of 

honeybees in a virtual-reality flight arena. 
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Investigating Visually Guided Flight Behavior of Honeybees 

in Virtual-Reality Flight Arena 

 
Gavin Taylor 
 

Flying honeybees use visual information for tasks ranging from low-level speed control and obstacle 

avoidance to higher-level navigation tasks. Honeybeeôs visual behavior can potentially be used to inspire novel 

visually guided robotic control systems. However, visually guided honeybee behavior has previously only been 

studied in free flight conditions. In laboratory studies, honeybees are typically placed in very restrained 

harnesses and have difficulty learning visual cues. 

 

I have developed a novel assay where tethered honeybees fly in a virtual-reality flight arena. A panoramic 

visual stimulus is displayed to the tethered honeybee, and a force transducer measures the honeybees thrust. 

This feedback is used to close the loop between the beeôs decision and the movement speed of the visual 

panorama it experiences. 

 

 
 

Figure 1: (a) Tethered honeybee, (b) View of tethered bee in virtual-reality arena. 

 

Preliminary experiments show honeybees attempt to maintain a constant rate of optic flow in the arena, as 

expected from free flight studies. In the presence of a headwind, they raise their thrust output to restore the 

optic flow rate they experience. Honeybees are able to learn to use alternate motor outputs to control the 

speed of the visual panorama they see, showing low-level operant conditioning. 

 

 
 

Figure 2: (a) Honeybees raise their thrust in the presence of headwind, which maintains a similar rate 

of optic flow as in the no wind condition (b). 
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When flying along a tunnel in free flight, honeybees fly centrally such that each eye experiences an equal rate 

of optic flow. When exposed to unbalanced optic flow cues in the arena, honeybees make órudderingô 

movement using their abdomens. This ruddering behavior may indicate the honeybees are trying to control 

their yaw when flying in the arena. 

 

 
Figure 3: Honeybees display a ruddering behavior when shown unbalanced optic flow. 

 

With the virtual-reality flight arena now nearly finished being developed, my future work will concentrate on 

behavioral studies using this assay: 

 

Å Analysis of the honeybees speed control system will be undertaken. This will look at the robustness, 

response to disturbances, and the effect of the sceneôs visual properties.  

 

Å Operant conditioning of the honeybee to use alternate motor outputs to control its flight speed will be 

conducted. This efficacy will be compared to when it uses thrust. 

 

Å The correlation between the thrust produced by the honeybee and optical measurements of its wingbeat 

amplitude will be measured. I will evaluate the possibility of using optical measures of the wingbeat for 

closed loop control. 

 

Å Yaw control for the tethered bee using an optical measure of its ruddering will be implemented. This will 

allow investigation of the centring response and obstacle avoidance. 

 

Å Operant conditioning of the honeybee to visual cues that is similar to navigation in free flight will be 

developed. I will investigate how the honeybee uses landmarks and visual odometry to remember goals. 

 

Ongoing Collaborative Research 
 

This work is done in collaboration with my supervisors Tien Luu, David Ball and Mandyam Srinivasan. Tien 

Luu pioneered the method of open loop tethered flight in a virtual-reality arena that I have expanded on. David 

Ball wrote a program to display panoramic visual stimulus on four computer monitors that I have used. 

 

Related Activities 
 

I attended the 8th ACEVS-CVS Summer School on Animal Navigation. 
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Theme 2: Spatial maps and neurally inspired algorithms 
 
This theme is investigating neural mechanisms for navigation freely behaving 
rodents via electrophysiology and behavioural observation. It also investigates 
fundamental computational principles involved in generating, updating and 
using efficient spatial representations, and developing mathematical and 
computational models inspired by neurophysiological and neurocognitive data 
from insects, rodents and humans. 
 

Project Members 
 
Theme Leader Pankaj Sah 

 

Chief Investigators Geoffrey Goodhill, Kevin Burrage, Janet Wiles, Perry Bartlett, 

Jason Mattingley, Gordon Wyeth 

 

Research Fellows 
 

Francois Windels, Allen Cheung, Peter Stratton 

 

Technology Support 
 

Tim Martin (2010) 

Robert Ninness (2008-2009) 

 

Collaborators 
 

In Thinking Systems:  

Daniel Angus, David Ball, Michael Milford, Chris Nolan 

 

Research Experience Students 
 

Kieran McLean (2009-10), Nabeelah Ali (2008-09),  

Robert Ninness (2008-09), Benjamin Sinclair (2008-09) 
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Using Place Cells in Goal-Directed Behaviour: Rodent 

Electrophysiology 

 
Francois Windels 
 

Theme 2A project focuses on how contextual information from the hippocampus is used in learnt and newly 

acquired behaviour. The underlying hypothesis is that the hippocampus provides both contextual and 

positional information to other brain regions like the amygdala, where it can be associated with other relevant 

information to form new memories. We use deep brain moveable multi-wire electrodes to record neuronal 

assembly activity over days or weeks (figure 1). Electrical activity is screened over several days and electrode 

placement adjusted accordingly to ensure that the largest number of neurons can be recorded with a high 

signal to noise ratio. 

 

The neuronal mechanisms underlying associative learning in the amygdala were first studied using non-spatial 

tasks to establish a reference framework that can be compared with published results. An auditory stimuli 

(CS+) was repeatedly paired with an aversive shock (US), while a non paired auditory tone (CS-) was also 

played to provide a baseline response to auditory stimuli throughout the experiment (figure 2A). Single neuron 

responses to the acquisition of this new association are shown on Figure 2B and 2C. 

 

The dynamic response of individual cells to each pairing was also studied using a statistical model (state-

space general linear model, SS-GLM, Czanner et al. 2004), which accounts for the pre-stimuli spiking history 

and pairing to pairing changes (Figure 3). 
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Figure 1. Individual neurons in the basolateral amygdala were identified from tetrode recordings (left). 

A. Spike clustering of a single tetrode. Representative 2D projections comparing peak-to-trough 

(amplitude; A) and voltage at a specified time (V) between tetrode channels are shown. Each colour 

represents a different BLA neuron. B, C, and D are spike waveforms of clustered spikes in A. 

Waveforms recorded from three channels from a single tetrode are shown. The smoothed lines on 

the right are the average waveforms. (Right) Electron microscopy picture of a 4 twisted wire electrode 

(scale bar 10 microns). 
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Figure 2. Percentage of freezing time (A) in the 3 phases of an auditory fear conditioning protocol 

(CS white noise or 7.5kHz tone, US: 0.5mA; 0.5s; habituation 12 presentations, acquisition 7 

presentations, test 10 presentations one day after). Raster plot (B) of all acquisition trial for CS- 

(upper panel) and CS+ (lower panel) of one experiment, peristimulus time histogram shown under 

raster plots show the delayed response to the US. CS duration are represented by the 2 blue lines. 

Peristimulus time histogram (C) z-scored, aligned to the onset of the CS for the acquisition phase of 

the conditioning (CS-, upper trace; CS+, lower trace). 
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Figure 3. Spike history effect; SS-GLM estimates of the effect of recent spike history on current 

spike rate for A. CS+ trials, and B. CS- trials. The black line is the SS-GLM estimate. Grey bars are 

95% CI. Positive modulation of the current spike rate is seen with history effect > 1; negative 

modulation of spike rate is seen with history effect < 1. The spike history in the preceding 11-15 ms 

positively modulated the current spike rate (95% CI: 1.004-1.483). Learning Dynamic. Change in 

firing rate difference between the 500-900 ms post-stimulus interval and the 100-500 ms post-

stimulus interval across (A). CS+ trials, and (B). CS- trials. The difference is the 500-900 ms rate 

minus the 100-500 ms rate. The grey lines show the differences in firing rate for each trial. The solid 

green line shows the SS-GLM estimate of the difference in firing rate. The dotted green lines are the 

95% CI for the SS-GLM estimate. There was a significant increase in the difference for the CS+ trials 

(p < 0.004). 

 

 

We are also studying changes in neuronal activity at the network level (within or between brain regions) by 

measuring the correlation of firing between pairs of neurons (Figure 4) to then relate these changes against 

behavior. 

 

In separate experiments we studied position related neuronal activity in the hippocampus (Figure 5), in 

accordance with previously published findings we observed place fields, which are zones of the foraging area 

where certain neurons are active. This activity is specific to the context in which the recording is performed, 

hence when the context is altered over a certain level the place cells show a different location specific firing. 
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Figure 4. Cross-correlogram of neuronal activity recorded simultaneously within the same brain 

region during a learning task. Left: activity of one cell decreases in the 20 ms preceding spikes from 

the reference cell. Right: no specific pattern seems to link the activity of the 2 cells analyzed. 

 

Navigation related memory formation is studied in rats using multi-unit recording implanted into both the 

amygdala and the hippocampus during acquisition and recall of a spatial task, active place avoidance (figure 

6). An animal is placed in a cylindrical rotating arena and receives a mild footshock every time it enters an 

unmarked quadrant (60 degrees). The orientation cues are kept to a minimum to force the animal to hold a 

representation of space to avoid shocks, giving us the opportunity to study short term memory representation 

by neuronal activity. The same experiments are conducted during the órecall sessionô (no shock) to study long 

term memory. For each part of this experiment we are also using place field mapping to investigate how space 

representation changes throughout training and how this neural activity is related to these changes. 

 

 

Figure 5. The same single neuronôs 

activity was recorded in CA1 

hippocampus region and mapped 

onto its foraging space from two 

different environment (0.72 sqm 

circular arena, left; 1.0 sqm square 

platform, right; colour coded activity: 

blue, place visited no activity; red 3.3 

Hz left, 5Hz right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Colour coded place preference recorded during the habituation (left), training (middle) and 

retention test (no shock, right) during an active avoidance task (blue to red gradient indicates an 

increase in presence time). Shock intensity 0.2 mA, rotation 1 rpm counter clock-wise. A preference 

for the same ñsafe zoneò is observed during the acquisition and test trials. This indicates that the rat 

held a representation of its position in space relative to the shock zone (an unmarked 60 deg 

quadrant at the top of the arena). 
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Ongoing Collaborative Research 
 

Action potential waveform is not a reliable tool for spike sorting in collaboration with Thinking Systemsô 

colleagues Peter Stratton and Allen Cheung. 

Dorso ventral representation of place fields in CA3 in collaboration with Thinking Systemsô colleague Chris 

Nolan. 

Idiothetic navigation for early Alzheimer disease diagnostic in collaboration with Adam Hamelin (Coulson 

laboratory, QBI). 

 

Publications 
 

Crane, J.W.*, Windels, F.,* Sah, P. (2009) Oscillations in the basolateral amygdala: aversive stimulation is 

state dependent and resets the oscillatory phase. Journal of Neurophysiology 102: 1379-1387. 

Windels, F.*, Crane, J.W.,* Sah P. (2010) Inhibition dominates the early phase of up-states in the basolateral 

amygdala. Journal of Neurophysiology. doi:10.1152/jn.00531. 

 

* Authors contributed equally to the work. 

 

Papers in Preparation 
 

Martin, T., Windels, F.  RatTrack, software based video analysis for learning and memory experiment. (in 

preparation). 

Stratton, P., Cheung, A., Kiyatkin, E.A., Wiles, J., Sah, P., Windels, F. Action potential waveform consistency 

between neurons limits spike sorting accuracy. (in preparation). 

 

Conference Poster 
 

Brain Plasticity Symposium, (2010) Queensland Brain institute. 

Australian Neuroscience Society meeting, (2010) Sydney. 

 

Laboratory Visits 
 

June 2009, Visit to Matthew Wilson laboratory, Picower institute, MIT. 

July 2009, Gordon conference, Neural circuit and plasticity, Newport. 
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Mathematical and Computational Theory of Animal 

Navigation 
 

Allen Cheung 
 

Navigation is an umbrella term which encompasses a wide range of sensorimotor and information processing 

tasks, many of which are still poorly defined or understood. A primary goal of theme 2b is to develop a 

theoretical understanding of the underlying principles common to all navigating agents, animal or robot. To 

achieve this goal it has been necessary to dissect navigational tasks into their most basic components, to 

understand the information required to solve those tasks, to use those mechanistic building blocks to generate 

complex biomimetic behaviours, and to see whether sophisticated methods can pick the correct building 

blocks from observed behaviour. 

 

A  

 

B 

 
C 

 

D 

 
 

A. Schematic representation of information flow during social insect foraging. In this scheme, navigation 

(medium range) directly controls locomotion. In turn, higher level commands and strategies direct the 

navigation system. B. Graphical example of an unknown mixture of simulated (unbiased) idiothetic and 

allothetic directed walks (IDWs and ADWs) with varying magnitudes of random angular displacement errors, 

and unknown axes of intended locomotion. In this example, the decision algorithm was correct 28 out of 30 

times (ADWs = solid lines, IDWs = dotted lines), being unable to decide in the remaining two (dashed lines). 

C. Computer simulated PI (path integration) homing and searching trajectory expressed in egocentric 

coordinates, showing damped oscillatory behaviour and chaotic point attractors. D. A schematic illustration of 

the mapping of a straight trajectory in real space to a neural representational space. This is an example of an 

allocentric static vectorial PI system, the only noise-tolerant class of PI systems. 

 

  

 

 

 

1ɻ 
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Ongoing Collaborative Research 
 

1. Collaboration with D. Ball, M. Milford 

 

Blind Bayes in a box ï computer simulation and robotic implementation of Bayes-optimal navigation in 

confined spaces under a variety of conditions, particularly in the absence of visual cues. We investigate 

whether the observed instability in rodent head direction system in darkness is theoretically compatible with a 

stable representation of place. (Manuscript in preparation.) 

 

2. Collaboration with D. Angus, J. Wiles 

 

Conceptual navigation ï concept mapping algorithms are used to generate graphs from view-similarity 

matrices, which are compared to ground-truth spatial layout. This is carried out in strictly controlled virtual 

environments, simulating those of real experiments, in order to understand the relationship between metric 

space and different visual environments. Metrics are developed to quantify that relationship so different 

experimental arenas may be compared in a quantitatively meaningful way, particularly with respect to spatial 

navigation tasks.  

 

3. Collaboration with P. Stratton, F. Windels 

 

Spike waveform analysis ï in vivo extracellular action potential waveforms from awake and anaesthetized rats, 

with and without local pharmacological treatment, from various brain regions are analysed and compared. 

Waveform variability is quantified to determine the likely error rate when standard classification techniques are 

used. 

 

4. Collaboration with T. Luu, D. Ball, M. Srinivasan 

 

Honeybee flight behaviour in virtual reality ï the evidence from simple tethered experiments seem to differ 

from free flight with respect to the functional class of EMDs (elementary motion detectors) used by flying 

insects. Using the existing setup, it is possible to visually simulate free flight, whilst tethered. Since the 

abdominal pitch has been shown to vary according to visually-perceived forward speed, the pitch may be used 

to gauge the perceived speed in the presence of visual patterns of different spatial and temporal frequencies. 

 

5. Collaboration with G. Goodhill, M. Srinivasan 

 

Distance travelled without a compass ï animals do not always have access to stable directional cues (i.e., a 

compass) but it may be very difficult to ascertain experimentally, particularly since the animalôs intended travel 

direction may vary over short segments of the journey. However, the average radial distance travelled varies 

depending on whether internal or external directional cues are used. A simple formula to calculate the 

expected radial displacement has eluded researchers, but simple accurate approximations have been 

developed. 

 

6. Collaboration with J. Reinhard  

 

Key odorants ï odours are important for guidance and localization in animal navigation. Yet it remains unclear 

how complex scent mixtures are processed and interpreted by the nervous system. Here, human subjects are 

asked to grade the odour similarity of constituent compounds to the mixture source. A novel theory of ókey 

odorantsô has been developed to explain the data, which has implications for theories of olfactory learning, as 

well as applications in food and wine industries. (Manuscript in preparation.) 
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Publications 
 
PhD Thesis title: Theory and neural network models of insect navigation.  PhD (Neuroscience) awarded 

21 Dec 2007. 

Vickerstaff, R., Cheung, A. (2010) ñWhich coordinate system for modelling path integration,ò Journal of 

Theoretical Biology. 263: 242-261. 

Cheung, A. (2010) ñThe fourth moment of the radial displacement of a discrete correlated/persistent random 

walk,ò Journal of Theoretical Biology. 264: 641-644. 

Cheung, A., Vickerstaff, R. (2010) ñFinding the way with a noisy brain,ò PLoS Computational Biology (in 

press). 

Cheung, A. (2009) ñMathematical and neural network models of medium range navigation during social insect 

foraging,ò In: Jarau and Hrncir (eds.) Food Exploitation by Social Insects: Ecological, Behavioral, and 

Theoretical Approaches. Taylor & Francis Group LLC. 

Garratt, M., Cheung, A. (2009) ñObstacle avoidance in cluttered environments using optic flow,ò Australasian 

Conference on Robotics and Automation (ACRA). 

Cheung, A., Stürzl, W., Zeil, J., Cheng, K. (2008). ñThe information content of panoramic images II: View-

based navigation in nonrectangular experimental arenas,ò Journal of Experimental Psychology: Animal 

Behaviour Processes. 34(1): 15-30. 

Cheung, A. (2008) ñFrom behaviour to brain dynamics,ò in: Marinaro M., Scarpetta S. and Yamaguchi Y. (Eds) 

Dynamic Brain ï from Neural Spikes to Behaviors, Lecture Notes in Computer Science, vol 5286, pp91-

95. Springer Berlin / Heidelberg. 

Cheung, A., Zhang, S.W., Stricker, C., Srinivasan, M.V. (2008) ñAnimal navigation: General characteristics of 

directed walks,ò Biological Cybernetics. 99: 197-217. 

Stürzl, W., Cheung, A., Cheng, K., Zeil, J. (2008). ñThe information content of panoramic images I: The 

rotational errors and the similarity of views in rectangular experimental arenas,ò Journal of Experimental 

Psychology: Animal Behaviour Processes. 34(1): 1-14. 

 

Submissions 
 

Luu, T., Cheung, A., Ball, D., Srinivasan, M.V. ñHoneybee flight: A novel óstreamliningô response,ò Journal of 

Experimental Biology (under revision). 

 

Conference Abstracts or Poster 
 

Luu, T., Cheung, A., Ball, D., Srinivasan, M.V. (2010) ñHoneybee flight: A novel óstreamliningô response,ò 

Poster: 9th International Congress of Neuroethology. 

 

Related Activities 
 

Invited speaker at the 7th ACEVS-CVS Summer School on Animal Navigation (1st-5th Dec 2008). 

Speaker at ANZIAM: 45th Applied mathematics Conference (1st-5th Feb 2009). 

Main organizer of the 8th ACEVS-CVS Summer School on Animal Navigation (23rd-27th Nov 2009), held for 

the first time at UQ.  

Invited speaker at the 9th International Congress of Neuroethology (2nd-7th Aug 2010, Spain). 

 

International Links 
 

14th Dec 2007 - Gatsby Computational Neuroscience Unit (visit with Peter Dayan), UCL (+ presentation). 

15th Dec 2007 - Institute of Cognitive Neuroscience (visit with Neil Burgess), UCL. 
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Media Coverage 
 

Commentator for New Scientist about new article: 

Souman, J., Frissen, I., Sreenivasa, M., Ernst, M. (2009) ñWalking straight into circles,ò Current Biology.  

19: 1-5. 

[http://www.newscientist.com/article/dn17658-we-cant-help-walking-in-circles.html] 

 

Commentator for ABC Science about new article: 

Lent, D., Graham, P. and Collett, T. (2010) ñImage-matching during ant navigation occurs through saccade-

like body turns controlled by learned visual features,ò Proceedings of the National Academy of Science USA 

107(37): 16348-16353. 

[http://www.abc.net.au/science/articles/2010/09/02/2997444.htm] 

 

Supervision of students related to Thinking Systems 
 

Benjamin Sinclair, TS Summer Scholar: ñDeconstructing a squiggleò. 

Kieran McLean, TS Winter Scholar: ñBoxed inò. 
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Understanding the Dynamics and Function of Networks of 

Spiking Neurons 

 
Peter Stratton 
 

Project 1: In Vivo Spike Shape Analysis ï collaboration with Francois Windels. 
 

Spikes have been recorded from single neurons in awake, behaving animals. Some of the neurons were also 

subjected to pharmacological manipulation to, for example, increase excitability of the neural membrane or 

block inhibition. This is a unique dataset that enables characterisation of spiking dynamics in awake, behaving 

animals rather than in anesthetised animals or in slice preparations. Analysis of this dataset has shown strong 

dependence of spike amplitude on spiking rate for the majority of cells (see Figure 1) as well as spike shape 

changes for some cells. 

 
 

Figure 1: Spike amplitude is inversely correlated with firing rate. Top-left: Firing rate (green) and 

spike amplitude (red) shown over 130 s of recording. Bottom-left: Spike amplitude plotted against 

firing rate shows a clear inverse correlation (line of best fit ï green; mean and std dev. ï red). Top-

right: Spike rise time (blue), fall time (green) and half width (red) in milliseconds, plotted against firing 

rate, show no significant change. Bottom-right: Average spike shapes plotted for low firing rates to 

high firing rates in five steps (blue, green, red, cyan and magenta) shows falling spike amplitude for 

higher firing rates. 
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The dataset is also unique because each recording clearly identifies a single recorded cell, allowing 

comparisons to be drawn between spike shapes of different neurons. The similarity of the spike shapes 

recorded from different neurons and the high level of noise that is typically present in neural recordings mean 

that spikes from different cells are likely to be misclassified (i.e. attributed to incorrect neurons) when doing 

normal multi-neuron recordings using single electrodes. We have calculated, for any given signal-to-noise ratio 

(SNR) and any given neural density, how likely misclassification is to occur. We have shown that neural 

recordings using single electrodes are highly likely to give erroneous results, with misclassification rates above 

99% for many brain regions. 

 

Project 2: Spike Timing Dependent Plasticity and Oscillations in Networks of Spiking Neurons 
 
Complex activity in the brain is hypothesised to underlie its flexibility and sophisticated processing capability 

(i.e. higher cognitive function). This is particularly evident during periods of quiet relaxation when 10 Hz alpha 

waves are seen in many brain regions. This activity is associated with memory retrieval, planning, problem 

solving and day dreaming. Until now, it has not been possible to reproduce this sort of activity in a model of 

the brain; this is what we have been able to do. We are now investigating how modification of the synapses 

connecting the neurons (using Spike Timing Dependent Plasticity (STDP)) changes the network dynamics and 

how learning of spatiotemporal patterns of network activity can be achieved. Understanding how patterns can 

be stored in a network of spiking neurons is critical to understanding learning and memory in the brain. 

 

 
 

Figure 2: Patterns of activity can be learned in a network of spiking neurons. The network contains 

1250 neurons (Y axis) and was simulated for 30 seconds (X axis). For the first 5 seconds of 

simulation the network operated in a random activity regime with no external input, after which a fixed 

activity pattern was held for 10 seconds through input provided by external connections. When the 

external input was released at 15 seconds time, the observed pattern is partially reproduced in the 

ongoing network activity from 15 to 30 seconds. 
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Project 3: Calibration of Head Direction Networks on Robots 
 

Neurons have been discovered in the brains of mammals that are active only when the animal is in a certain 

place in its environment, and others when the animal is facing a certain direction, effectively providing a brain-

based map and compass. Understanding how such specific functions arise and are controlled in the brain can 

assist in revealing how the brain functions in general and how these functions can go awry in cases of brain 

injury and disease. We have modelled the brain network that contains the neurons that represent head 

direction in the mammalian brain (see Figure 3), and have shown how this network can be calibrated on a 

mobile robot, through feedback from the world, when the robot follows specific movements that many infant 

mammals perform. This work advances our understanding of the neural systems involved in motion tracking 

and the representation of space, links these systems to specific developmental behaviours and motor deficits, 

and further demonstrates how biological processes can afford practical solutions to engineering problems. 

 

 
 

Figure 3: Head direction network. Head direction (HD) cells excite their close neighbours strongly and 

more distant neighbours less strongly, and this self-excitation creates the HD activity. These 

excitatory connections are calibrated to allow the HD system to accurately represent head direction 

as the animal or robot moves. The HD cells are also inhibited by the asymmetric Angular Head 

Velocity (AHV); the overall efficacy of this inhibition is also calibrated. DTN: Dorsal tegmental 

nucleus, LMN: Lateral mammillary nucleus. 

 

 

Ongoing Collaborative Research 
 

Collaborated with Michael Milford and Gordon Wyeth: Calibrating spiking head direction networks on robots 
with long-term deployments, for example in factory and warehouse delivery tasks, where on-going 
calibration is required due to mechanical wear and damage accrued over long timeframes. 

Collaborated with Francois Windels and Allen Cheung: Continued analysis of the unique neural recording 

datasets from awake, behaving animals. 

Collaborated with David Ball and Chris Nolan: Controlling Braitenberg vehicles with spiking neural networks ï 

how do the temporal dynamics of spiking networks assist in the temporal organisation of embodied 

behaviour? 
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Publications 
 

Stratton, P., Wiles, J. (2010) Self-sustained non-periodic activity in a network of spiking neurons: The 

contribution of local and long-range connections and dynamic synapses. NeuroImage  52: 1070-1079. 

Stratton, P., Wyeth, G.F. and Wiles, J. (2010) Calibration of the Head Direction Network: a role for Symmetric 

Angular Head Velocity cells. Journal of Computational Neuroscience 28: 527-538. 

Wiles, J., Ball, D., Heath, S., Nolan, C., Stratton, P. (2010) Spike-time robotics: a rapid response circuit for a 

robot that seeks temporally varying stimuli. To appear In Australian Journal of Intelligent Information 

Processing Systems. 

Stratton, P., Wiles, J. (2010) Complex Spiking Models: A Role for Diffuse Thalamic Projections in Complex 

Cortical Activity. To appear In Springer LNCS. 

Stratton, P., Milford, M., Wiles, J., Wyeth, G.F. (2009) Automatic Calibration of a Spiking Head-Direction 

Network for Representing Robot Orientation. In Proceedings of the Australasian Conference on Robotics 

and Automation, Sydney, Australia. 8 pages. 

Stratton, P., Wiles, J. (2008) Comparing Kurtosis Score to Traditional Statistical Metrics for Characterizing the 

Structure in Neural Ensemble Activity. In M. Marinaro et al., editors, Dynamic Brain ï from Neural Spikes 

to Behaviors, Springer LNCS V 5286, 115-122. 

 

Conference Abstracts or Posters 
 

Stratton, P., Wiles, J. A role for symmetric head-angular-velocity cells: Tuning the head-direction network. 

Frontiers in Systems Neuroscience, 2009 (COSYNEô09). 

Stratton, P. Poster presentation at Complex (2007) (Complex Systems conference), Gold Coast, Australia, 
July 2-5, 2007. 

 

Related Activities 
 

Invited to talk at the ñDynamic Brain: From Neural Spikes to Behaviourò workshop, Sicily, Italy, Dec 5-12, 2007 
ñCo-organiser of the ñSummer of Spikesò summer school on Computation in Spiking Neural Networks, Dec 

2009 ï Feb 2010.ò 

 

International Links 
 

Visited and presented at University College London, December 2007. ñComparing Kurtosis Score to 

Traditional Statistical Metrics for Characterizing the Structure in Neural Ensemble Activityò. 
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Theme 3: Biologically Inspired Robot Navigation 
 
Robotics plays two roles in this project. Firstly, robots are serving as 
mechanisms for embodying the neurocomputational models of navigation in 
real physical spaces, with focus on the biological plausibility of the models. In 
the second role, the neurocomputational models are serving as inspiration for 
frontier technologies for sensing and navigation in autonomous robots. The 
focus in the second role is on engineering effectiveness. 
 

 

Project Members 
 
Theme Leader Gordon Wyeth 

 

Chief Investigators 
 

Janet Wiles, John OôKeefe, Michael Arbib, 

Mandyam Srinivasan 

 

Research Fellow 
 

Michael Milford 

 

PhD Students 
 

Christopher Nolan, William Maddern. 

 

Research Assistant 
 

William Maddern 

Collaborators 
 

In Thinking Systems:  

Peter Stratton, David Ball, Allen Cheung. 

In ITEE: Ruth Schulz 

 

Research Experience Students 
 

Daniel Clarke (2009-10) 

  




