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ourvision

To be a world leader 
in analysis, design and 
optimisation of complex 
dynamic systems; pursuing 
outstanding fundamental 
and applied research.
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director’sreport

After my study leave during the second half of 2005, it has been a great pleasure in 
2006 to return to Newcastle. We faced our progress review in September, and also at that 
time applied to the Australian Research Council for an extension of funding for the period 
2008-2010 to build on the excellent work already established. Our submission to the ARC 
highlighted our achievements against the aims of the Centres of Excellence scheme, 
including our strong performance against KPIs, and also a discussion of the value of 
CDSC to the nation. I would like to briefl y reiterate some of the points made in this 
submission to the ARC.

Firstly, we noted that ‘Complex Systems Science’ in general, is important to the future 
of Australia. Complexity is an inescapable feature of our modern world in industrial, 
biological, environmental, social, energy, robotics and other systems. In this context, 
it is important that we continue to build tools and, techniques for the analysis, synthesis 
and regulation of complex systems.

Secondly, we argued that CDSC has a distinctive approach to problems in this area, 
namely, we focus on Dynamic decision making and action under uncertainty. 
In particular, our expertise and contributions focus on problems with some or 
all of the following features:

• Dynamics (that is, the temporal characteristics of many complex systems)

• Uncertainty (dealing with the inevitable shortage of information)

• Feedback (a ubiquitous and highly valuable interconnection topology in 
complex systems)

• Decision (taking actions in real time to modify a system’s behaviour)

Thirdly, we were able to demonstrate substantial achievements in fundamental and 
applied research outcomes, together with a wide range of technology 
transfer activities. 

CDSC’s leaders and deputy leaders, as well as all our staff, were invaluable in preparing 
and presenting our review submission, and I believe this was well received. Our partner 
organisations, both at the University, State Government and industry level were very 
supportive of our proposal for extension, and this was also an important part of 
the submission. I am very pleased  to announce that our proposal was accepted, and the 
ARC has agreed to continue centre funding though 2008 – 2010.

In closing, let me add, that there promise to be a number of challenges in 2007 for the 
Centre, but I am very confi dent of the ability of our team to continue to make substantial 
research contributions.

Rick Middleton
Director.
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staffmovements

During 2006, we were sad to see 
Richard Gerlach move to the Economics 
Department at the University of Sydney. 
Richard’s work with the Centre has been 
a great benefi t and continued during 
the past year. From 2007, he will cease 
association with the Centre and we wish 
him well in his future at Sydney. Zahirul 
Hoque left during 2006 to take up a 
position in the United Arab Emirates and 
will also be missed from the Bayesian 
Learning program.

John Rayner joined the Statistics group 
and is associated with CDSC. We have 
also been able to employ Frank Tuyl 
following completion of his Ph.D. thesis 
in Statistics. Clair Alston has joined the 
QUT node of CDSC, building on her work 
in spatio-temporal modelling. Following 
completion of his Ph.D. thesis, we have 
employed Alejandro Rojas as a research 
Fellow in the Centre. Towards the end of 
2006 we also made appointments of Paul 
Baker (as a research assistant for our 
robotics work) and Xiang Wei Zhuo.
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postgraduateresearchstudents

Juan Carlos Agüero (Graduated 2006)
“Novel algorithms on system 
identifi cation”
Supervisor: G.C. Goodwin 
Co-Supervisor: J.A. De Doná
Degree: PhD

Stephen Allen
“Corners in graph algebra”
Supervisor: D. Pask
Co-Supervisor: I. Raeburn
Degree: PhD

Clair Alston (Graduated 2006)
“Mixture models”
Supervisor:  K Mengersen
Degree: PhD

Robert Denham (Thesis accepted)
“Bayesian models in ecology”
Supervisor: K. Mengersen
Degree: PhD

Milan Derpich 
“Sampling and quantization in audio 
compression”
Supervisor: G.C. Goodwin
Co-Supervisor: D. Quevedo
Degree: ME

Robin Fisher (Commenced 2006)
“Dimensionality reduction of robotic 
sensor data”
Supervisor: S. Chalup
Co-Supervisor R.H. Middleton
Degree: MPhil

Boris Godoy
“Modelling and control of copper leaching 
processes” 
Supervisor: J.H. Braslavsky
Co-Supervisor: R.H. Middleton
Degree: PhD

Hernan Haimovich (Thesis accepted)
“Quantisation issues in feedback control”
Supervisor: G.C. Goodwin 
Co-Supervisor: M.M. Seron
Degree: PhD

Naomi Henderson (Commenced 2006)
“Improving robot vision using spatial and 
temporal correlations”
Supervisor: R. King
Co-Supervisor: R.H. Middleton
Degree: MPhil

Bryan Hennessy (Thesis accepted)
“Stochastic optimal control applied to 
mine planning”
Supervisor: G.C. Goodwin 
Co-Supervisor: M.M. Seron
Degree: ME

Kenny Hong (Commenced 2006)
“Kernel methods for an adaptive online 
fact recognition system”
Supervisor: S. Chalup
Co-Supervisor: R.H. Middleton
Degree: MPhil

Wenbiao Hu (QUT)
“Bayesian spatio-temporal CART”
Supervisor:  K. Mengersen
Degree: ME

Kate Lee (QUT) 
“MCMC algorithms” 
Supervisor: K. Mengersen
Co-Supervisor: R. McVinish
Degree: PhD

Christian Lovaas 
“Robust model predictive control”
Supervisor: G.C. Goodwin 
Co-Supervisor: M.M. Seron
Degree: ME

Iskandar Mahmoud 
“System identifi cation and robust control 
of spatially distributed systems”
Supervisor: S.O.R. Moheimani
Co-Supervisor: B.M. Ninness
Degree: ME

Jose Mare
“Dynamic programming solution to model 
predictive control”
Supervisor: J.A. De Doná
Co-Supervisor: G.C. Goodwin  
Degree: PhD

Adrian Medioli
“Constraints, stability and feasibility issues 
in model predictive control”
Supervisor: R.H. Middleton
Co-Supervisor: M.M. Seron
Degree: PhD

Trevor Moffi et 
“Statistical methods for software 
and decision report for remote 
sensing analysis”
Supervisor: K. Mengersen 
Co-Supervisor: R. King
Degree: PhD

Timothy Moore
“Applications of statistics to robot soccer”
Supervisor: R.H. Middleton
Co-Supervisors: S. Chalup/R. King
Degree: ME (Part time)

Steven Nicklin (Commenced 2006)
“Biped locomotion”
Supervisor: R.H. Middleton
Co-Supervisor: K. Mahata
Degree: MPhil
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Chris Oldmeadow (Commenced 2006 QUT)
“Bayesian latent variable models”
Supervisor: K. Mengersen
Co-Supervisor: I. Wood
Degree: PhD

Daniel Quevedo (Graduated 2006)
“Finite alphabet control and estimation 
problems”
Supervisor: G.C. Goodwin 
Co-Supervisor: J.A. De Doná
Degree: PhD

Michael Quinlan (Thesis accepted)
“Machine learning on AIBO robots”
Supervisor: S. Chalup
Co-supervisor: R.H. Middleton
Degree: PhD

Marcel Ratnam
“Robust control of nano-positioning 
systems”
Supervisor: S.O.R. Moheimani
Co-Supervisor: R.H. Middleton
Degree: ME (Part time)

Paul Rippon
“Statistical process control”
Supervisor: J. Rayner
Co-Supervisor: R. King
Degree: PhD

Alejandro Rojas (Thesis accepted)
“Feedback control over signal to noise 
ratio constrained communication 
channels”
Supervisor: R.H. Middleton
Co-Supervisor: J.H. Braslavsky
Degree: PhD 

Cristian Rojas (Commenced 2006)
“Homonomous system identifi cation”
Supervisor: G.C. Goodwin 
Co-Supervisor: D. Quevedo
Degree: ME

Francisco Eduardo Castillo Santos
(Commenced 2006)
 “Aspect of metric fi xed point theory”
Supervisor:  Brailey Sims
Co-Supervisor: G. Willis
Degree: PhD

Eduardo Silva (Commenced 2006)
“Performance limitations in networked 
control”
Supervisor: G.C. Goodwin 
Co-Supervisor: M.M. Seron
Degree: ME

Elizabeth Stojanovski (Graduated 2006)
“Multivariate methods in the 
health sciences”
Supervisor:  K. Mengersen
Degree: PhD

Ian Searston
“Analysis in geodesic metric spaces”
Supervisor: B. Sims
Co-Supervisor: G. Willis
Degree: PhD

Mark Smith
“Ultramethods in metric fi xed 
point theory”
Supervisor: B. Sims
Co-Supervisor: G. Willis
Degree: PhD

Ben Stewart-Koster 
(Commenced 2006 QUT)
“Bayesian modeling in ecology”
Supervisor: K. Mengersen
Co-Supervisor: W. Venables
Degree: PhD

Frank Tuyl (Thesis submitted)
“Confi dence intervals for binary data”
Supervisor:  R. Gerlach 
Co-Supervisor: K. Mengersen
Degree: PhD

Jason Tyler
“Topics in graph algebras”
Supervisor: I. Raeburn
Co-Supervisor: W. Szymanski
Degree: PhD

Wang Meng
“Parsimonious information structures in 
real time signal processing”
Supervisor: G.C. Goodwin 
Co-Supervisor: D. Quevedo
Degree: PhD

Natasha Weaver
“Higher-rank graphs”
Supervisors: D. Pask and I. Raeburn
Degree: PhD

Lukasz Wiklendt
“Learning and control in robotics”
Supervisor S. Chalup
Co-Supervisor: R.H. Middleton
Degree: PhD

Darren Wraith (QUT) 
“Bayesian mixture models for 
environmental health”
Supervisor: K. Mengersen
Co-Supervisor: S. Tong
Degree: PhD

Juan Yuz (Graduated 2006)
“Sampling issues in estimation and 
control”
Supervisor: G.C. Goodwin 
Degree: PhD

Zhuo, Xiang Wei
“Connections between constrained 
control and estimation”
Supervisor:  J.A. De Doná
Degree: ME



advisoryboard

The Advisory Board met in Newcastle on 
Friday 28 April 2006 to review progress, 
consider management issues and offer 
advice on strategic directions for the 
Centre. The current membership of the 
Advisory Board is:

Professor B.D.O. Anderson
NICTA, and Research School of 
Information Science & Engineering, 
Australian National University, 
Canberra, ACT.

Professor A. Carey
Mathematical Sciences, Australian 
National University. Canberra, ACT.

Dr. S. Crisafulli
Matrikon, Mayfi eld, NSW.

Dr. W.J. Edwards
Industrial Automation Services Pty. Ltd., 
Teralba, NSW.

Dr. S. Galea
CSIRO, DSTO, Melbourne

Mr. R. Hayes
Shell Refi ning (Australia) Pty. Ltd., Clyde 
Refi nery, Rosehill, NSW.

Professor W. Hogarth
Pro. Vice-Chancellor, Faculty of Science 
and Information Technology, The 
University of Newcastle, Callaghan, NSW.

Professor R. Jarvis
Department of Electrical and Computer 
Systems Engineering, Monash University, 
Melbourne, Victoria.

Professor J. Carter
Pro Vice-Chancellor, The University of 
Newcastle, Callaghan, NSW.

Professor I.M.Y. Mareels
Melbourne University, Melbourne, 
Victoria.

Professor A.W. Page
Pro. Vice-Chancellor, Faculty of 
Engineering and Built Environment, 
The University of Newcastle, 
Callaghan, NSW.

Mr. R. Peirce
Technical Systems, CSR Victoria Mill, 
Ingham, Queensland.

Professor I.R. Petersen 
Australian Defence Force Academy, 
UNSW, Canberra, ACT.

Mr. B. Price
NSW Department of State & Regional 
Development
Sydney, NSW

Professor A. Sharma
Deputy Vice-Chancellor, Queensland 
University of Technology.

Chief Executive Offi cer
TUNRA Limited, Callaghan, NSW.

Dr. E.H. Van Leeuwen
Exploration and Development, BHP Billiton 
Innovation, Melbourne, Vic.

ARC Centre for Complex Dynamic Systems and Control
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academicvisitors studentvisitors

• Dr Mike Austin
CSIRO Ecology
March

• Professor Arie Feuer
Department of Electrical Engineering, 
Technion-Israel Institute of Technology, 
Haifa, Israel
August – October

• Professor Peter Gawthrop
Department of Mechanical Engineering
Centre for Systems and Control 
University of Glasgow 
Glasgow, Scotland.
March

• Professor Arthur Jutan
Department of Chemical and 
Biochemical Engineering Faculty of 
Engineering Science The University of 
Western Ontario, London, Canada.
April – May

• Asst. Professor Amit Mitra
Department of Mathematics 
and Statistics
Indian Institute of Technology Kanpur
Kanpur, India.
June – July

• Professor Mario Salgado
Department of Electronic Engineering 
Universidad Técnica Federico 
Santa Mariá 
Valparaíso, Chile
November

• Professor Bengt Lennartson
Department of Signal and Systems
Chalmers University of Technology
Gothenberg, Sweden.
December 2006 – January 2007

• Professor Soren Eiler
Department of Mathematics, 
University of Copenhagen, Denmark
January

• Dr Jeong Hee Hong 
Department of Applied Mathematics 
Korea Maritime University, 
Busan, South Korea 
July – December

• Professor Marcelo Laca 
Department of Mathematics 
and Statistics
University of Victoria
Victoria, B.C., Canada 
October

• Professor Jean Renault 
Department of Mathematics 
and Applications
Université d’Orléans, 
UFR Sciences, 
August

• Dr Judith Rousseau
Department of Mathématiques, 
Informatique, Décision, 
Organisation,University Paris 
Dauphine France
November

• Dr Olivier Thas
Ghent University
Belgium
January – February 

• Dr Cathal Walsh
Department of Statistics
Trinity College, Ireland
January – June

• Dr Mu Zhu
Department of Statistics and 
Actuarial Science
University of Waterloo
Canada.
October

• Mr Florian Knorn
Institute of Automatic Control
Otto-von-Guericke-Universität 
Magdeburg
Magdeburg, Germany
April – September

• Mr Mikael Berg Anderssen and 
Mr Soroen Christiansen
Department of Control Engineering, 
Allborg University, Denmark
June – December

• Ms Julie Caudron;
Ms Ophelie Dalmau;
Mr Fabien Depoyant;
Mr Remi Picaudou;
Mr Alain Yetendje Lemegni
School of Engineering, 
Ecole Polytechnique, University of 
Marseille, Marseille, France
June – July

• Mr Sander Bogemann and 
Mr Ferdinand Hendriks
Eindhoven University of Technology
Eindhoven, The Netherlands
September – December
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Research students and staff from the 
Centre and The University of Newcastle 
as well as Australian and international 
visitors participate in the Centre’s seminar 
series. Seminars presented in 2006 are 
listed below.

• 8 March 
Mr. Boris Godoy   
CDSC, The University of Newcastle
“Identifi cation and Control of a 
Bioleaching Process”

• 16 March
Professor Rick Middleton
CDSC, The University of Newcastle
“Control, systems biology and 
communication networks”

• 21 March
Professor Hartmut Schmeck
Institute AIFB,
University of Karlsruhe, Germany
“Organic computing – Visions and 
challenges”

• 3 April 
Professor Jonas Sjoberg
Department of Signals and Systems,
Chalmers University of Technology,
Sweden.
“On statistical model selection 
and validation in nonlinear system 
identifi cation”

seminars

• 1 May
Dr. Juan Yuz
Electronics Engineering Department
Universidad Tecnica Federico 
Santa Maria
Valparaiso, Chile.
“Sampled-data models for linear and 
nonlinear systems”

• 3 May
Dr. Chris Kellett
Hamilton Institute
National University of Ireland
Maynooth, Ireland>
“Stability of motion: Robustness and 
Lyapunov functions”

• 9 May 
Professor Arthur Jutan
Department of Chemical and 
Biochemical Engineering
The University of Western Ontario
Canada.
“Non-model based perturbation 
extremum seeking control of a batch of 
crystallization process”.

• 24 July
Professor Graham Goodwin
CDSC, The University of Newcastle.
“Effi cient data representations for 
signal processing and control (making 
the most out of a little)”

• 22 September
Mr. Florian Knorn
Institute of Automatic Control, 
Otto-von-Guericke-Universität 
Magdeburg
Magdeburg, Germany
“Algorithm development and testing 
for four legged league robot soccer 
passing”

• 27 October
Professor Graham Goodwin
CDSC, The University of Newcastle
“Extracting information from 
noisy data”

• 22 November
Dr. Marcus Pandy
Department of Mechanical & 
Manufacturing Engineering
University of Melbourne.
“Computer modelling and 
simulation of human movement”
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conferences,coursesandworkshops

• Kerrie Mengersen was Program Chair for the 2006 Valencia Conference, the premier 
four-yearly Bayesian Statistics meeting, held in Spain. She was also a member of 
the Program Committee for the Australian and New Zealand Statistics Conference 
in Auckland, July 2006. Dr Ian Wood co-chaired a Young Statisticians session at the 
ASC/NZSA conference in Auckland, July 2006 and Ross McVinish co-chaired an invited 
session on Industrial Statistics at the same conference. 

• The 3rd annual international meeting, “Bayesian Topics in the Tropics”, was renamed 
“Spring Bayes” in 2006 and was organized as a Program activity, in collaboration with 
the Statistical Society of Australia and the Australasian Society for Bayesian Analysis. 
The meeting was held at Queensland University of Technology and was attended by 
about 40 people from four countries. Professor Gavin Gibson (UK) and Dr Scott Sisson 
(UNSW) were the two keynote speakers

• Rick Middleton was Program Chair for the 2006 IEEE Conference on Decision and 
Control, held in San Diego, December, 2006. This is the premier international annual 
control theory conference with over 1100 attendees.

• Iain Raeburn presented a Workshop on Graph Algebras at the University of Malaga, 
Spain in July. This workshop consisted of four one-hour lectures.

• Kerrie Mengersen presented two short courses on “Environmental Statistics” 
during May and June in collaboration with the Department of Natural 
Resources and Water.

• Kerrie also presented one short course on “Statistics for Transport Analysis” in 
February in collaboration with the Department of Transport

• In collaboration with the Statistical Society of Australia, Kerrie Mengersen presented 
three short courses on “Bayesian Statistics for Beginners” in Brisbane (March), 
Australian National University (September) and Melbourne (November).
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selectedhighlights2006

• Postgraduate Systems and Control 
Workshop was held in Canberra 9-10 
February. Seven postgraduate students 
and two academic staff attended from 
Newcastle.

• The Centre Annual retreat was held 
on 13 October at Bayview’s Function 
Centre, Warners Bay. Each programme 
was outlined in oral presentations after 
which postgraduate students displayed 
posters of their work. Participants 
included Centre staff, students and 
representatives from industry 
partners, as well as overseas 
visitors to the Centre.

• NUbots are World Champions. 
The NUbots were one of 24 teams to 
compete in the top level of the Four-
Legged League of the RoboCup held 
in Bremen, Germany in July. Their 
successful run to the fi nal saw the 
team score at least seven goals in each 
of their games. The fi nal was the only 
game in which the NUbots conceded 
any goals. Competitors included 
teams from America, Europe, Japan 
and other Australian universities. The 
NUbots have placed in the top three for 
the past four years. Their success at 
RoboCup 2006 follows a narrow defeat 
to Germany in a penalty shoot out in 
the fi nal of RoboCup 2005. (See the 
CD-ROM for computer video fi les of the 
fi nal in Bremen!).

• Graham Goodwin Chaired the 
Engineering Panel for the Swedish 
Research Council in 2006.

• Kerrie Mengersen became Managing 
Editor of the Australian and New 
Zealand Journal of Statistics, July 2006. 
She is an elected Fellow of the Institute 
for Mathematical Statistics, a member 
of the Advisory Board of the Bayesian 
Analysis Journal and a member of the 
Wesley Hospital (Uniting Healthcare) 
Research Committee.

• Richard Gerlach is currently an 
Editorial board member for the 
International Journal of Statistics and 
Systems, an accredited member of the 
Statistical Society of Australia Inc., and 
a Council member of the same. 

• Kerrie Mengersen is Program Chair 
for the 2008 International Society 
of Bayesian Analysis Conference, 
to be held for the fi rst time in the 
Australasian region, on Hamilton 
Island, Queensland. Dr Clair Alston is 
Chair of the Organising Committee for 
this meeting.

• Graham Goodwin was appointed an 
Honorary Professor at Harbin Institute 
of Technology, China.

• The Statistics group at Newcastle 
has been successful in obtaining a 
Collaboration and Structural Reform 
(CASR) grant with Wollongong, 
New England and Western Sydney 
Universities. This grant will help support 
collaborative research, postgraduate 
coursework and research seminars.

DSRD Support:
We are very grateful for the support 
offered to CDSC by all our sponsors 
including the NSW Department of State 
and Regional Development (DSRD). 
DSRD provides support of $111,000 
each fi nancial year which is focussed 
on research and development for NSW 
industry. For our other major partners, 
there are specifi c projects focussed on 
the partners’ application domain. During 
2006, DSRD support has contributed to a 
range of projects as follows:

• The Sferics project with BHP Billiton 
Research Newcastle (see page 43 );

• The Advanced Model Predictive 
Control project with Matrikon Pty. Ltd. 
(see page 47);

• New high speed constrained optimal 
control tools used by Industrial 
Automation Services (see page 16);

• Equipment to help support our state of 
the art nanoscale control laboratory

• Prototype development of a new 
quadruped robot proposed for the 
international RoboCup Soccer 
competition in conjunction with 
Tribotix (see page 55);

• Support for commercialisation of the 
Virtual Labs developed by the Centre 
(see page 20 Project A.5).

The winning team: Back row (L-R): Steven Nicklin, Michael Quinlan (Team Leader), Robin Fisher and 
Dr Stephan Chalup. Front row (L-R): Professor Richard Middleton, Naomi Henderson and Dr Robert King. 
Not shown: Florian Knorn and Andrew Bevitt.
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Program Goals: 
Control System Design is a mature discipline. 
Surprisingly, however, the existing methodologies 
tend to be limited to relative standard problems 
– e.g. linear, unconstrained and with centralized 
architectures. As soon as one departs from these 
settings one is soon faced with severe diffi culties.

Unfortunately many real world problems fall into these, so called, “complex” problems. 
These problems include such features as nonlinear and non-smooth behaviour, high state 
dimension and lack of convexity. This Program is aimed at addressing these issues using 
alternative theoretical tools and in the context of modern computational methods.

During 2006, 3 plenary style presentations were made as detailed on page 71.

1.  G.C. Goodwin, “An introduction to networked control systems”, Plenary Address, 
The 6th Asian Control Conference, Bali, Indonesia, 18-21 July, 2006.

2.  G.C. Goodwin, “Effi cient data representations for signal processing and control”, Plenary 
Address, The 25th Chinese Control Conference, Harbin, China, 7-10 August, 2006.

3. G.C. Goodwin, “Digital Control: Past Present and Future”, Keynote Address, Convegno 
Internazionale sui Problemi dell’Automatismo, Milan, Italy, September 18, 2006.

In addition, Graham Goodwin was appointed an Honorary Professor at Harbin Institute of 
Technology, China.

Details of the research projects in this program are outlined on the next page:

Graham Goodwin
Programme Leader 

Maria Seron
Deputy Programme Leader 

A. controlsystemdesign
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A.1 Constrained Control
and Estimation 

Overview
This project is concerned with properties 
of constrained controllers and estimators. 
Of particular interest are fast algorithms 
for electromechanical systems and 
robustness issues.

Subproject #1
Non-parametric Linear Quadratic Optimal 
Control in the Frequency Domain

Researchers: Christian Løvaas (Student), 
Graham Goodwin, María Seron

We have obtained a solution to the 
nonparametric linear quadratic optimal 
control problem in the frequency domain. 
In earlier work, we were able to show 
approximate links to the frequency 
domain. Here we present an exact 
frequency domain solution, in which the 
associated cost function is expressed 
directly in terms of the system frequency 
response. A key advantage of our 
approach is the fact that the Hessian 
matrix of the optimization problem turns 
out to be near diagonal and hence one 
can gain insight to the problem by arguing 
on a frequency by frequency basis. 
Our motivation for pursuing this line of 
research includes: (i) standard tools are 
available for estimating non-parametric 
models of systems from real data; (ii) 
the new method treats cost functions 
defi ned on an infi nite prediction horizon as 
opposed to, e.g., fi nite impulse response 
based methods and (iii) it offers the usual 
insights that arise from being able to work 
in the frequency domain.

Publications: See Løvaas, Goodwin and 
Seron (2006) in Conference Papers. 

Subproject #2
Nonlinear Constrained Model Predictive 
Control (NMPC) Approach to Air Knife 
Control in Galvanizing Lines

Researchers: Osvaldo Rojas, Graham 
Goodwin and Tino Domanti

Continuous strip hot-dip galvanizing lines 
are widely used in the metal industry to 
provide a uniform coating of zinc on both 
sides of a steel strip. The steel strip is 
dipped into a zinc bath and the required 
thickness is achieved using a set of 
air nozzles (also called the “air knife”), 
positioned across the strip, which remove 
any excess coating. In this work we have 
investigated nonlinear model predictive 
control strategies especially tailored to 
galvanizing line processes. Particularly 
challenging in this type of application is 
the tight input constraints that need to 
be satisfi ed, the nonlinear gain relation 
between the nozzle openings and the 
achieved coating thickness, and the fast 
sampling time required which imposes 
limits to the available computation time 
for control. In view of these diffi culties we 
have developed fast constrained nonlinear 
model predictive control strategies that 
sacrifi ce optimality in exchange for 
reduced computational effort. Simulation 
results show that, in most cases, only 
marginal performance degradation occurs 
in these fast suboptimal strategies whilst 
the imposed constraints are always 
satisfi ed. A version of the proposed 
control strategies has recently been 
implemented on a full industrial-scale 
galvanizing line process.

Publications: See Rojas, Goodwin and 
Domanti (2006) in Conference Papers.

Subproject #3
Robustness of Model Predictive Control

Researchers: Christian Løvaas (Student), 
María Seron and Graham Goodwin

This project considers model predictive 
control (MPC) of linear, discrete-time 
systems with disturbances. In 2005 we 
reported a novel result linking MPC 
and min-max optimal control theory. 
Specifi cally, we have shown that typical 
MPC policies, which use the current 
system state, are the min-max optimal 
closed-loop policy with respect to a 
certain class of cost functions. Motivated 
by this result, we have explored in 2006 
the use of non-standard cost functions 
as a tool for enhancing the properties 
of associated min-max optimal control 
problems. In particular, we are developing 
a novel output-feedback MPC design for 
discrete-time systems with unstructured 
model uncertainty and mixed constraints 
on the state and the control input. The 
proposed MPC design minimises a 
quadratic upper bound on a nominal cost 
function and guarantees robust stability 
and constraint satisfaction in the presence 
of norm-bounded feedback uncertainties.

Publications: See Løvaas, Seron and 
Goodwin (2006) in Conference Papers. 



ARC Centre for Complex Dynamic Systems and Control

17

Subproject #4
Systematic Computation of Ultimate 
Bounds for Perturbed Systems

Researchers: Maria Seron, Ernesto 
Kofman (University of Rosario, Argentina), 
Hernan Haimovich (University of 
Rosario, Argentina).

In the 2005 Annual Report we described 
a systematic method to compute ultimate 
bounds for both continuous- and discrete-
time perturbed systems. The method 
is based on a componentwise analysis 
of the system in modal coordinates 
and thus exploits the system geometry 
as well as the perturbation structure 
without requiring calculation of a 
Lyapunov function for the system. In 2006 
we have explored the application and 
extensions of the method to practical 
problems. In particular, we have 
proposed a novel systematic method to 
obtain componentwise ultimate bounds 
in perturbed sampled-data systems, 
especially when the perturbations arise 
due to quantisation. The main features 
of the method are its systematic nature, 
whereby it can be readily computer coded, 
requiring no adjustment of any parameters 
for its application, and its suitability for 
dealing with highly structured perturbation 
schemes, whereby the information on 
the perturbation structure is directly 
incorporated into the method. This last 
feature distinguishes the method from 
other approaches that require a bound 
on the norm of the perturbation and 
thus disregard information on the 
perturbation structure.

Publications: See Kofman, Haimovich 
and Seron (2007), Haimovich, Kofman and 
Seron (2007) in Journal Papers (accepted 
for publication).

Subproject #5
Dynamic Programming Solutions to 
Constrained MPC

Researchers: José De Doná, José Mare 
(Student)

This project investigates the use of 
dynamic programming techniques 
for fi nding optimal control laws for 
constrained linear systems. Typical 
problems considered involve a quadratic 
cost functional to be minimised over 
a horizon of length N subject to the 
satisfaction of linear constraints. Global 
solutions (i.e., valid in the entire state 
space) for these problems, and for 
arbitrary horizons, are derived analytically 
by using dynamic programming. 
Alternative solutions to these problems 
have been reported recently in the 
literature, for example, approaches 
that use the geometric structure of 
the underlying quadratic programming 
problem and approaches that use 
multi-parametric quadratic programming 
techniques. The solution by dynamic 
programming investigated in this project 
coincides with the ones obtained by the 
aforementioned approaches. However, 
being derived using a different approach 
that exploits the dynamic nature of the 
constrained optimisation problem to obtain 
analytical solutions, the results obtained 
complement those of previous methods 
and reveal additional insights into the 
intrinsic structure of the optimal solution.

Publications: See Mare and De Doná 
(2007) in Journal Papers (accepted 
for publication)

Subproject #6
Connections Between Constrained 
Control and Estimation Problems

Researchers: Graham Goodwin, José De 
Doná, Maria Seron, Claus Müller, Xiang 
Wei Zhuo (Student)

This project investigates the connections 
and symmetries between two important 
problems in systems theory and 
applications; namely, control and 
estimation. Particular emphasis is given to 
the connection between these problems 
in the presence of constraints, where 
very few results are known to date. One 
of the results obtained in this project has 
been to derive the Lagrangian dual of a 
constrained linear estimation problem, 
where the resulting dual problem is 
a linear optimal control problem with 
projected cost variables. The symmetry 
between the primal constrained estimation 
problem and the resulting dual optimal 
control problem is revealed when 
the primal problem is expressed 
in an equivalent form involving 
projected variables.

Publications: See Müller, Zhuo and 
De Doná (2006) in Journal Papers.
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Subproject #7
Explicit Solutions to Constrained Output-
feedback Control Problems

Researchers: José De Doná, María Seron, 
Xiang Wei Zhuo (Student)

This project investigates explicit solutions 
to constrained output-feedback control 
schemes. The output-feedback control 
schemes studied are implemented based 
on the principle of Certainty Equivalence 
(CE). The case considered is when the 
full state of the system is not measured 
but, instead, a measured output corrupted 
with measurement noise is available. It is 
also assumed that the control inputs are 
subject to polyhedral constraints. The CE 
control implementation uses a receding 
horizon control law to compute the control 
action based on a state estimate obtained 
from a moving horizon state estimator. The 
structure of the solutions typically found 
are given by piece-wise affi ne functions 
of the parameters of the problem and 
partitions of the parameter space into 
polyhedral regions. Inside each of these 
polyhedral regions a given affi ne function 
is used to compute the current CE control 
input to be applied to the plant. The 
parameterized regions and coeffi cients of 
the piece-wise affi ne function can be pre-
computed offl ine, allowing for a simplifi ed 
approach in implementing the output 
feedback controller online.

Publications: See Zhuo, De Doná and 
Seron (2006) in Conference Papers. 

Subproject #8
Constrained Nonlinear Moving Horizon 
Estimation 

Researchers: José De Doná, José Mare 
(Student)

This project investigates the use of moving 
horizon state estimation techniques for 
nonlinear systems in the presence of hard 
constraints. To be able to apply standard 
QP based moving horizon estimation 
schemes, the Carleman technique is used 
in order to obtain a linear approximation 
of the nonlinear system. The performance 
of the resulting estimation scheme has 
been evaluated by simulation and has 
been compared with the performance of 
two available estimation techniques for 
nonlinear systems, namely the extended 
Kalman fi lter and the polynomial extended 
Kalman fi lter. Simulations show that the 
proposed constrained moving horizon 
estimation scheme compares favourably 
with the other two techniques when 
the system states are subject to 
hard constraints.

Publications: See Mare and De Doná 
(2006) in Conference Papers.

Subproject #9
Constrained Nonlinear Model 
Predictive Control

Researchers: José De Doná, María Seron, 
Jacqui Ramagge, José Mare (Student), 
Hernan Haimovich (Universidad Nacional 
de Rosario, Argentina), Mircea Lazar 
(Eindhoven University of Technology, The 
Netherlands)

This project investigates a framework 
for dealing with certain classes of 
constrained nonlinear model predictive 
control (MPC) problems which consists 
in solving a quadratic programming (QP) 
optimisation at each sampling time. This 
feature broadens the applicability of 
nonlinear MPC since many effi cient tools 
for solving QP problems (both numerical 
algorithms and explicit solutions) are 
available. One of the contributions has 
been to show that the optimal control 
sequence for a nonlinear system of 
certain features, with a quadratic cost 
and linear inequality constraints can be 
computed in exact form via QP provided 
the optimisation horizon is no larger than 
a critical quantity that we name the 
“input-output linear horizon.” In addition, 
the issue of input to state stability (ISS) 
with respect to disturbance inputs has 
been investigated. One proposed solution 
to guarantee ISS incorporates a set of 
extra linear inequality constraints into 
the QP. Thus, the resulting constrained 
nonlinear MPC scheme has two very 
attractive properties; namely, simplicity 
of the solution and guaranteed stability 
and robustness.

Publications: See Mare and De Doná 
(2006) in Conference Papers.
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A.2  Switching Strategies for 
Fault Tolerant Control 

Researchers: José De Doná, María Seron, 
Xiang Wei Zhuo (Student), John-Jairo 
Martínez (Laboratoire d’Automatique de 
Grenoble, France), Mónica Romero 
(University of Rosario, Argentina)

This project started with seed funding 
from CDSC and has now grown into a 
considerable larger project outside the 
funding capabilities of the Centre. An ARC 
discovery grant will be sought in 2007 to 
fund this project from 2008.

We have proposed and explored a novel 
multi-sensor switching strategy which 
selects, at each instant of time, the sensor 
(belonging to a collection of sensors) 
that provides the best closed loop 
performance, as measured by a control-
performance criterion. It is assumed that 
each sensor has an associated feedback 
controller that has been designed such 
that the sensor-controller pair stabilises 
the closed loop system under normal 
operation conditions. Stability of the 
switching system under normal (fault-
free) operation conditions is established 
in the main result of this paper. Current 
research focuses on establishing closed-
loop stability under the occurrence of 
severe faults in some of the sensors. The 
strategy has been successfully applied to 
a simulation study of automotive 
longitudinal control.

Publications: See Martínez, Zhuo, De Doná 
and Seron (2006) in Conference Papers.

A.3  Fundamental Limits on the 
Achievable Delay Margin 
Using LTI Control 

Researchers: Rick Middleton, Daniel Miller 
(University of Waterloo)

This continuing project examines linear 
time invariant control of unstable plants 
with variable time delay. The specifi c 
theoretical problem studied is that of 
maximising the delay margin achievable 
using linear time invariant control. 
Previously, we had reported on work 
that established rigorously, we believe 
for the fi rst time, that the delay margin 
can be made arbitrarily large if and only 
if, all plant poles are either in the open 
left half plane, or are at the origin. We 
were also able to generate upper bounds 
on the achievable delay margin which 
for some specifi c cases were tight. In 
2006, further research in this area has 
achieved two main extensions. The fi rst is 
to allow for a class of linear time invariant 
controllers that are not necessarily fi nite 
dimensional. This required extensions 
of the discussions to quotient fi elds of 
operators, and much more complicated 
limiting arguments than the rational 
transfer function case. Secondly, in the 
previous work, we had only been able to 
give tight results for the achievable delay 
margin for some simple cases involving 
a single real unstable pole. By using a 
complicated series of arguments, we have 
been able to prove that our previous upper 
bound on the achievable delay margin 
for the case of a pair of purely imaginary 
poles is in fact tight.

Publications: See Middleton and Miller 
(2007) in Journal Papers (accepted for 
publication).

A.4  Modulated Control 
Systems 

Researchers: Graham Goodwin, Katrina 
Lau, Daniel Quevedo, Ben Vautier, Reza 
Moheimani

Overview
The goal of this on-going project is to 
study the use of modulation in linear 
control systems. Such control laws 
are particularly useful for dealing with 
resonant systems.

Subproject #1
Design of Modulated and Demodulated 
Controllers for Flexible Structures

Researchers: Katrina Lau, Daniel Quevedo, 
Ben Vautier, Graham Goodwin , S.O. Reza 
Moheimani
In this work we have proposed a novel 
method for controlling vibrations within 
a resonant structure equipped with 
piezoelectric transducers. The scheme 
uses a parallel connection of modulated 
and demodulated controllers, each 
designed to damp the transient oscillation 
corresponding to a single mode. This 
technique allows multiple modes to 
be controlled with a single actuator. 
Experimental results have been obtained 
for a piezoelectric laminate applied to a 
cantilevered beam.

Publications: See Lau, Quevedo, Vautier, 
Goodwin and Moheimani (2006) in 
Journal Papers.



20

Subproject #2
Properties of Modulated and Demodulated 
Systems with Implications to Feedback 
Limitations

Researchers: Katrina Lau, Graham 
Goodwin, Robert M’Closkey

It is well known that the poles, zeros and 
delay of a system play an important role 
in determining the associated feedback 
performance limitations. In this work, we 
have derived an approximate transfer 
function for a modulated and demodulated 
system of a particular form. We have also 
analysed the behaviour of the poles, zeros, 
and delay of this transfer function when 
the modulation frequency is varied.

Publications: See Lau, Goodwin and 
M’Closkey (2006) in Journal Papers.

A.5  Virtual Laboratories for 
Control System Design

Researchers: Graham Goodwin, Adrian 
Bastiani, Frank Sobora, Eduardo Silva 
(Student), Peter Wellstead (Hamilton 
Institute, Maynooth, Ireland), Osvaldo 
Rojas (University of NSW, Sydney)

Overview
This project has been on-going for 
several years. We have now essentially 
completed the fi rst phase of the project. 
The laboratories capture many of the real 
world design case studies carried out by 
CDSC researchers. A full description of the 
laboratories is available at: 
www.virtual-laboratories.com

Virtual Laboratories for Process Control 
Design (VLPC) is a unique software-
learning tool, which provides an on-line 
solution to the traditional “physical” 
experimental laboratories undertaken for 
process control engineering concepts. 
The VLPC virtual software model allows 
the student to self-pace these laboratories 
by applying the process control theory 
learnt in their studies to this simulated 
environment. This software tool has been 
developed based on real world process 
control situations. It provides a unique 
problem based learning environment and 
gives the student an exposure to real 
world events that are diffi cult to replicate 
in the traditional physical laboratory. 
The Laboratories can be used by 
undergraduate students within universities 
as well as by working engineers keen to 
continue their education. The software 
tool allows students to access the 
laboratories at a time which suits their 
study needs.

The VLPC product is being commercialized 
by the University of Newcastle’s 
commercial arm – TUNRA Ltd.

The experiments fall into two categories, 
namely

• Copies of classroom scale experiments 
(e.g., servo kits, coupled tanks, etc.)

• Laboratories based on realistic 
practical systems (e.g., rolling mills, 
steel casting machines, paper 
machines etc.).

VLPC Modules Available
Currently, a total of 16 modules 
are available: 

1.  Electromechanical Servomechanism 

2.  Resonant Electromechanical 
Servomechanism†

3.  Coupled Tanks 

4.  Continuous Caster – Classical 
Control Design 

5.  Continuous Caster – Nonlinear Issues 

6.  Rolling Mill – System Modelling and 
Classical Control 

7.  Rolling Mill – Soft Sensors†

8.  Rolling Mill – Periodic Disturbances 
and Observer Design 

9.  Rolling Mill – Kalman Filtering† 

10. Rocket Dynamics 

11.  Rocket Controller Design 

12.  Cross Directional Control of Web 
Forming Processes – Interaction and 
Simple PID Control 

13.  Cross Directional Control of Web 
Forming Processes – Actuator 
Saturation 

14.  Cross Directional Control of Web 
Forming Processes – Robustness†

15.  Audio Quantisation – Optimal Noise 
Shaping Quantiser 

16.  Audio Quantisation – Bode 
Sensitivity Integral

† New laboratories in 2006
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Figure 1: 
Cross Directional Control Laboratory

A.6  Geometric Framework for 
Quantised Control Systems

Researchers: Hernan Haimovich 
(University of Rosario, Argentina), María 
Seron, Graham Goodwin.

This project started in 2004 and deals 
with quadratic stabilisation of discrete-
time systems with quantisers. In our 
2005 Annual Report we described an 
explicit geometric characterisation of 
quadratically stabilising state feedback 
laws that are based on the use of 
multivariable quantisers of minimum 
dimension. In 2006, we have employed this 
characterisation to develop a systematic 
design procedure to construct fi nite-
density quadratically-stabilizing quantisers 
for multiple-input systems. The resulting 
quantisers have a simple geometric 

structure and they can be implemented 
via simple function evaluations. To the 
best of our knowledge, no such design 
of fi nite-density quadratically-stabilising 
quantisers has been previously proposed 
in the literature for general multiple-
input systems.

We have also considered the problem of 
minimisation of quantization density, which 
is still an open problem for multiple-input 
systems. Our contribution in this context 
was to partially derive the structure that 
a quantiser that minimises density for a 
multiple-input system should have. Our 
results reveal that the search for minimum 
density quantisers that map the state 
space into the input space is reduced to a 
search over quantisers that map the input 
space into the input space.

The results of this project have been 
reported in Hernan Haimovich’s PhD 
Thesis: “Quantisation Issues in 
Feedback Control”.

Publications: See Haimovich, Seron 
and Goodwin (2006) in Journal Papers. 
Haimovich and Seron (2007) in Journal 
Papers (accepted for publication).

For further information and a video presentation introducing the virtual laboratories, see the CD-ROM.
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A.7  Fundamental Constraints 
in Control Over SNR 
Limited Channels

Researchers: Rick Middleton, Julio 
Braslavsky, Jim Freudenberg (University 
of Michigan, USA), Alejandro Rojas, Victor 
Solo (University of Michigan, USA)

Communication channels impose a 
number of obstacles to feedback control, 
such as delay, noise, and constraints 
in communication data rate. The line 
of research taken here considers the 
problem of feedback stabilization subject 
to constraints in the channel signal to 
noise ratio (SNR). Progress during 2006 
has concentrated on: 

• Stabilisability conditions for an open 
loop unstable plant in feedback over 
a bandwidthlimited additive coloured 
noise communication channel with 
constrained SNR. Our results hold 
for plants with nonminimum phase 
zeros and timedelays, and show that 
a bandwidth limitation increases the 
minimum value of SNR required for 
stabilisability, as compared to the case 
of an infinite bandwidth channel with 
white noise. 

• Entropy rate and entropy power tools. 
For discrete time systems, we have 
used the concept of entropy rate 
to provide an alternate proof for a 
sufficient condition for stabilisability in 
terms of a bound on SNR, which also 
demonstrates an intimate connection 
between the discrete Bode sensitivity 
integral and the problem of disturbance 
free estimation. Using the concept 
of entropy power, we have also 
shown that a necessary condition for 
stabilisation with linear time invariant 
state feedback is also necessary when 
nonlinear time varying control laws 
are applied. 

• Extensions of an LQG/LTR formulation 
of SNR constrained control to discrete 
time systems with feedback over 
channels with memory. By using this 
formulation we have derived exact 
expressions for the LTI controller and 
loop sensitivity functions that achieve 
minimal SNR under the effect of time 
delay, non minimum phase zeros and 
coloured additive noise. 
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Program Goals: 
The object of the Program is to investigate 
mathematical models of dynamic systems which 
exhibit complex behaviour, exploiting the expertise of 
the CIs in modern functional analysis. The research 
will proceed in two broad directions, plus problems 
driven by a particular application.

Iain Raeburn
Programme Leader 

José De Doná
Deputy Programme Leader 



24

B.1  Graph Algebras: Operator 
Algebras We Can See

Researchers: Iain Raeburn, David Pask, 
Wojciech Szymanski

Other Support: National Science 
Foundation (USA)

Directed graphs are simple mathematical 
structures which are used to model 
networks and Markov chains. When the 
network is large or infi nite, Hilbert-space 
representations of the graph provide a 
powerful tool for analysing the long-term 
behaviour of the network; the C*-algebra 
of the graph provides a universal object 
for studying these representations. Over 
the past decade, researchers have built an 
elegant theory which relates the structure 
of the algebra to the behaviour of cycles in 
the graph. Researchers in the Functional 
Analysis group at Newcastle have played 
a leading role in the development of this 
theory, and they have been followed by 
researchers in many other countries, 
including, Japan, Korea, Canada, 
Denmark, Spain, and the USA. 

In 2004, Iain Raeburn was invited to 
the University of Malaga in Spain, 
and gave the opening series of four 
lectures at a workshop there. The theme 
of the workshop was the interaction 
between the operator-algebraic theory 
of graph algebras pioneered by the 
Newcastle group, and some very recent 
developments in algebra. Iain will return 
to Spain in April-June 2007 to take part in 
a special program on the subject at the 
Catalan Research Centre in Mathematics.

B.2  Higher-rank Graphs
Researchers: Iain Raeburn, David Pask, 
Aidan Sims, Trent Yeend, John Quigg 
(Arizona State University, USA), Mikael 
Rordam (University of Southern 
Denmark, Denmark).

Higher-rank graphs are higher-
dimensional analogues of the directed 
graphs used to model networks and 
Markov chains. They were introduced 
by Kumjian and Pask in 2000 as models 
for the operator algebras associated to 
actions of groups on trees and buildings. 
(Here the word “building” is being used in 
a technical sense: buildings are higher-
order combinatorial structures which play 
a central role in the theory of algebraic 
groups, and which have deep links all over 
the discipline.) As for ordinary directed 
graphs, each higher-rank graph has a 
graph algebra which is universal for 
Hilbert-space representations.

In the past few years, higher-rank graphs 
and their algebras have begun to attract 
the same kind of attention that ordinary 
graph algebras have, and several PhD 
students affi liated with CDSC are working 
on projects in this area. Stephen Allen, for 
example, is studying higher-rank graphs 
from the point of view of category theory, 
and Natasha Weaver is investigating a 
family of rank-two graphs associated to 
the higher-rank shifts arising in 
symbolic dynamics.

B.3 Groupoid Models
Researchers: Iain Raeburn, Trent Yeend, 
Cynthia Farthing (University of 
Nebraska, USA), Paul Muhly 
(University of Iowa, USA) 

Other Support: National Science 
Foundation (USA)

There are several way in which one can 
approach the theory of graph algebras, 
and the theory of graph algebras provides 
good test problems for the general 
theories which operator-algebraists use to 
analyse crossed-product like structures. 
The most potent of these general theories 
is that developed by Renault for groupoid 
algebras, which in our setting provides 
an algebraic-topological framework 
intermediary to the directed graph and
 the C*-algebra.

Groupoid models were used by the 
Newcastle team in the fi rst analyses 
of graph algebras in the 1990s, but the 
models were constructed in an ad hoc 
fashion. More recently, Paterson has 
developed a procedure for constructing 
such models, and applied it to infi nite 
graphs. In 2005, as his PhD project, Trent 
Yeend extended these results to provide 
a groupoid model for the continuous 
graphs of Katsura, and then used a similar 
model to study the higher-rank analogue 
of Katsura’s graphs. Jean Renault of the 
University of Orleans, who is the world’s 
leading authority in the area, visited the 
Centre in August 2006. He, Trent and 
Aidan Sims proved that Trent’s groupoid 
is amenable in the technical sense 
necessary to ensure that the full strength 
of the general structure theory applies.
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B.4  Wavelet Bases
Researchers: Iain Raeburn, Kaushik 
Mahata, Trent Yeend, Nadia Larsen 
(University of Oslo, Norway), Judy Packer 
(University of Colorado, USA), Larry 
Baggett (University of Colorado, USA) 

Wavelets are functions on the real line 
whose translates and dilates form an 
orthonormal basis for the Hilbert space of 
square-integrable functions. The miracle 
is that such functions exist, and a huge 
effort has gone into constructing them.

In one approach to the construction of 
wavelets, a central role is played by a 
pair of operators satisfying an algebraic 
relation which is very similar to those 
arising in graph algebras. In 2004, Larsen 
and Raeburn exploited the geometrical 
information implicit in this relation to 
recognise a key step in the construction of 
wavelets as that of a direct limit of Hilbert 
spaces. This insight has sparked a good 
deal of interest in the wavelet community, 
and in December 2006, Iain was invited 
to speak on this topic at a workshop on 
Wavelets and Fractals in Banff, Canada. 
Work continued on a major joint project 
with Baggett, Larsen, Merrill and Packer, 
in which the ideas of Larsen and Raeburn 
are combined with the techniques of 
modern abstract harmonic analysis to 
tackle some important open questions in 
wavelet theory.

B.5  Symbolic Dynamics and 
Operator Algebras

Researchers: David Pask, Teresa Bates 
(University of NSW, Australia), Iain 
Raeburn, Wojciech Szymanski, Soren 
Eilers (Copenhagen)

A symbolic dynamical system consists of 
a space of infi nite words in an alphabet, 
together with a transformation which 
shifts the words from right to left. 
Examples are provided by the infi nite 
path spaces of directed graphs, but there 
are many more. In recent years many 
authors have sought to associate operator 
algebras to symbolic dynamical systems 
in a way which extends the construction 
of graph algebras, as pursued by the 
group at Newcastle, and to encapsulate 
dynamical properties of the system in 
terms of the associated algebras. In 
current joint work, Bates, Eilers and 
Pask are studying the operator algebras 
associated by Matsumoto and Carlsen 
to shifts which are not of fi nite type, and 
made good progress on this project during 
a visit by Eilers to Newcastle in early 2006.

B.6  Nonlinear Analysis and 
Fixed-Point Theory

Project Leader: Brailey Sims,

Researchers: Tomas Benevides (University 
of Seville, Spain), Francisco Eduardo 
Castillo Santos (Student – supported by a 
CONACYT scholarship from the Mexican 
Government), Sompong Dhompongsa 
(Chiang Mai, Thailand), Enrique Llorens 
Fuster (University of Valencia, Spain), 
Art Kirk (University of Iowa, USA), Ian 
Searston (Student), Mark Smith (Student).

Equilibria for discrete and continuous 
dynamical systems correspond to fi xed 
points of nonlinear maps on infi nite 
dimensional function spaces. The solution 
of nonlinear optimization and control 
problems lead to variational inequalities 
and hence ultimately to fi xed points of 
a related nonlinear operator. When the 
system is conservative, the nonlinear 
mapping is nonexpansive with respect to 
an appropriate metric on the underlying 
function space. The convergence and 
ergodic structure of orbits and various 
iterative schemes, such as those of 
Ishikawa, relate to the stability and long-
term average behaviour of the system.

The project continues to further our 
understanding of nonexpansive and 
related types of mappings, with an 
emphasis on identifying readily applied, 
yet widely applicable, criteria that ensure 
the existence of fi xed points for such 
maps together with effective algorithms 
by which they can be approximated. 
Special emphasis is given to the more 
diffi cult cases, where the underlying 
space lacks nice geometric structure such 
as that exhibited by a Hilbert space, or 
where there is no natural linear structure 
present. This work embodies the 
following topics: 
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Analysis in Geodesic Metric Spaces
In many situations there is no intrinsic 
linear structure present. In such a 
context, the existence and stability 
of fi xed points for nonexpansive type 
mappings and multifunctions depends 
on special geometric properties of the 
space. Historically hyperconvex metric 
spaces; for example, the unit ball of 1 
and R-trees, and classical hyperbolic 
n-space are examples of spaces on which 
nonexpansive mappings have nonempty 
fi xed point sets. 

Recently it has been observed that certain 
geodesic (or Menger convex) metric 
spaces, in particular the so called CAT(0) 
spaces, provide a very general setting in 
which a rich fi xed point theory paralleling 
that for Banach spaces seems possible. 
An important start has been made toward 
the development of such a theory by 
Professor Art Kirk which the project aims 
to extend. Such spaces may provide a 
fertile setting in the absence of linearity 
for other problems arising in system 
dynamics and optimal control (in particular 
problems in image reconstruction, pattern 
recognition and cognitive modelling) and 
this is also under investigation.

Ultramethods 
Banach space ultra-products, and more 
recently ultra-powers of metric spaces, 
have proved a powerful and important 
tool in both linear and nonlinear analysis. 
They represent a common meeting 
ground between standard and non-
standard analysis. They have proved the 
major tool for establishing the existence 
of fi xed points for nonexpansive and 
asymptotically nonexpansive maps in 
the absence of normal structure, and 
are particularly suited to the analysis 
of attainment problems. By lifting the 
problem to an ultra-power approximate 
solutions become exact solutions. For 
example, an approximate eigenvalue 
of a linear operator corresponds to an 
eigenvalue of the lifted operator. 

The further development of these 
techniques and their application to a 
wide variety of problems is one of our 
major focuses. A research monograph on 
this topic by the project leader and one 
of his students, Mark Smith is nearing 
completion and due for publication by 
Springer-Verlag next year.



C. bayesianlearning

Program Goals: 
The Bayesian Learning Program comprises 
researchers from Engineering, Mathematics, 
Machine Learning and Statistics backgrounds, 
refl ecting the strong interdisciplinary nature of 
the Centre. In 2006 the Program focused on the 
following four research themes: Parametric Bayesian 
Modelling, Bayesian Nonparametrics, Complex 
Systems and Bayesian Computation. Applications 
of this research included problems in genetics, 
environment, medicine, fi nance and robotics. 

The Bayesian Learning Program is located in two nodes: one at QUT Brisbane, led by CI 
Mengersen, and the other at the University of Newcastle, led by Drs Gerlach and King 
and Professor John Rayner. CI Mengersen in Program Leader. CI Gerlach resigned from 
the University of Newcastle during 2006 to take up a more senior appointment at the 
University of Sydney. He remains a researcher in the Centre and a supervisor of Centre 
PhD student Frank Tuyl who completed his thesis late in 2006.

Major research activities in 2006 included development of theoretical, computational 
and applied Bayesian methods and models, publication of outputs in the form of journal 
articles and conference papers, conduct of an international workshop and professional 
short courses, participation in international conferences, hosting of international visitors, 
visits to international laboratories, supervision of postgraduate students and collaboration 
with other members of CDSC. These activities are detailed below.

Kerrie Mengersen
QUT Node Programme Leader 

John Rayner
UN Programme Leader 

ARC Centre for Complex Dynamic Systems and Control
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C.1  Parametric Bayesian 
Modelling

Project Leader: Kerrie Mengersen

Researchers: Richard Gerlach, John Rayner, 
Ross McVinish, Mark Griffi n, Clair Alston, 
Darren Wraith (Student), Frank Tuyl (Student), 
Candice Hincksman (Honours Student), 
Jennifer Tso (Student, Auckland University), 
Cathal Walsh (Trinity College, Ireland).

Time series models
This theme comprised both fundamental 
and applied research in 2006. Fundamental 
research by Dr McVinish has included 
examination of time series whose 
covariance functions are completely 
monotone, that is, it can be represented 
as the Laplace transform of a fi nite Borel 
measure. Structural properties of these 
series were determined with particular 
attention given to prediction error. Weak 
consistency of a minimum contrast 
estimator for the measure was also 
established. A second activity has focused 
on the class of continuous time stationary 
Laplace processes constructed from 
Gaussian processes. The characteristic 
function of the bivariate distributions 
was derived from which nonlinearity in 
conditional moments were shown. MCMC 
algorithms for parameter estimation were 
also devised for the process.

Research on continuous time stationary 
Laplace processes by Dr McVinish has 
led to a manuscript submitted to Applied 
Probability in December 2006. These 
type of processes constructed from 
Gaussian processes have previously 
been used for modeling turbulence 
data. This project examined this class 
of processes in some detail, identifying 
constraints on the correlation function, 
conditional nonlinearity in mean and 
conditional heteroscedasticity. Likelihood 
and Bayesian estimation of process 
parameters was also considered.

Spatio-temporal mixture models
Research on spatio-temporal mixture 
models has developed into a major 
research theme. Building on Dr Alston’s 
PhD work, Dr Alston, Mr Wraith and 
Prof Mengersen have extended these 
models to censored distributions (to 
accommodate non-negativity of the 
measurements) and to time series models 
(that include a reversible jump backward-
forward algorithm to increase consistency 
of estimation through better use of 
neighbourhood information).

This research has been applied by this 
team to the modelling of air pollution 
particles, fi tting a mixture model to 
particle size and number at each time 
period, and evolving the mixture over 
time. This has led to a draft manuscript 
submitted to an international journal, 
and another paper in preparation. The 
research outcomes have also been 
applied to spatio-temporal modelling 
of Ross River virus in Queensland. The 
spatial and temporal nature of the virus is 
of public health importance as increased 
understanding will lead to more targeted 
public health interventions. A Bayesian 
mixture model separates the RRv data 
over time into a number of states or 
components, indicating baseline, outbreak 
and hyper-outbreak periods. This work has 
been presented as a refereed paper at an 
international conference.

Image Classifi cation
This research activity has exploded over 
the past year and developed into an 
independent research theme.

 In collaboration with medical researchers 
in the Institute for Health and Biomedical 
Innovation, Dr Alston, Prof Mengersen 
and Honours student Ms Hincksman 
have developed Bayesian spatio-
temporal mixture models for the problem 
of estimating volume of cement in hip 
replacements, based on (2-dimensional) 
CAT scan images and allowing for artifact. 
A similar approach has been taken by 
Dr Alston and Prof Mengersen to the 
problem of estimating Great Barrier Reef 
bioregions for improved monitoring of 
water quality, in collaboration with CSIRO. 
Nascent research into the classifi cation 
of brain images, using EEG and MRI, has 
also commenced with the appointment of 
Research Fellow Dr Mark Griffi n for one 
year to collaborate with MRI researchers 
and neurosurgeons at two hospitals in 
Brisbane; this is an exciting development 
arising directly from Centre research.
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Figure 2: 
Deconvolution of cat scan of hips into fi ve 
mixture components

Meta-Analysis
Research on this theme continued in 
2006, with a focus on Bayesian models for 
multivariate and repeated measures meta-
analysis meta-analysis. Dr Cathal Walsh, 
from Trinity College in Ireland, visited the 
QUT node of the Centre Program in 2006. A 
collaborative project on investigating the 
effect of model choice in meta-analysis, 
in particular the choice of hierarchical 
structure, will be completed when Dr 
Walsh returns to the Centre as a visitor in 
January/February 2007. Dr Walsh is also 
contributing to our research on Bayesian 
growth mixture models. 

These new meta-analysis approaches are 
being applied to problems in ecology and 
medicine. The research in ecology has led 
to a prestigious invitation to CI Mengersen 
to participate in an edited book on 
Meta-Analysis in Ecology, sponsored 
by NCEAS in Santa Barbara, USA. A 
one-year postdoctoral appointment of 
Dr Jaime Peters for 2007 will progress 
the fundamental research with focus on 
medical applications.

3.1.5 Confi dence interval estimation
PhD student Frank Tuyl, supervised by 
CIs Gerlach and Mengersen, has been 
researching the long standing problem 
of interval estimation of the Binomial 
parameter. This problem is interesting 
because of the lack of a pivotal quantity 
and the discreteness of the distribution. 
A detailed comparative study of the 
various exact, approximate and Bayesian 
approaches was undertaken. Mr Tuyl 
submitted his thesis, entitled “Estimation 
of the Binomial Parameter: in Defence of 
Bayes (1763)”, in December 2006. 

Figure 3: 
Coverage of the Binomial parameter
n = 20, � = 0.05: Wald (solid thick), 
Clopper-Pearson (solid), Bayes HPD (dotted)
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C.2 Bayesian Nonparametrics
Project Leader: Ross McVinish

Researchers: Kerrie Mengersen, John 
Rayner, Darfi ana Nur, Julio Braslavsky,  
Judith Rousseau (University Paris, 
Dauphine, France)

Following the success of our research 
on nonparametrics in 2005, this topic was 
developed into a full research theme 
in 2006. Two aspects were researched: 
new methodology for goodness of fi t 
testing, and the application of Bayesian 
nonparameters to transfer function 
estimation. The latter activity was 
developed in close collaboration with 
other CDSC programs. 

Goodness of fi t testing
Research on Bayesian nonparametric 
goodness of fi t testing focused on 
practical aspects of these tests, in 
particular the use of histogram priors. 
This work has led to the resubmission of 
a manuscript to the Annals of Statistics 
(McVinish, Rousseau, Mengersen) and a 
poster presentation at the prestigious four-
yearly international Bayesian Valencia 
V8 conference. Prof. Judith Rousseau (U. 
Dauphine, Paris, France) visited the QUT 
node of the Centre in November 2006 and 
Dr McVinish and Professor Mengersen 
will visit her in 2007. (Mengersen’s travel 
will be supported by an Australian-French 
embassy project award.)

The task of assessing model fi t is an 
important part of many statistical 
analyses. Model fi t may be assessed 
formally by the test of hypothesis that 
a density p* is in a parametric family F0 
(versus the alternative that it is not in 
this family). Under a 0-1 loss function the 
optimal decision is based on the Bayes 
factor. We assess how well the parametric 

family F0 approximates the density p* using 
a loss function based on the distance 
between the two. The prior used here is 
based on a mixture of triangular densities: 
since these are piecewise linear they 
can be made to approximate any smooth 
density. This enables consistency (weak 
and strong) and rates of convergence 
to be determined. Theorems giving 
suffi cient conditions for the Bayes factor 
to be consistent have been developed as 
part of this project. As an example, we 
considered the problem of testing the fi t of 
a von Mises distribution to circular data. 
We also considered the p-value, pcpred 
conditioned on the maximum likelihood 
estimate for the parametric model. If p*� 
(F0 then pcpred is uniformly distributed up 
to an Op(n

-1/2) term, whereas under the 
alternative hypothesis it converges to zero 
in probability.

Transfer function estimation
Research by Drs McVinish and 
Braslavsky on Bayesian nonparametric 
transfer function estimation is currently 
investigating the use of Gaussian process 

priors and how to incorporate transfer 
function properties into specifi cation 
of prior parameters. Work applying 
Bayesian nonparametric methods to 
transfer function estimation (described in 
last year’s report) was presented at IFAC 
SYSID 2006 conference. Here, we consider 
a single-input, single-output linear system 
described by y(t)=G(z)u(t)+e(t) where 
G(z) is a bounded LTI causal operator, 
u(t) is system input, y(t) is the observed 
output and e(t) is observational noise. Our 
objectives are to (i) provide an estimate 
of G(z) from experimental data, and (ii) 
quantify the size of the difference between 
this estimate and the true operator G(z). 
We considered representation of a prior 
on G specifi ed through a impulse response 
sequence and how quickly the posterior 
distribution will concentrate around 
the true operator. Connections were 
made to the problem of set membership 
identifi cation. The model error was also 
treated as a particular realization of a 
complex valued, Gaussian stochastic 
process whose real and imaginary parts 
are independent. 

Figure 4: 
Nyquist plot showing 
realizations from the 
posterior (blue) around 
the true transfer function 
(red continuous line), 
given the data 
(green points).
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C.3  Complex Models
Project Leader: Kerrie Mengersen

Researchers: Ian Wood, Robert King, 
Richard Gerlach, Fiona Fielding, Sandra  
Johnson (Masters Student), Mr Chris 
Oldmeadow (Student)

Bayesian Networks
Our work with Bayesian networks, 
commenced in 2005, has been extended 
and will continue to 2007. We are still 
developing science and management 
models for the problem of identifying 
factors and solutions relating to the 
problem of lyngbya, a toxic cyanobacteria 
that infests our coastlines.

Our experience in developing these 
networks has led to a consultancy with 
the Environmental Protection Agency 
to investigate the problem of riverweed. 
It has also led to possibilities of further 
external funding through CERF, ACERA 
and NCRIS.

Genetics
Dr Darfi ana Nur, in collaboration with Dr 
David Allingham, visiting Centre research 
Prof Judith Rousseau (U. Dauphine, 
Paris, France) and Prof Mengersen, has 
been researching the identifi cation of 
transcription factor binding sites using 
a variable length Markov model in a 

Bayesian framework, analysed using 
MCMC. The detection and location 
of these sites in DNA is crucial in 
understanding the mechanics of gene 
expression. The focus of the work to 
date has been on the development of an 
appropriate model and an analysis of the 
impact of priors in this model. A journal 
paper on this work is close to submission.

Research by Dr Ian Wood, PhD student 
Chris Oldmeadow and Prof Mengersen 
is continuing in collaboration with the 
Queensland Insitute for Medical Research 
into Bayesian models for complex 
diseases. This work involves addressing 
problems of multiple types of genomic 
and genomic data, multiple outcomes 
and censored data using latent variable, 
hierarchical or multi-level models. 
Multivariate mixtures and log-normal 
frailty models have been employed for this 
work. QIMR has rich sources of data for 
this study, including a large, longitudinal 
study of twins. A paper on this work to 
date is in preparation.

Robotics
Led by Dr Robert King, the Bayesian 
Learning Program has been actively 
engaged in Bayesian knowledge updating 
in robotics through the NUbots world 
champion robot soccer team (see 
elsewhere in the report). 

In 2006, this project has included use 
of mixture models in adapting the robot 
localisation system to allow use of non-
unique landmarks and using mixture 
models towards an automatic vision 
classifi cation system (see further 
details in project F.6 on page 54.

Finance
Led by Dr Richard Gerlach, this research 
is concerned with Bayesian learning 
in volatility estimation and forecasting, 
using (and proposing) nonlinear models, 
and simultaneously developing MCMC 
methods for estimation, inference and 
comparison across models via 
integrated likelihoods.

Proposing nonlinear models for volatility 
estimation requires commensurate 
development and application of MCMC 
methods for inference and model 
comnparison. A four regime model was 
proposed with parameters changing 
in both mean and volatility equations 
across regimes. MCMC methods and 
importance sampling approaches were 
also developed to compare international 
markets with respect to trading volume 
and return thresholds. The importance 
sampling method was also enhanced 
for use with heteroskedastic models 
with t-distributed errors. In this case, 
popular Markov switching models seem 
unnecessary, compared to the simple 
GARCH-t model. 

Figure 5: 
Identifi cation of three genetic populations given a 
continuous phenotype.
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C.4  Computational Methods
Project Leader: Kerrie Mengersen

Researchers: Robert King, David 
Allingham, Ian Wood, Kate Lee (Student), 
Judith Rousseau (University Paris, 
Dauphine, France).

This research theme has focused on three 
main activities in 2006.

New MCMC Approaches
One of the problems with Markov 
chain Monte Carlo and other numerical 
algorithms for the analysis of complex 
Bayesian models is the length of time 
taken to perform the computations. This 
can impede a comprehensive analysis, 
in particular a full consideration of 
alternative models and distributions, 
impact of priors, effect of different 
datasets, etc. Profs Rousseau and 
Mengersen, and Dr Nur have been 
investigating a new approach to such 
sensitivity assessment through importance 
sampling of an existing MCMC chain. 
The theory and application of this 
method are very encouraging. A paper 
is in preparation.

Bias in cross-validation
Possible biases in common cross-
validation techniques have been identifi ed 
and researched in detail by Dr Ian Wood 
and Prof Mengersen, and applied in a 
genetics context in collaboration with 
Prof Peter Visscher. The predictive error 
rate of algorithms for classifi cation of 
data or samples into categories (such 
as diseased and non-diseased) can 
be estimated using methods such as 
cross-validation. This work has focused 
on issues of interpretation of claimed 
error rates arising from such methods, 
and potential bias in the reporting of 
these rates. Particular attention was 
paid to optimization and selection 
biases, sampling effects, measures of 
misclassifi cation rate, baseline error rates, 
two-level external cross-validation and a 
proposal for detection of bias using the 
permutation mean.

Approximate Bayesian computation
Approximate Bayesian computation (ABC) 
has been developed as an alternative 
to MCMC to address problems in which 
the likelihood is unknown or diffi cult 
to sample. Such situations arise in 
phylogenetic analysis, for example. Drs 
Allingham and Robert and Prof Mengersen 
have extended this ABC approach to 
Bayesian estimation of generalized 
distributions are typically defi ned in 
terms of quantile functions and for which 
no likelihood expression is available. 
Examples include Tukey’s generalized 
lambda, g-and-k and g-and-h distributions; 
the latter two are generalizations of the 
standard normal, with four parameters 
controlling location, scale, skewness and 
kurtosis. An ABC approach to estimation 
of these distributions will enable these 
fl exible distributions to be employed 
in routine Bayesian analyses, thus 
increasing greatly the ability to more 
closely model complex systems.

Figure 6: 
Contour plots of pairwise joint marginal densities for 
parameters in a generalized distribution, estimated using 
approximate Bayesian computation.



D.signalprocessing

Program Goals: 
This Program focuses on model-based signal 
processing. Research problems include physical 
modelling, system identifi cation, model validation, 
prediction, fi ltering, and signal recovery. Examples 
of this type of signal processing are adaptive 
control, Kalman fi ltering, communications channel 
equalization, and multi-user detection for wireless 
communications. Much of the fundamental research 
for model-based signal processing is related to 
other Programs. However the aim of this Program 
is to promote applications of modelling, control and 
estimation in various signal processing problems.

Minyue Fu
Programme Leader 

Graham Goodwin
Deputy Programme Leader 

ARC Centre for Complex Dynamic Systems and Control
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D.1  Identifi cation of Dynamic 
Errors-in-variables Models

Researchers: Kaushik Mahata, Minyue Fu

Identifi cation of linear dynamic 
systems from noise-corrupted output 
measurements is a fundamental research 
problem which has been investigated 
in the past decades. On the other hand, 
the estimation of the parameters for 
linear dynamic systems when the input 
is affected by noises is recognized as 
a more diffi cult problem which has 
received increasing attention only 
recently. Representations where errors 
or measurement noises are present on 
both the inputs and outputs are usually 
called errors-in-variables models and play 
an important role when the identifi cation 
purpose is the determination of the 
inner laws that describe the process, 
rather than the prediction of its future 
behaviour. The class of scientifi c 
disciplines which make use of such a 
kind of representations is very broad, 
such as time series modeling, array 
signal processing for direction-of-arrival 
estimation, blind channel equalization, 
multivariate calibration in analytical 
chemistry, image processing and 
astronomical data reduction. 

The most popular algorithms for the 
errors-in-variables model identifi cation are 
the so-called bias compensation methods, 
which are computationally effi cient. 
In a recent work we have developed a 
generalized bias compensation method 
which gives optimal statistical accuracy. 
We have also contributed to the 
continuous-time errors-in-variables model 
identifi cation problem where several 
techniques are developed and compared.

D.2  Analytic Interpolation 
Approach for Spectral 
Analysis

Researchers: Kaushik Mahata, Minyue Fu

In this project, we study the use of 
interpolation methods for spectral 
estimation. The general idea is as follows: 
Instead of estimating the spectrum 
directly, we estimate the so-called half 
spectrum which is uniquely related to 
the spectrum via a standard spectral 
decomposition. The half spectrum is a 
strictly positive-real rational function. 
The given data samples are fi rst passed 
through a set of linear fi lters, called 
input-to-state fi lters. The output of these 
fi lters can be used to directly estimate 
the values of the half spectrum at a set 
of pre-specifi ed locations in the complex 
plane. These values can then be used as 
the interpolation constraints on the half 
spectrum and the latter can be determined 
by solving an interpolation problem 
(Nevalinna-Pick type). This approach was 
originally proposed by T. T. Georgiou and 
his co-authors for discrete-time processes.

Our research generalizes the above 
method in several directions. We have 
developed a similar approach to spectral 
estimation for continuous-time processes. 
Compared with the common approach 
which estimates a discrete-time model 
fi rst, our approach is a direct approach, 
avoiding diffi culties arising in nonlinear 
conversion between discrete-time and 
continuous-time models. We have also 
developed a robust interpolation method 
which allows us to use redundant 
interpolation data to gain more accurate 
spectral fi tting.

In addition, we have studied more effi cient 
algorithms for the interpolation approach 
to spectral estimation.
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D.3  Identifi cation of 
Continuous-time Systems 
from Sampled Data with 
Slow Sampling

Researchers: Damián Marelli, Minyue Fu

Continuous-time system identifi cation 
methods typically rely on the assumption 
that the continuous-time input and 
output signals are sampled “fast 
enough”. Therefore, the accuracy of the 
identifi cation method depends on the 
sampling frequency. As a consequence, 
if the sampling rate is not suffi ciently fast, 
the results obtained may not be accurate. 
In this work, we propose a method in 
which we assume that the sampling 
of the input and output signals is done 
by using an arbitrary sampling device 
(with non-ideal anti-aliasing fi lters and 
a possibly slow sampling rate). We use 
the discrete-time samples obtained to 
tune the parameters of a continuous-time 
model. The advantage of the proposed 
method is that the estimation error can 
converge to zero, as the number of 
discrete-time samples approaches infi nity, 
for, in theory, any sampling frequency. In 
practice, however, the use of a very slow 
sampling frequency may lead to numerical 
problems. Numerical simulations show 
that there exists a threshold frequency, 
such that if the sampling frequency 
is more rapid than the threshold, the 
accuracy of the identifi cation method is 
independent of the sampling frequency. 
This threshold frequency turns out to be 
smaller than that predicted based on well 
known Nyquist frequency arguments.

D.4  Approximation of Linear 
Time-invariant Systems 
in the Time-frequency 
Domain

Researchers: Minyue Fu, Damián Marelli

A linear time-invariant (LTI) system can 
be implemented in the time-frequency 
domain by the composition of an analysis 
fi lterbank followed by a (usually diagonal) 
transfer matrix and synthesis fi lterbanks. 
In our previous work, we proposed 
a functional analysis setting for the 
analysis of the subband technique. Using 
this setting, we provided an analytical 
expression to calculate the optimal 
transfer matrix of a given LTI system, 
when the quality of the approximation is 
measured by the power of the output error 
signal, assuming a white input signal. 
In this work we aim at generalizing our 
previous work by optimizing, not only the 
choice of the transfer matrix, but also 
the choices for the fi lterbanks. Also, we 
measure the quality of the approximation 
by the power of the output error signal, 
assuming the input signal has an arbitrary 
known power spectrum. To this end, 
we provided analytical solutions for the 
following three problems:

1.  For given analysis and synthesis 
fi lterbanks, fi nd the best 
transfer matrix.

2.  For given analysis fi lterbank and 
transfer matrix, fi nd the best synthesis 
fi lterbank.

3.  For given synthesis fi lterbank and 
transfer matrix, fi nd the best 
analysis fi lterbank.

Using these three results, we propose a 
recursive method to solve the research 
problem, which consists in iterating the 
three steps above. The initialization of the 
method is done by choosing the fi lterbanks 
to be of the so-called paraunitary type.
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D.5  Proper Actions on Graph 
Algebras 

Researchers: Damián Marelli, Iain 
Raeburn

If a locally compact group G acts on 
a locally compact space X, this action 
induces an action of G on C

0
 (X) (the 

C* -algebra of continuous functions 
f : X "C such that for all    > 0, the set
{ z � X :� f (z) �>    } is compact). If G acts 
freely and properly on X, then C

0 
(G\X) is 

Morita equivalent to the crossed product 
C

0
 (X) x

�
G. The C* -algebra C* (F) of a 

discrete graph F is generated by a family 
of orthogonal projections and partial 
isometries. If a discrete group G acts on 
F, this action induces an action of G on 
C* (F). Also in this case, if G acts freely 
on F, then the C* -algebra C* (G\F) of the 
quotient graph is Morita equivalent to the 
crossed product C* (F) x

�
G. This shows 

a striking similarity between proper, free 
actions on X and free actions on F. Rieffel 
introduced a notion of proper action of a 
locally compact group G on a C* -algebra 
A, and constructed the generalized fi xed 
point algebra A�. He proved that, if an 
action � : G "Aut (A) is proper, then A� 

is Morita equivalent to an ideal E of the 
reduced crossed product A x

�,r G. Using 
Rieffel’s result, both Morita equivalences 
above can be proved by using a strategy 
which unifi es both cases, i.e., group 
actions on C

0
 (X) and on C* (F). This 

strategy consists in the following steps:

(a1) Show that the action induced on 
C

0
 (X) (resp. C* (F) ) is proper.

(a2) Show that  C
0
 (X)� (resp. C* (F)�) 

is isomorphic to  C
0
 (G\X) 

(resp. C* (G\F)).

(a3) Show that E is all of  C
0
 (X) x

�,r G 
(resp. C* (F) x

�,r G).

(a4) Show that C
0
 (X) x

�,r G =C
0
 (X) x

�
G

 
(resp. C* (F) x

�,r G = C* (F) x
�
G).

In this work we consider the extent to 
which this program is still valid when 
the free assumption is dropped. More 
precisely, we consider proper actions on 
X and actions with fi nite stabilizers on 
F. In the case of group actions on 
C

0
 (X), we proved (a1) and (a2) ((a4) is a 

known result by Phillips). We have also 
shown that (a3) does not hold in general. 
However, we have characterized E as the 
intersection of the kernels of all non-trivial 
irreducible representations of 
C

0
 (X) x

�,rG. In the case of group actions 
on C* (F), we have proved that, if the 
action is free on the dual graph F (or some 
higher-order dual), then (a1), (a3) and 
(a4) hold. We found that the isomorphism 
between C* (F)� and C* (G\F) does not 
hold in general. However, we have shown 
that C* (F)� is isomorphic to C* (G\F) (or 
F replaced by the corresponding higher-
order dual). This shows how the similarity 
between proper, free actions on X and 
free actions on F breaks when the free 
assumption is dropped.

This work is currently in preparation. 
We plan to submit it to a mathematics 
journal of international standing.

D.6  Robust Experiment Design
Researchers: Graham Goodwin, James 
Welsh, Arie Feuer (The Technion, Israel), 
Cristian Rojas (Student)

Overview
During 2006, CDSC gave seed funding to 
a project on robust experiment design. 
The overall goal of this project is to 
design experiments which are robust 
with respect to the nature of the prior 
knowledge attainable about the system 
under study. The initial phase of the work 
was successful. Thus, from 2007 this 
project will receive separate funding 
under an ARC Discovery Project awarded 
to James Welsh and Graham Goodwin.

Subproject #1
Good, Bad and Optimal Experiments 
for Identifi cation

Researchers: Graham Goodwin, Cristian 
Rojas (Student), James Welsh

The topic of experiment design has 
attracted on-going interest for almost 
half a century. There is always a strong 
incentive to learn the most about a system 
with minimal perturbation to normal 
operations. In the early engineering 
literature there was considerable interest 
in nominal experiment design based on 
a-priori estimates of parameters. However, 
this can be precarious if the a-priori 
estimates are poor. This work presents 
results on robust experiment design 
which, inter-alia, accounts for cases 
where the prior knowledge is less precise. 
Two illustrative case studies have been 
used to highlight the differences between 
“good, bad and optimal” experiments. In 
experiment design, as in many engineering 
problems, it is often better to have an 
approximate answer to the correct 
question than an “optimal” answer to the 
wrong question.

Publications: See Goodwin, Rojas and 
Welsh (2006) in Book Chapters.

>

>

>
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Subproject #2
Choosing between Open and Closed 
Loop Experiments in Linear System 
Identifi cation

Researchers: Juan Carlos Agüero, 
Graham Goodwin

In this work we have shown that open 
loop experiments are optimal for a general 
class of systems when the system input 
is constrained and, for a reduced class 
of systems, when the output power is 
constrained. In addition we have shown 
that, for a general class of systems, when 
the output power is constrained, closed 
loop experiments are optimal. Both results 
use a strong notion of optimality and use 
expressions for estimation accuracy 
which are non-asymptotic in model order 
but asymptotic in data length.

Publications: See Agüero and Goodwin 
(2006) in Journal Papers. Agüero and 
Goodwin (2006) in Conference Papers.

Subproject #3
Robust Optimal Experiment Design for 
System Identifi cation

Researchers: Cristian Rojas (Student), 
James Welsh, Graham Goodwin, Arie 
Feuer (The Technion, Israel)

We have developed the idea of min-max 
robust experiment design for dynamic 
system identifi cation. The idea of min-max 
experiment design has been explored 
in the statistics literature. However, the 
technique is virtually unknown by the 
engineering community and, accordingly, 
there has been little prior work on 
examining its properties when applied to 
dynamic system identifi cation. This work 
has initiated an exploration of these ideas. 
We have considered linear systems with 
energy (or power) bounded inputs. We 
have assumed that the parameters lie 
in a given compact set and optimize the 
worst case over this set. We also provide 
a detailed analysis of the solution for an 
illustrative one parameter example and 
propose a convex optimization algorithm 
that can be applied more generally to a 
discretised approximation to the design 
problem. We have also examined the role 
played by different design criteria.

Publications: See Rojas, Welsh, Goodwin 
and Feuer (2006) in Journal Papers. Welsh, 
Goodwin and Feuer (2006), Goodwin, 
Welsh, Feuer and Derpich (2006) in 
Conference Papers.

D.7  Robust Identifi cation
Researchers: Graham Goodwin, Juan 
Yuz (Universidad Técnica Federico Santa 
María, Chile), Mario Salgado (Universidad 
Técnica Federico Santa María, Chile), 
Cristian Rojas (Student)

Overview
The overall goal of this project is to 
develop, so called, ‘Robust Identifi cation 
Procedures’. The aim is that small 
changes in the assumptions should lead to 
small changes in the results.

Subproject #1
Robust Identifi cation of Continuous-Time 
systems from Sampled Data

Researchers: Juan Yuz, Graham Goodwin

Whilst most physical systems occur 
naturally in continuous time, it is 
necessary to deal with sampled data for 
identifi cation purposes. In principle, one 
can derive an exact sampled data model 
for any given linear system by integration. 
However, conversion to sampled data 
form implicitly involves folding of high 
frequency system characteristics back 
into the lower frequency range. This 
means that there is an inherent loss of 
information. The sampling process is 
reversible provided one has detailed 
knowledge of the relationship between 
the low frequency and folded components 
so that they can be untangled from the 
sampled model. However, it is clear from 
the above argument that one has an 
inherent sensitivity to the assumptions that 
one makes about the folded components. 
The factors which contribute to the folded 
components include:
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• The sampling rate.

• The nature of the input between 
samples (i.e., is it generated by a fi rst 
order hold or not, or is it continuous 
time white noise or not).

• The nature of the sampling process 
(i.e., has an anti-aliasing fi lter been 
used and, if so, what are its frequency 
domain characteristics).

• The system relative degree i.e., the 
high frequency roll-off characteristics 
of the system beyond the base band.

• High frequency poles and or zeros that 
lie outside the base band interval.

In this work we have argued that one 
always needs to defi ne a bandwidth of 
validity relative to the above assumptions 
and ensure that the analysis is restricted 
to that bandwidth. We have investigated 
time and frequency domain methods for 
ensuring insensitivity to high frequency 
folded artifacts in the identifi cation of 
continuous time systems from 
sampled data.

Publications: See Yuz and Goodwin (2006) 
in Book Chapters.

Subproject #2
Induction Machine Shaft Speed 
Estimation using Imaginary Power

Researchers: Terry Summers, Robert Betz, 
Brendan McGrath, Graham Goodwin

In this work we have investigated the 
use of an imaginary power based speed 
estimation algorithm for induction 
machines. The algorithm investigated 
was fi rst proposed by Peng and Fukao 
in 1994 and has some very desirable 
characteristics such as insensitivity 
to knowledge of stator resistance, 
and does not use pure integrations. 
However, it has been shown that the 
algorithm does not operate stably under 
regeneration conditions, which has been 
the main reason that it has not seen 
much application. We have investigated 
the reasons behind this instability, and 
developed a solution.

Publications: See Summers, Betz, McGrath 
and Goodwin (2006) in Conference Papers.

D.8  Errors in Variables 
Identifi cation

Researchers: Graham Goodwin, Juan 
Carlos Agüero

The goal of this project is to obtain a 
better understanding of errors in variables 
identifi cation problems. These problems 
are characterized by having noise on 
“inputs” and “outputs”. Unless treated 
carefully, bias errors can result.

There has been substantial work done on 
the Errors in Variables (EIV) identifi ability 
problem for dynamic systems. These 
results are spread across a signifi cant 
volume of literature. In this work, we 
have developed a single theorem which 
compactly summarizes known results. The 
theorem also covers several cases which 
we believe to be novel. We have analyzed 
single input single output systems using 
second order properties. We have 
also extended the results to a class of 
multivariable systems.

Publications: See Agüero and Goodwin 
(2006) in Journal Papers.
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D.9  Signal Sampling and 
Recovery

Researchers: Graham Goodwin, Arie Feuer 
(The Technion, Israel), Milan Derpich 
(Student), Daniel Quevedo, Moche Cohen 
(The Technion, Israel)

This is an on-going CDSC project. 
Motivated by motion compensated 
fi ltering in image processing we have 
considered the problem of sampling and 
reconstruction of signals with sampling 
rates below the Nyquist rate. It has been 
assumed that temporal dependence can 
be induced via motion. In this fashion 
the data consists of both spatial and 
temporal sampling. In this framework, 
we have analysed the conditions for 
perfect reconstruction for a number of 
typical motions.

In related work we have studied the 
problem of multi-dimensional signal 
reconstruction from nonuniform or 
generalized samples. Typical solutions 
in the literature for this problem, utilize 
continuous fi ltering. The key result arising 
from our work is a multi-dimensional 
“interpolation” identity which establishes 
the equivalence of two multi-dimensional 
processing operations. One of these uses 
continuous domain fi lters while the other 
uses discrete processing. The results 
expand and generalize earlier work by 
other authors on the one dimensional 
case. Potential applications include 2D 
images and video signals.

We have also studied the problem 
of parsimonious sampling of fi ltered 
signals. A vector of bandlimited signals 
is passed through a MIMO fi lter and then 
sampled. Conditions on the sampling 
rates are presented that allow for perfect 
reconstruction of the original signals. 
We have extended previous results in 
two aspects. First, we have allowed for 
different bandwidths in signal vector 
entries while previous results were 
restricted to the same bandwidth in all 
entries. Second, we have emphasized 
the parsimonious aspect of the sampling. 
Namely, in each case, including those 
previously treated, we have highlighted 
the gains which can be made via 
downsampling.

Publications: See Feuer, Goodwin and 
Cohen (2006) in Journal Papers.

D.10  Sampled Data Models 
for Nonlinear Systems

Researchers: Graham Goodwin, 
Juan Yuz (Student)

Overview
This project is concerned with the 
relationship between continuous 
time models and their discrete time 
counterparts for nonlinear systems.

Models for continuous-time nonlinear 
systems typically take the form of ordinary 
differential equations. To utilize these 
models in practice, with sampled data, 
requires discretisation. This raises the 
question of the relationship between the 
model describing the sampled data and 
the original continuous-time model. We 
have shown how accurate sampled-data 
models can be obtained for deterministic 
nonlinear systems. These models 
include extra zero dynamics that have no 
counterpart in the original continuous-time 
systems. The results generalize well-
known results for the linear case. We have 
also explored the implications of these 
results in nonlinear system identifi cation. 
Our most recent work focuses on 
sampled data models for nonlinear 
stochastic systems. 

In particular, a sampled-data model to 
represent continuous-time stochastic 
nonlinear systems has been proposed. 
The model is simple to obtain and 
accurate in a well defi ned sense. It is 
based on numerical solution of stochastic 
differential equations, and shows some 
connections to the linear case. 

Publications: See Yuz and Goodwin (2006) 
in Conference Papers.



40

D.11 Gaussian Approximation 
for Turbo Decoding for 
Low-density Parity-check 
Codes 

Researcher: Minyue Fu

One of the major breakthroughs since the 
pioneering work of Shannon in coding 
theory is the invention of turbo codes. 
These codes are so powerful that they 
are only a fraction of dB away from the 
Shannon limit and yet the decoding 
complexities are well within the reach of 
today’s computing power. A similar type 
of codes, called low-density parity check 
codes, which use a decoding algorithm 
similar to those for turbo codes, are 
even more powerful. They are shown to 
be within 0.01 dB of the Shannon limit! 
Despite of the remarkable properties of 
these codes, the amazing power of the 
decoding algorithm remains one of the 
major mysteries in the coding theory. This 
project aims to provide a suitable dynamic 
model for turbo decoding.

In our earlier investigation, we have 
developed a stochastic framework to 
model the dynamics of turbo decoding. 
Using this model, we are able to 
accurately predict the behavior of the 
decoding process. This allows us to 
understand the amazing power of turbo 
decoding. The model explains well why 
certain types of turbo codes work well 
and but others, which are seemingly very 
similar, do not work. The model 
also predicts very well how close a 
given turbo code can potentially be 
to the Shannon limit.

We have recently extended the work 
above to study the validity of Gaussian 
approximation for characterisation of 
iterative decoding for LDPC codes.



Program Goals: 
The partnerships between researchers and industry 
enable reciprocal transfer of knowledge and new 
ideas of great potential impact on the community 
and economy. This Program encompasses four 
research projects motivated by and in collaboration 
with industrial partners. The main underlying theme 
of these projects is the application of advanced 
control and optimisation techniques to maximise 
asset utilisation and production in selected industrial 
processes of signifi cant complexity. The complexity 
of the dynamics of such processes arise from factors 
including model errors, unknown disturbances, 
nonlinearities, distributed parameter systems, 
elements of Human-Machine Interaction and hybrid 
(Discrete and Continuous State) components. 
Expected outcomes of the Program include high 
quality research solutions ad human resources 
tailored to the needs of the Australian industry.

Rick Middleton
Programme Leader 

Julio Braslavsky
Deputy Programme Leader 

E. processcontrolandoptimisation
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E.1  Integrated Mine Planning 
(BHP Billiton)

Project Leader: Rick Middleton   

Researchers: Bryan Hennessy (Student), 
Graham Goodwin, Merab Menabde 
(BHP-Billiton), Maria Seron, Peter Stone 
(BHP-Billiton), Mei Mei Zhang.

This project aims to investigate and 
develop methodologies and software that 
maximize the net present value of a life-
of-mine plan, under a range of constraints 
and uncertainties, in open pit mining. 
The mid-term aim is to demonstrate how 
a fl exible mine plan taking into price 
uncertainty has a better NPV than a 
plan that is created using BHP-Billiton’s 
existing technology, which assumes 
deterministic forward commodity price. 
The long term objective is to incorporate 
the value of specifi c real options (such 
as upgrading the processing plants; or 
mothballing; or closing the mine) in the 
optimal mine planning decisions.

To meet the mid-term objective of the 
project in 2006, our work focused on 
taking into price uncertainty in mine plan 
valuation. We have investigated how 
price uncertainty affects mining project 
valuation and understood under what 
conditions price uncertainty may or may 
not be an important factor in valuation 
of a mine plan. We have also proposed 
a “reactive” approach for mine plan 
valuation which emulates the strategy that 
the management of a mine can modify the 
mine plan based on the latest information 
on commodity price to improve or protect 
the NPV. In this approach, we calculate 
the expected NPV based on mine plans 
that are updated according to the evolving 
commodity spot price and the assumed 
forward price model. This approach has 
been tested on three example pits using a 
Monte Carlo simulation technique. 

The tests show that the “reactive” 
approach can achieve a higher and 
more accurate mine plan valuation than 
BHP-B existing methods, which uses 
deterministic forward commodity price, 
by recognizing additional value due to the 
presence of management fl exibility and 
optionality. 

To reduce the expensive cost from a 
Monte Carlo simulation, we will later 
investigate scenario selection algorithms 
which allow selecting a small number of 
representative price samples to be used in 
Monte Carlo simulations. 

Figure 8: NPV for each price realization using three mining project evaluation methods 3

Figure 7 plots a historical price path, a 
simulated copper forward price path and 
an expected copper price path using a 
log-normal mean reverting price model. 

Figure 8 plots the NPV for each price 
realization using three mining project 
valuation methods. The blue dots indicate 
the NPVs achieved using a static mine 
plan based on the current expectation 
of future price. The green triangles 
are the NPVs achieved by assuming 
future commodity price can be perfectly 
predicted. The pink squares are NPVs 
achieved by the reactive approach. 

Figure 7: Simulation of the copper price using a log-normal mean reverting price model
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Subproject #1
Receding Horizon Control Applied to 
Optimal Mine Planning

Researchers: Graham Goodwin, María 
Seron, Richard Middleton, Meimei Zhang, 
Bryan Hennessy (Student), Peter Stone 
(BHP-Billiton), Merab Menabde (BHP-
Billiton)

In this work we have shown that the 
problem of optimal mine planning can be 
cast in the framework of receding horizon 
control. Traditional formulations of this 
problem have cast it in the framework 
of mixed integer linear programming. 
In this work, we present an alternative 
formulation of the mine planning 
problem using the “language” of control 
engineering. We show that this alternative 
formulation gives rise to new insights 
which have the potential to lead to 
improved computational procedures. The 
advantages are illustrated by an example 
incorporating many practical features of 
an actual mine planning problem.

Publications: See Goodwin, Seron, 
Middleton, Zhang, Hennessy, Stone and 
Menabde (2006) in Journal Papers.

Subproject #2
Closed Loop Stochastic Control Strategies 
for Optimal Mine Planning

Researchers: Bryan Hennessy (Student), 
Graham Goodwin and María Seron

This work is aimed at raising some 
issues regarding “fl exibility” in optimal 
mine planning. By fl exibility, we mean 
accounting for the possibility of ore 
price variations during the planning 
horizon. Since the profi ts are directly 
related to highly varying ore price 
market fl uctuations, one can improve 

mine planning by accounting for Market 
changes, through the implementation 
of a stochastic dynamic programming 
model. We show how this model can be 
implemented with recourse (that is, in 
closed loop). Due to the computational 
limitations of the problem the price 
scenario trees must be kept extremely 
small in order to maintain a reasonable 
solution time. We suggest several ways to 
build small scenario trees that represent 
the data of greatest concern, and to 
reduce the size of the problem.

Publications: See Hennessy, Goodwin and 
Seron (2006) in Conference Papers.

E.2  Optimisation Based 
Operator Guidance 
Schemes (BHP-Billiton 
Innovation)

Project Leader: Julio Braslavsky

Researchers: David Allingham, Mark 
Downey (BHP-Billiton), Boris Godoy 
(Student), Graham Goodwin, Tom 
Honeyands (BHP-Billiton), Katrina Lau, Jim 
Lee (BHP-Billiton), Arthur Maddever (BHP-
Billiton), Rick Middleton, John Truelove 
(BHP-Billiton), Bob Turner (BHP-Billiton).

This project, funded by a partnership of 
the Centre with BHP Billiton Innovation 
(Newcastle), deals with the optimisation 
of novel technologies for industrial 
processes whose complexity requires 
significant human intervention for 
continuous operation. The project aims 
to develop optimised solutions based on 
mathematical modelling, and state-of-the-
art model-based control and estimation 
tools. The project encompasses two 
Industrial Case Studies described below. 

Sferics Reduction in Electromagnetic 
Mineral Exploration
The focus of this Industrial Case Study is 
the reduction of sferics noise in mineral 
exploration with GeoFerret, an Australian 
designed and developed electromagnetic 
(EM) exploration technology. In GeoFerret, 
an array of receivers is used to detect 
underground conductive ore bodies 
(up to 500 m deep). This is done by first 
transmitting a time-varying EM field using 
a transmitter loop lying on the earth’s 
surface. The transmitted field (primary 
EM field) induces superficial electrical 
currents underground, which in turn 
induce electrical currents at greater 
depths. The decaying induced currents 
generate a secondary EM field, which is 
then measured by the array of receivers 
on the earth’s surface. The magnitude and 
rate of decay of these secondary EM fields 
depend on the electrical conductivity of 
the ground, and, via signal processing, 
allows the identification and location of 
target ore bodies. 

A major contributor to noise in the 
detection of deep underground ore bodies 
is sferics: environmental EM radiation 
that dominates receiver instrument noise 
in some locations (such as close to the 
equator). Sferics originate from the EM 
radiation produced by lightning strikes and 
trapped in the earth’s ionospheric cavity. 
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The main aim of the project is to improve 
the GeoFerret technology to allow the 
detection of ore bodies of greater than 500 
m depth by reducing the effects of sferics 
noise in the processed measurements. 

Progress in 2006 has been steady with the 
development of:

1.  a mathematical model for the EM 
response of the earth to the transmitted 
primary EM field and to sferics 

2.  a modular signal processing 
framework, based on Kalman fi lter 
techniques, to estimate the target 
response from single sensor data 

3.  a signal processing methodology 
for the detection of large, nearfield 
(nonstationary) sferics 

4.  preliminary multinode data processing 
techniques for the estimation of model 
parameters, and the attenuation of 
large, nearfield sferics in the detected 
signals. 

During 2006 the CDSC sferics team has 
written nine detailed technical reports 
(averaging 18 pages long) and has met 
every five to six weeks with the partner 
team of researchers from BHP Billiton 
Newcastle Technology Centre to discuss 
progress and research directions. 

Immediate research directions for 2007 
include the consolidation of multinode 
data processing techniques and the 
development of a version of the signal 
processing framework for implementation 
on field operations. 

Figure 9: 
Vertical field coil sensor of the type 
used in electromagnetic mineral 
exploration with GeoFerret.

Figure 10: 
Detailed view of a large sferic in 
real data from three component 
measurements: horizontal field x 
and y, and vertical field z.
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Figure 11: 
Estimated decreasing reponses 
for a single sensor using a Kalman 
filter with and without sferics 
rejection. Data corrupted with 
large sferics is skipped.

Figure 12: 
Transient sensor responses to 
transmitted field, arranged in 
order of increasing distance from 
the centre of the transmitter loop. 
Some pairing is evident, as there 
are two equally spaced rows of 
sensors. Sensor 1 is a remote 
node, 3.3 km from the loop, and 
does not detect the field.

Modelling and Control of Copper Heap 
Leaching
The focus of this Industrial Case Study 
is the development and refinement of 
mathematical models for the control and 
optimisation of heap leaching technology 
for copper extraction. Heap Leaching is 
an emerging technology that appears 
as a more environmentally acceptable 
alternative to smelting for the extraction of 
copper from sulphidic ores. Because it is a 
a slow process that is carried out at much 
lower temperatures than smelting, heap 
leaching uses less energy and generates 
fewer harsh environmental pollutants such 
as sulphur dioxide. 

During 2006 we have developed a basic 
control strategy based on the linearisation 
of the nonlinear model we have previously 
constructed. This control strategy is a 
linear state feedback law designed for 
the linearisation of the model at a point 
on its operation trajectory, and is updated 
at new linearisation points as the system 
state evolves. Small improvements 
in copper extraction rates have been 
obtained with this basic control strategy, 
although at the cost of excessive control 
effort in the system manipulated variables. 
To reduce this control effort, we have 
extended the model to incorporate 
aeration rates as a new manipulated 
variable, which was previously omitted for 
model simplicity. 
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We have also developed code to run a 
high complexity model developed by BHP 
Billiton in an “online” feedback mode. 
This is required to test our feedback 
control strategies using the BHP Billiton 
model as the plant. Because this model 
was originally designed to run “offl ine”, a 
number of numerical difficulties had to be 
resolved before “online” operation modes 
could be identified an implemented. 

Finally, we have carried out a detailed 
study of the nonlinear structure of our 
previously developed nonlinear model 
of a bioleaching process. Thus study 
has shown that under some reasonable 
conditions, our model can be partially 
treated by using exact feedback 
linearisation techniques. 

As future research steps we plan to:

1.  complete the implementation of a basic 
control strategy using the extended 
model with aereation rate and LQR 
control techniques 

2.  implement a receding control strategy 
based on the previous LQG, upon a 
satisfactory implementation of the 
previous LQR strategy 

3.  design and implement a state observer 
for output feedback control 

4.  design new alternative control 
strategies for such model using partial 
feedback linearisation and LQR control 
techniques. 

Figure 13: 
Proposed structure for the bioleaching process basic control 
scheme using BHP Billiton High Complexity Model as plant.
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E.3  Next Generation Model 
Based Control Tools 
(Matrikon)

Project Leader: Greg Adams   

Researchers: Graham Goodwin, Mina 
Kardani, Adrian Medioli (Student), Rick 
Middleton, Maria Seron, Richard Thomas 
(Matrikon), James Welsh 

The aim of this industry project is to 
deliver to Matrikon process control tools 
that allow

• appropriate handling of complex, 
nonlinear and heterogeneous 
processes;

• robust and easy-to-use system 
identifi cation;

• economic optimisation of process 
variables;

• integration of control tools with 
monitoring and diagnostic tools; and

• extensive human-machine interaction 
support.

Development has concentrated on 
enhancing existing MPC software from 
Matrikon, and integrating knowledge 
and existing closed-loop identifi cation 
software from CDSC. Matrikon developers 
and CDSC researchers have so far 
implemented a number of high-priority 
features to enhance marketability and 
usefulness of the current MPC toolbox 
(PACTmpc). CDSC researchers have 
also been active in several areas – work 
completed thus far includes:

• QP algorithm improvements. 

• Range control for process outputs.

• Setpoint tracking for process inputs

• Investigation of soft constraints. 

• Offset-free control for integrating 
processes. 

• Handling of unstable processes.

• Handling of non-linear processes via 
the scheduling of multiple linear MPC 
controllers (work undertaken as a fi nal 
year project by Ben Bohringer).
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For the closed-loop identifi cation tools, 
enhancements to the algorithm and the 
user interface have been implemented, 
and the software has been delivered to 
Matrikon in beta form. Matrikon have 
integrated the tools into ProcessACT, 
under the name PACTmpcid. 

In more general areas, tools for steady-
state economic optimisation were added 
as the result of a fi nal year project by Ivan 
Berry in 2005. Further development of 
these tools were considered in 2006.

Matrikon engineers in Canada have 
applied PACTmpc to a lime kiln in Canada 
(such kilns are used in paper processing), 
where it was a key component of a control 
upgrade project. Early impressions from 
the company concerned are positive.

Research on decoupling strategies for 
MPC commenced in 2006, starting with 
an elegant idea from Rick Middleton. The 
idea is to modify a matrix of control move 
penalties so that the relationship between 
setpoints and actual outputs (over a 
prediction horizon) are block diagonal (for 
the unconstrained case). This idea works 
well for statically decoupled processes, 
but we are now looking for a solution for 
the more general case.

Also commenced in 2006 was a series 
of seminars delivered specifi cally to 

Matrikon engineers. The fi rst seminar, by 
James Welsh in October, was on system 
identifi cation. The second seminar, by 
Greg Adams and Ivan Berry (of Matrikon) 
in November, was on optimization tools for 
ProcessACT. More seminars are planned 
for 2007.

Future work on next-generation model-
based control tools will investigate:

• Implementation of soft constraints. 

• Further development of strategies for 
control of non-linear processes.

• Extending and integrating the economic 
optimisation features.

• Extension of tuning aids and diagnostic 
features for operators.

• Further improvements for PACTmpcid.

• More extensive testing on 
benchmarking problems and applying 
the tools to more industrial processes. 
A major case study is planned (Hicom 
nutating grinding mill control and 
optimization), encompassing all of the 
tools being developed.

• Decoupling research.

The next year promises to be a period of 
intensive research and development in 
this project. Over 2007, it is hoped to have 
the fi nal features added for testing, and for 
more applied research to be conducted. 
Full delivery aims to be achieved by the 
end of 2007.



Program Goals: 
Many technical processes and products in the area 
of mechanical and electrical engineering show an 
increasing integration of mechanics with electronics 
and information processing. This integration is 
between the components (hardware) and the 
information-driven functions (software), resulting in 
integrated systems called mechatronic systems. 
The development of mechatronic systems 
involves fi nding an optimal balance between the 
basic mechanical structure, sensor and actuator 
implementation, automatic digital information 
processing and overall control, and this synergy 
results in innovative solutions. The practice of 
mechatronics requires multidisciplinary expertise 
across a range of disciplines such as: mechanical 
engineering, electronics, information technology, 
and decision-making theories. These complicated 
interactions generate a rich and complex set of 
dynamic behaviours to be analysed and controlled. 
This Program is aimed at investigating such 
analysis and control questions in emerging 
mechatronic systems.

Reza Moheimani
Programme Leader 

Rick Middleton
Deputy Programme Leader 

F. mechatronics
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F.1  Capacitive and 
piezoelectric sensor 
fusion for high-
performance displacement 
measurement in nano-
scale positioning systems.

Project Leader: Reza Moheimani  

Researchers: Andrew Fleming, 
Adrian Wills

Compared to capacitive or inductive 
displacement sensors, piezoelectric 
transducers can provide extremely high 
sensitivity to strain and defl ection at little 
cost. A piezoelectric tube scanner is a 
special case where a redundant electrode 
can provide high precision sensing; the 
only signifi cant cost is the reduction 
in displacement range that could be 
achieved with a second voltage amplifi er 
driving the electrode used for sensing. 

A major problem with high sensitivity 
piezoelectric materials, such as PZT-5H, 
is that they exhibit signifi cant temperature 
dependence and poor signal qualities at 
low-frequencies. In this project, sensor 
fusion was evaluated as a technique to 
utilize only the desirable characteristics 
of each sensor collaboratively. With a 
model of the sensor dynamics and a linear 
estimator or Kalman fi lter, signifi cant 
improvements to noise performance 
and dynamic range can be realized. 
Experiments on a standard piezoelectric 
tube, as utilized in scanning probe 
microscopes, demonstrate an RMS 
displacement noise of 1 nm (sampled at 
40 kHz) with a full-scale range of ±100 
µm. The estimation technique lends 
itself easily to the inclusion of high-
performance state-dependent controllers. 
A receding horizon control strategy was 
implemented and proven to attenuate 
resonant mechanical dynamics by 24 dB 
without increasing displacement noise 

(within the limits of measurement). Both 
the controller and Kalman estimator were 
insensitive to the dominant uncertainty 
– large variations in the resonance 
frequency. Present and future work 
includes extending the technique to other 
nanopositioning applications where high 
dynamic range, low-noise and wide-
bandwidth displacement feedback is 
required. Examples include kinematic 
stages with multiple axes and systems 
with different transducer arrangements, 
e.g., electromagnetically driven stages 
with strain and velocity feedback.

Figure 14: 
A Kalman fi lter utilizes information about 
the underlying mechanics and noise 
processes to procure a more accurate 
displacement measurement.

Figure 15: 
A high-speed closed-loop 120 nanometer 
scan. The capacitive sensor output is 
shown above the estimated 
displacement signal.

F.2  Vibration and Position 
Control of a Flexible 
Manipulator 

Project Leader: Reza Moheimani  

Researchers: Bharath Bhikkaji, Iskandar 
Mahmood (Student)

Increasing demands for high speed 
manipulation and high payload to weight 
ratio in robot manipulators has triggered 
a signifi cant growth in research and 
development activities on fl exible 
manipulators. These manipulators 
constitute a suitable choice to realize 
such demands since they are light in 
weight, require small sized actuators 
and consume low energy for actuation. 
However, designing feedback controllers 
to operate these systems at high speeds 
is a challenging task. The control system 
must be designed not only for precise 
tip positioning but also for suppressing 
vibrations associated with the fl exible 
nature of the manipulator.

In this work, an experimental fl exible 
manipulator setup is fabricated to 
represent a typical fl exible robotic arm. 
Illustration of the experimental setup is 
presented in Figure 16. 

Figure 16: 
Flexible manipulator
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A control scheme is developed to 
achieve vibration suppression using a 
collocated measurement and to enforce 
tip positioning using a non-collocated 
measurement. The control scheme 
consists of two feedback loops, illustrated 
in Figure 17 . 

Figure 17: 
Control system

The inner loop contains a polynomial-
based pole placement controller designed 
to add damping to the fl exible manipulator. 
In the outer loop, using tip position 
measurements, an integral controller is 
implemented for precise tip positioning. 
The integral controller ensures zero 
steady-state error for a step input.

The transfer functions characterizing the 
collocated hub angle response to the 
input voltage and the non-collocated tip 
defl ection response to the input voltage 
are found to have identical dynamic 
modes. This allows for the damping of 
the tip defl ection response, indirectly, 
by damping the collocated hub angle 
response. Figure 18 illustrates both 
responses, where the application of 
the polynomial-based pole placement 
controller has resulted in reduction 
of 11 dB and 6 dB in the magnitude of 
the fi rst and second resonant modes, 
respectively. Having the tip defl ection 
response signifi cantly damped, the 
integral controller is implemented to slew 

the manipulator’s tip to a desired position 
as illustrated in Figure 19.

Figure 18: 
Closed-loop and open-loop frequency 
response: (a) input voltage to hub angle, 
and (b) input voltage to tip defl ection.

Figure 19: 
Time response plots of the fl exible 
manipulator using polynomial-based 
and integral controller. Experimental and 
simulated results: (a) Tip position, and (b) 
Tip defl ection.

F.3  PVPF Control of a 
Piezoelectric Tube 
Actuator 

Project Leader: Reza Moheimani  

Researchers: Bharath Bhikkaji, Marcel 
Ratnam (Student)

Scanning Tunneling Microscopes (STMs) 
and Atomic Force Microscopes (AFMs) 
are used for generating topographical 
maps of material surfaces at micro to 
atomic resolution. The central component 
of their scanning unit is a piezoelectric 
tube, Figure 20. 

Figure 20: 
Piezoelectric tube

In order to obtain good scans of material 
surfaces the piezoelectric tube has to be 
actuated in a raster pattern with good 
precision and speed. An advantage of 
using a piezoelectric tube is that under 
certain experimental conditions their 
dynamics can be well approximated by 
linear models Figure 21. 

Non-linear behavior becomes visible when 
actuating the tube to track reference 
signals of high amplitudes. Linear models 
fi tted to the piezoelectric tubes reveal 
the presence of a resonance mode which 
amplifi es the frequency components of 
the reference input that lie close to it, 
Figure 22. This causes distortion in the 
raster pattern and eventually results in 
poor scans of material surfaces. Positive 
Velocity and Position Feedback (PVPF) 
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controller design is a technique which 
uses the position and velocity as its inputs. 
It has the desired property of rolling off in 
the high frequency regions. The roll-off 
ensures that the un-modeled dynamics of 
the tube are not disturbed. The resonance 
mode of the piezoelectric tube is damped 
by designing a suitable PVPF controller, 
which prevents the amplifi cation of 
frequency components of the reference 
signal close to the resonance frequency. 
The use of PVPF controller also makes 
the system robust to modeling errors and 
changes in tube dynamics due to wear 
and tear. 

Figure 21: 
Magnitude of the frequency response 
function. In Open loop and closed loop.

Figure 22: 
Open and Closed loop response of 
the Piezoelectric tube to a triangular 
waveform with an amplitude of 30V and 
fundamental frequency of 40 Hz .

F.4  Integral Resonant Control 
(IRC) of Collocated 
Systems 

Project Leader: Reza Moheimani  

Researchers: Sumeet Aphale, Andrew 
Fleming

In this project we introduce the concept of 
Integral Resonant Control (IRC), a simple, 
robust and well performing technique 
for vibration control of smart structures 
with collocated sensors and actuators. 
A class of collocated transfer functions 
that exhibit interlaced pole-zero patterns 
is formalized mathematically. Further 
investigations show that by adding a direct 
feed-through to a collocated system, 
these transfer functions can be modifi ed 
from containing resonant poles followed 
by interlaced zeros, to zeros followed by 
interlaced poles Figure 23). The type of 
feed-through (positive or negative) and 
its effect on the pole-zero pattern is also 
formulated mathematically.

Figure 23: 
Open-loop collocated beam transfer 
functions without and with the added 
feed-through term.

It is shown that this modifi cation (Figure 
24) permits the direct application of 
integral feedback and results in good 
performance and stability margins. 
An integral controller and two simple, 
fi rst and second order controller 
possibilities are discussed in brief and 
their advantages and disadvantages have 
been put forth. By slightly increasing the 
controller complexity from fi rst to second 
order, low-frequency gain can be curtailed 
alleviating problems due to unnecessarily 
high controller gain below the fi rst mode. 

Figure 24: 
Schematic diagram of the implemented 
control strategy.
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The developed theory was tested on a 
cantilever beam with collocated sensor-
actuator pairs. Experimental application 
to a piezoelectric laminate cantilever 
beam demonstrates up to 24 dB modal 
amplitude reduction over the fi rst eight 
modes (Figure 25). A mass was added 
to the tip of the cantilever beam and the 
technique was tested for its robustness. 
The controller was found to be robust 
and substantial damping was observed at 
resonance frequencies (Figure 26).

Figure 25: 
Open- (- - -) and closed-loop (___) system 
response for the fi rst eight modes of the 
cantilever beam.

Figure 26: 
Open- (- -) and closed-loop (___) system 
response for the additional mass- loaded 
cantilever beam.

shunts using RLC networks have already 
been implemented and documented by our 
research group. In this work, we design 
sensor-less active shunts optimized using 
H2 and H  techniques. These shunts were 
implemented digitally using the dSPACE 
rapid prototyping system. 

The active shunts reduce the amplitude 
of the fi rst resonant peak of a prototype 
tube nanopositioner by 24 dB. Trianglular 
waveforms are used to trace a raster 
pattern. A 23.5 Hz triangle wave input 
is used to test the improvement in scan 
performance due to the damping achieved 
by these active shunts; see Figure 28. 
Analysis shows that damping the resonant 
mode in such a fashion reduces the scan 
error by about fi ve times, from 100nm in 
the undamped scan to 20nm in the damped 
scan (Figure 29).

Figure 28: 
Triangular waveforms traced by the 
undamped tube scanner versus the ones 
traced by the tube scanner damped, using 
H2 and H  shunts.

Figure 29: 
Plot of deviation from linear in 80 % of 
scan waveform (Note that the undamped 
deviation is plotted on a scale of 0.1 
micrometers while the damped H2 and 
H  deviations are plotted on a scale of 
0.02 micrometers).

F.5  High-speed 
Nanopositioning Using 
Active Shunt Control 

Project Leader: Reza Moheimani 

Researchers: Sumeet Aphale, Andrew 
Fleming

Piezoelectric tube scanners (Figure 27) 
are the actuators of choice in scanning 
probe microscopy. These nanopositioners 
exhibit a dominant fi rst resonant mode 
that gets excited due to harmonics of the 
input scan signal and introduces errors in 
the scan obtained. The presence of this 
resonant mode limits the upper bound of 
a triangular scan rate to around 1/100th of 
the fi rst mechanical resonance frequency. 
Passive and active shunts can be used to 
damp this resonant mode substantially and 
improve scan performance.

Figure 27: 
(a) Piezoelectric tube scanner with a cube 
mounted on top and placed in a protective 
aluminum cylinder that also acts as a 
socket for the capacitive sensors. 

(b) Internal construction of the 
piezoelectric tube scanner and a 
schematic of a shunt implementation. 
The inner electrode is grounded.

In this project shunt design was 
formulated as a standard regulator 
design problem. This allows for the 
application of well-known and effective 
techniques like H2 and H  controller 
design methodologies to design high-
performance shunts. Sensor-less passive 



F.6  RoboCup Soccer
Researchers: Michael Quinlan, Naomi 
Henderson, Steve Nicklin, Robin Fisher, 
Rick Middleton, Stephan Chalup, Robert 
King, Florian Knorn, Andrew Bevitt

In the fi rst half of 2006, the NUbots team 
introduced a number of improvements to 
the robot soccer software in preparation 
for the competition. The NUbots have 
been competing in RoboCup since 2002 
and have been placed 3rd, 3rd, 3rd and 
2nd in 2002 through 2005 respectively. 
After coming runners up to UNSW in the 
Australian Open held in April 2006, we 
were keen to avenge our loss at the world 
championship. Several of the members 
of the NUbots team travelled to Bremen 
to compete in the world RoboCup Soccer, 
Four Legged League competition. The 
competition includes 24 teams from 
around the world, including a variety 

of teams from Europe, Asia, North and 
South America. Qualifying rounds for the 
competition commenced on Wed 14 June, 
with the fi nal series held on 17,18 June.

There were some late nights testing 
and making further adjustments to 
the code. This paid off with signifi cant 
improvements in the robots perception 
of their own location, their ball handling 
ability, strategic decision making and their 
visual recognition. The end result was 
outstanding with the NUbots keeping a 
clean defensive record until the grand 
fi nal, which we won 7-3 against the UNSW 
team. (The CD-ROM included with the 
Annual Report includes computer video 
footage of the fi nal).

More recent research in the second half 
of 2006 has been directed in 
several directions.

Mixture Model Extensions for 
Localisation and World Modelling:
Motivated by discussions with 
researchers from the statistics groups 
in the discipline, we have implemented 
multivariate Gaussian mixtures within 
the extended Kalman Filter used for 
localisation and world modelling. This will 
be crucial in this year’s competition as the 
rules change to further reduce the number 
of unique landmarks available in the 2007 
competition. Simple versions of split and 
merge algorithms have been implemented 
and so far are showing great promise for 
low computational load implementation, 
whilst achieving more than adequate 
performance.
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Mixture Model Methods for Vision 
Classifi cation:
Motivated by work in the Bayesian 
learning program, we are looking at 
methods for semi-automating the currently 
highly labour intensive process of vision 
classifi cation. Fitting Gaussian mixtures to 
the available data, and trying to allocate 
each element of the mixture to a particular 
object is showing great promise in this 
area. Future work will look at extensions 
using multivariate Gaussians to allow 
spatio-temporal information to be included 
in classifi cation.

Bipedal Robot Motion:
We have commenced modelling work for 
bipedal robots. This includes kinematic 
and dynamic modelling, as well as 
hardware development. This will be 
followed up with walk algorithms designed 
based on virtual constraints, and hybrid 
zero dynamics that have been discussed 
in the literature.

New Robot Hardware:
We are also developing new prototype 
kit style robot hardware for future robot 
soccer competitions. With Sony having 
announced that it has stopped producing 
the Aibos, the RoboCup soccer league 
will need to fi nd a replacement after 
the 2007 competition. In conjunction 
with a local company, Tribotix, we have 
made a submission on a new hardware 
design for a robot ‘bear’, able to perform 
quadrupedal and bipedal locomotion. The 
bear will have enhanced sensory, motor 
and computational capabilities.



activityplanfor2007

Some of our main plans for 2007 are:

• The 2007 Advisory Board Meeting to be held on Friday 27 April at the Centre in Newcastle.

• 2007 Centre Retreat is tentatively scheduled for October 2007. This will have a major focus 
on strategic planning and the forthcoming review.

• With the recent support from the NSW State Government we will be expanding our push 
for new local (Newcastle) industry based projects.

• CDSC Postgraduate students will participate in a Postgraduate Student Conference on 
Control & Signal Processing held at The University of Melbourne, 12-13 April 2007.

• The “dual” short courses on Modern Industrial Control and on Kalman Filtering will be 
offered in April 2007. (See details enclosed, and on the CD-ROM). 

• CDSC has recently introduced an Industry Affi liates Program for encouraging formal 
links with a number of industries associated with the Centre (see details enclosed, 
and on the CD-ROM).
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K. Lau, D.E. Quevedo, B.J.G. Vautier, G.C. 
Goodwin, and S.O. R. Moheimani. “Design 
of modulated and demodulated controllers 
for fl exible structures”, accepted for 
publication in Control Engineering 
Practice, Vol.15, No.3, pp.377-388, 2007.

K. Mahata, “An improved bias 
compensation algorithm for dynamic 
errors-in-variables model identifi cation”, 
accepted for publication in Automatica.

K. Mahata and M.Fu.,”On indirect 
approaches for CARMA model 
identifi cation,”, accepted for publication 
in Automatica. 

K. Mahata and M. Fu, “A robust 
interpolation algorithm for spectral 
analysis”, accepted for publication in 
IEEE Transactions on Signal Processing.

J.B. Mare and J.A. De Doná, “Solution of 
the input-constrained LQR problem using 
dynamic programming”, accepted for 
publication in Systems & Control Letters.

D. Marelli, “Functional analysis approach 
to subband system approximation and 
Identifi cation”, accepted for publication in 
IEEE Transactions on Signal Processing, 
Vol.55, No.2, pp.493-506, February 2007.

D. Marelli and M. Fu, “Ergodic properties 
for multirate linear systems”, accepted for 
publication in IEEE Transactions on Signal 
Processing, Vol.55, No.2, pp.461-473, 
February 2007.

R. McVinish, “Discussion of paper by 
J. Rousseau ‘Approximating interval 
hypothesis: p-values and Bayes factors’”, 
accepted for publication in Bayesian 
Statistics VIII.

R. McVinish, J. Rousseau* and K. 
Mengersen, “Bayesian mixtures of 
triangular distributions with application 
to goodness-of-fi t testing”, accepted for 
publication in Annals of Statistics.

* International Author
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K. Mengersen and D. Wraith, “A Bayesian 
approach to assess interaction between 
known risk factors: the risk of lung cancer 
from exposure to asbestos and smoking”, 
accepted for publication in Statistical 
Methods in Medical Research, Vol.16, 
pp.1-19, 2007.

K. Mengersen, S. Maynihan and R.L. 
Tweedie, “Casuality and association: 
Statistical and legal approaches”, 
accepted for publication in Statistical 
Science.

R.H. Middleton and D.E. Miller*, 
“Fundamental limits on the achievable 
delay margin using LTI control”, accepted 
for publication in IEEE Transactions on 
Automatic Control.

T. Perez* and G.C. Goodwin, “Constrained 
control of ship fi n stabilizers to prevent 
dynamic stall”, accepted for publication 
in 2007.

D.E. Quevedo, C. Müller and G.C. Goodwin, 
“Conditions for optimality of naïve 
quantized fi nite horizon control”, accepted 
for publication in International Journal 
of Control.

C.R. Rojas, J.S. Welsh, G.C. Goodwin and 
A. Feuer*, “Robust optimal experiment 
design for system identifi cation”, 
accepted for publication in Automatica.

B. Sims and M.L. Smith, “The structure 
of admissible and fi xed point sets in 
metric space ultraproducts”, accepted 
for publication in J. Fixed Point Theory & 
Applications. 

D. Wraith and K. Mengersen, “Assessing 
the combined effect of asbestos exposure 
and smoking on lung cancer: a Bayesian 
approach”, accepted for publication in 
Statistics in Medicine. Available online 
DOI 10.1002/sim.2602

T. Yeend, “Groupoid models for the 
C*-algebras of topological higher-rank 
graphs”, accepted for publication in 
J. Operator Theory.

Conference Papers:
S. Aphale, S.O.R. Moheimani and A.J. 
Fleming. “Optimal sensorless shunts for 
vibration damping of a piezoelectric tube 
nanopositioner”, Proc. 17th International 
Conference on Adaptive Systems and 
Structures, October 2006.

J.C. Agüero and G.C. Goodwin, “On 
the optimality of open and closed loop 
experiments for identifi cation”, 45th IEEE 
Conference on Decision and Control, San 
Diego, USA, 13-15 December 2006. 

J.C. Agüero and G.C. Goodwin, 
“Identifi ably of errors in variables dynamic 
systems”, 14th IFAC Symposium on System 
Identifi cation, Newcastle, Australia, 
March 2006.

B. Bhikkaji, M. Ratnam, A.J. Fleming and 
S.O.R.Moheimani. “High-performance 
control of PZT scanner”, Proc. 4th IFAC 
Symposium on Mechatronic Systems, 
Heidelberg, Germany, September 2006. 
Anniversary Special Issue.

B. Bhikkaji, M. Ratnam and S.O.R. 
Moheimani. “PYPF control of piezoelectric 
tube scanners”, Proc. SPIE Symposium 
on Smart Materials and Structures, 
February 2006.

S.K. Chalup, M. Dickinson, R. Fisher, R.H. 
Middleton, M.J. Quinlan and P. Turner, 
“Proposal of a kit-style Robot as new 
standard platform for the four-legged 
league”, Proc. Australasian Conference 
on Robotics and Automation, Auckland, 
Dec, 2006.

G. M. Clayton*, S. Tien*, S. Devasia*, 
A.J. Fleming and S.O.R. Moheimani. 
“Hysteresis and vibration compensation 
in piezoelectric actuators by integrating 
charge control and inverse feedforward”, 
Proc. 4th IFAC Symposium on Mechatronic 
Systems, Heidelberg, Germany, 
September 2006.

M.S. Derpich, D.E. Quevedo and G.C. 
Goodwin, “Optimal AD-conversion via 
sampled-data receding horizon control 
theory”, The 25th Chinese Control 
Conference, Harbin, China, 7-10 
August 2006. 

M.S. Derpich, D.E. Quevedo, G.C. Goodwin 
and A. Feuer*, “Quantization and sampling 
of not necessarily bandlimited signals”, 
Proc. IEEE International Conference 
Acoustics, Speech and Signal Processing, 
Toulouse, France, 14-19 May 2006. 

C. de Souza*, K. Barbosa* and M. Fu, 
“Robust Filtering for Uncertain Linear 
Discrete-Time Descriptor Systems”, Proc. 
14th IFAC Symp. on System identifi cation, 
(SYSID), Newcastle, March 2006.

A. J. Fleming, D. Niederberger*, S O.R. 
Moheimani and M. Morari. “Mitigation 
of acoustic resonance using electrically 
shunted loudspeakers”, Proc. SPIE 
Symposium on Smart Materials and 
Structures, February 2006.

J. S. Freudenberg*, R.H. Middleton and 
V. Solo*, “The Minimal Signal-to-Noise 
Ratio Required to Stabilize over a Noisy 
Channel”, Proc 2006 American Control 
Conference. Minneapolis, June 2006.

M. Fu, “On Gaussian approximation for 
density evolution of low-density parity-
check codes”, Int. Conf. Communications, 
Istanbul, May 2006.

* International Author
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M. Fu and L. Xie*, “On design of fi nite-
level quantization feedback control”, 17th 
International Symposium on Mathematical 
Theory of Networks and Systems, Kyoto, 
July, 2006. (Funded principally by a 
separate ARC Discovery Grant)

M. Fu and L. Xie*, “Finite-level quantized 
feedback control for linear systems”, 
Proc. 45th IEEE Conference on Decision 
and Control, San Diego, December 2006. 
(Funded principally by a separate ARC 
Discovery Grant)

B.I. Godoy, J.H. Braslavsky and K. Mahata, 
“Low complexity modelling and parameter 
estimation in copper bioleaching 
processes”, Proc. 14th IFAC Symp. on 
System Identifi cation, (SYSID), Newcastle, 
March 2006.

G.C. Goodwin, J.C. Aguero, J.S. Welsh and 
J.I. Yuz*, “Some observations on nonlinear 
identifi cation”, Proc. 14th IFAC Symp. on 
System identifi cation, (SYSID), Newcastle, 
March 2006. 

G.C. Goodwin, D.E. Quevedo and E.I. Silva, 
“Filter banks in networked control”, 17th 
International Symposium on Mathematical 
Theory of Networks and Systems, Kyoto, 
Japan, 24-28 July 2006. 

G.C. Goodwin, J.S. Welsh, A. Feuer* and 
M. Derpich, “Utilizing prior knowledge in 
robust optimal experiment design”, Proc. 
14th IFAC Symp. on System Identifi cation, 
(SYSID), Newcastle, March 2006.

B.F. Hennessy, G.C. Goodwin and M.M 
Seron, “Closed loop stochastic control 
strategies for optimal mine planning”, 
Advanced Process Control Applications, 
Vancouver, Canada, 8-10 May 2006. 

N. Jun and M. Fu, “Symbol-wise 
Interleaving for Serially Concatenated 
Continuous Phase Modulation”, 2006 DSP 
Workshop, Wyoming, September, 2006.

N.S. Larsen* and I. Raeburn, “From fi lters 
to wavelets via direct limits”, Proc. GPOTS 
2005, Contemp. Math. Vol.414, pp.35-40, 
2006.

C. Løvaas, G.C. Goodwin and M.M Seron, 
“Non-parameteric linear quadratic 
optimal control in the frequency 
domain”, American Control Conference, 
Minneapolis, USA, 14-16 June 2006. 

C. Løvaas, M.M. Seron and G.C. Goodwin, 
“Inverse min-max optimality of model 
predictive control”, Proc. 45th IEEE 
Conference on Decision and Control, 
San Diego, December 2006.

K. Mahata, “Prefi lter design for 
identifi cation using noisy data”, Proc. 45th 
IEEE Conference on Decision and Control, 
San Diego, December 2006.

K. Mahata and M. Fu, “A robust 
interpolation algorithm for spectral 
estimation”, Proc. IEEE International 
Conference Acoustics, Speech and Signal 
Processing, Toulouse, France, 14-19 May 
2006.

K. Mahata and M. Fu, “On the 
reconstruction of continuous-time models 
from estimated discrete-time models of 
stochastic processes”, Proc. 14th IFAC 
Symp. on System identifi cation, (SYSID), 
Newcastle, March 2006.

J.B. Mare and J.A. De Doná. “Moving 
horizon estimation of constrained 
nonlinear systems by Carleman 
approximations”, Proc. 45th IEEE 
Conference on Decision and Control, San 
Diego, December 2006.

J.B. Mare and J.A. De Doná., “A case 
study in explicit solutions to constrained 
nonlinear MPC”, Proc. IFAC Workshop on 
Nonlinear Model Predictive Control for 
Fast Systems, Grenoble, France, 2006. 

D. Marelli, “Functional analysis approach 
to Subband system approximation and 
identifi cation”, Proc. 14th IFAC Symp. on 
System identifi cation, (SYSID), Newcastle, 
March 2006.

J.J. Martinez*, X.W. Zhuo, J.A. De Doná 
and M.M. Seron, “Multi-sensor switching 
strategy for automotive longitudinal 
control”, Proc. American Control 
Conference, 14-16 June 2006.

R. McVinish, J.H. Braslavsky and 
K. Mengersen, “A Bayesian-decision 
theoretic approach to model error 
modelling”, Proc. 14th IFAC Symp 
on System Identifi cation, SYSID, 
March 2006.

R. H. Middleton, C. M. Kellett, and R. N. 
Shorten*, “Fairness and convergence 
results for additive-increase multiplicative 
decrease multiple-bottleneck networks”, 
Proc. 45th IEEE Conference on Decision 
and Control, San Diego, December 2006.

D. Miller* and R.H. Middleton, “On 
limitations to the achievable path tracking 
performance for Linear multivariable 
plants”, Proc. 45th IEEE Conference 
on Decision and Control, San Diego, 
December 2006.

S. Nicklin, R. Fisher and R.H. Middleton, 
“Rolling shutter image compensation”, 
Robocup Symposium, Bremen, Germany, 
June 2006.

K. Peterson*, R.H. Middleton and J. S. 
Freudenberg*, “Fundamental limitations 
in active magnetic bearings with periodic 
perturbations”, Proc. 2006 American 
Control Conference. Minneapolis, 
June 2006.

D.E. Quevedo, J.S. Welsh, G.C. Goodwin 
and M. McLeod*, “Networked PID 
control”, IEEE Conference on Control 
Applications, Munich, Germany, 3-6 
October 2006.
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A.J. Rojas, J.H. Braslavsky and R.H. 
Middleton, “Output feedback stabilisation 
over bandwidth limited, signal to noise 
ratio constrained communication 
channels”, Proc. 2006 American Control 
Conference, Minneapolis, USA June 2006.

A.J. Rojas, J.S. Freudenberg*, J.H. 
Braslavsky and R.H. Middleton, “Optimal 
signal to noise ratio in feedback over 
communication channels with memory”, 
Proc. 45th IEEE Conference on Decision 
and Control, San Diego, December 2006.

O.J. Rojas, G.C. Goodwin and T. Domanti, 
“Nonlinear constrained model predictive 
control (NMPC) approach to air knife 
control in galvanizing lines”, Advanced 
Process Control Applications, Vancouver, 
Canada, 8-10 May 2006.

T. Söderström*, E.K. Larsson*, K. Mahata 
and M. Mossberg*, “Using continuous-
time modeling for errors-in-variables 
identifi cation”, Proc. 14th IFAC Symp. on 
System identifi cation, (SYSID), Newcastle, 
March 2006.

T. Summers, R.E. Betz, B. McGrath and 
G.C. Goodwin, “Induction machine shaft 
speed estimation using imaginary power”, 
12th International Power Electronics and 
Motion Control Conference (EPE-PEMC 
2006), Portoroz, Slovenia, 30 Aug-1Sept 
2006.

M. Wang, D.E. Quevedo and G.C. Goodwin, 
“Joint data detection and channel 
estimation for MIMO-OFDM systems via 
EM algorithm and sphere decoding”, 
IEEE GLOBECOM Technical Conference, 
San Francisco, 27 November - 
1 December 2006.

J.S. Welsh, G.C. Goodwin and A. 
Feuer*, “Evaluation and comparison 
of robust optimal experiment design 
criteria”, American Control Conference, 
Minneapolis, USA, June 2006.

T. Yeend, “Topological higher-rank graphs 
and the C*-algebras of topological 1-
graphs”, Proc. GPOTS 2005, Contemp. 
Math., Vol.414, pp.231-244, 2006. 

J.I. Yuz and G.C. Goodwin, “Sampled-
data models for stochastic nonlinear 
systems”, 14th IFAC Symposium on System 
Identifi cation, Newcastle, Australia, 
March 2006. 

M.M. Zhang, R.H. Middleton, P.M. Stone 
and M. Menabde, “A reactive approach 
for mining project evaluation under price 
uncertainty”, accepted to appear in 
Proc.33rd International Symposium on 
Application of Computers and Operations 
Research in the Mineral Industry 
(APCOM), Santiago, Chile, April 2007.

J. Zheng, Y. Wang*and M. Fu, “A 
generalized cisturbance fi lter design 
and its applications to a spinstand 
servo system with microactuator”, 
9th International Conference on Control, 
Automation, Robotics and Vision, 
December, 2006. (Funded principally by a 
separate ARC Discovery Grant)

X.W. Zhuo, J.A. De Doná and M.M. Seron, 
“Explicit output-feedback receding-
horizon control with constraints”, 
Proc. American Control Conference, 
Minneapolis, USA, 2006.

Industry Technical Reports:

BHP Billiton Innovation:
BHPB/IMP/06/1
G.C. Goodwin, M.M. Seron and B. 
Hennessy, 
“Optimal mining planning scenario 
generation”, March 2006.

BHPB/IMP/06/2
M.M. Zhang, P. Stone and M. Menabde, 
“A study of the impact of price uncertainty 
to a mine plan”, March 2006.

BHPB/IMP/06/3
B.F. Hennessy, G.C. Goodwin and M.M. 
Seron, “Closed loop stochastic control 
strategies for optimal mine planning”, 
July 2006.

BHPB/IMP/06/4
M.M. Zhang, P. Stone and M. Menabde, 
“Applying reactive design to mine 
planning & evaluation under price 
uncertainty”, June 2006.

BHPB/IMP/06/5
M.M. Zhang, R.H. Middleton, P. Stone and 
M. Menabde, “Extensions of Reactive 
Approach for mining project evaluation 
including mine operating and closure 
costs”, November 2006.

BHPB/OBOG/06/1
J.H. Braslavsky and G.C. Goodwin “Sferics 
Project Report No. 3”, January 2006.

BHPB/OBOG/06/2
K. Lau, D. Allingham, J.H. Braslavsky and 
G.C. Goodwin “Sferics Project Report No. 
4” February 2006.

BHPB/OBOG/06/3
K. Lau, D. Allingham and J.H. Braslavsky, 
“Sferics Project Report No. 5”, April 2006.

BHPB/OBOG/06/4
K. Lau, D. Allingham and J.H. Braslavsky, 
“Sferics Project Report No. 6”, May 2006.
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BHPB/OBOG/06/5
K. Lau, D. Allingham and J.H. Braslavsky, 
“Sferics Project Report No. 7”, June 2006.

BHPB/OBOG/06/6
B.I. Godoy and J.H. Braslavsky, “Towards 
control of copper bioleaching processes”, 
June 2006.

BHPB/OBOG/06/7
D. Allingham and B.I. Godoy, “Precision 
errors in BHP-Billiton heap leaching 
model”, June 2006.

BHPB/OBOG/06/8
K. Lau, D. Allingham and J.H. Braslavsky, 
“Sferics Project Report No.8”, July 2006.

BHPB/OBOG/06/9
K. Lau, D. Allingham, G.C. Goodwin and 
J.H. Braslavsky, “Sferics Project Report 
No. 9”, September 2006.

BHPB/OBOG/06/10
K. Lau, D. Allingham and J.H. Braslavsky, 
“Sferics Project Report No.10”, November 
2006.

BHPB/OBOG/06/11
B.I. Godoy, “More observations regarding 
off-line and on-line operation of the BHP-
Billiton heap leaching model”, October 
2006.

BHPB/OBOG/06/12
K. Lau, D. Allingham, G.C. Goodwin and 
J.H. Braslavsky, “Sferics Project Report 
No. 11”, December 2006.

Matrikon:
Mat/NGMT/06/1
G.J. Adams, “Next generation model-
based control tools – closed-loop 
identifi cation for non-square systems”, 
January 2006.

Mat/NGMT/06/2
G.J. Adams, “Next generation model-
based control tools – Progress Report”, 
February 2006.

Mat/NGMT/06/3
G.J. Adams, “Next generation model-
based control tools – Quality measures for 
PACT mpcid”, March 2006.

Mat/NGMT/06/4
G.J. Adams, “Next generation model-
based control tools – PACTmpcid 
summary”, May 2006.

Mat/NGMT/06/5
G.J. Adams, “Next generation model-
based control tools – Progress Report”, 
May 2006.

Mat/NGMT/06/6
G.J. Adams, “Next generation model-
based control tools – Bi-proper systems in 
the PACTmpcid toolbox”, May 2006.

Mat/NGMT/06/7
G.J. Adams, “Next generation model-
based control tools – MPC for non-linear 
systems”, May 2006.

Mat/NGMT/06/8
G.J. Adams, “Next generation model-
based control tools – Enhancements to the 
PACTmpc objective function”, July 2006.

Mat/NGMT/06/9
G.J. Adams, “Next generation model-
based control tools – Changes to the 
PACTmpc QP algorithm”, August 2006.

Mat/NGMT/06/10
G.J. Adams, “Next generation model-
based control tools – Progress Report”, 
August 2006.

Mat/NGMT/06/11

G.J. Adams, “Next generation model-
based control tools – PACTmpc for 
integrating processes”, September 2006.

Mat/NGMT/06/12
B. Bohringer, “Next generation model-
based control tools – Non-linear MPC: 
A multiple linear controller approach”, 
November 2006.

Mat/NGMT/06/13
G.J. Adams, “Next generation model-
based control tools – Progress Report”, 
November 2006.

Mat/NGMT/06/14
G.J. Adams, “Next generation model-
based control tools – PACTmpc for 
unstable processes”, December 2006.

Macquarie Generation:
MacGen/Water/01
G.C. Goodwin, J-C. Aguero, C. Rojas, “Next 
generation model-based control tools 
– closed-loop identifi cation for non-square 
systems”, October 2006.
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performanceindicatorsreport

(P.1)  Research Training

Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
 Actual Actual Actual Actual  Target Target

Refereed International  62 61 62 77 International Journal Publications (see page 57). 40 200
Journal & Conference 
Publications

Patents - - 1 0   3

Major Presentations  14 10 5 3 See page 57. 2 5
(Keynote etc.)

Science Citation counts  301 393 432 389 Search performed on ISI Web of Science, for all 200 1000
for CDSC investigators     Centre Programme Leaders and Deputy Leaders. 
     Numbers are external citations only to this group.

(P.2)  Research Training and Professional Education

Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
 Actual Actual Actual Actual  Target Target

Recruit 25 Postgraduate 6 5 4 9 RHD commencements in 2006 (see page 7): 5 25
Students     Robin Fisher, Naomi Henderson, Kenny Hong, 
     Steven Nicklin, Chris Oldmeadow, Cristian Rojas, 
     Francisco Eduardo Castillo Santos, Eduardo Silva, 
     Ben Stewart-Koster, 

Completed Research 4 7 7 5 RHDs awarded in 2006 (see page 7): 4 20
Higher Degrees     Juan Carlos Aguero, Clair Alston, Daniel Quevedo, 
     Juan Yuz, Elizabeth Stojanovski

Supervise 1st Class  8 4 12 10 • Candice Hincksman – “Bayesian mixture models for  6 30
Honours Students      image classifi cation” (Mengersen and Alston)

     • Benjamin Bohringer – “Non-linear MPC: A multiple 
      linear controller approach” (Welsh/Adams)

     • Malcolm McLeod – “Ball and plate” (Welsh)

     • Andrew Farley – “A ball-in-a-tube height control 
      experiment” (De Dona)

     • Joe Hextall “Dual-stage high precision control” (Fu)

     • Callum Menzies – “Autonomous underwater vehicle” 
      (De Dona)

     • Jye Thornton – “Autonomous underwater vehicles” 
      (De Dona)

     • Ben Maloney – “A construction of wavelets using 
      a direct limit and a fi lter” (Raeburn)

     • David Robertson – “Simplicity of algebras generated 
      from higher-rank graphs with sources” (A. Sims)

     • Sam Webster – “Wavelets associated to the Cantor 
      set” (Raeburn)
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Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
 Actual Actual Actual Actual   Target Target

Professional Courses run  0 1 3 6 • “Bayesian Statistics for Beginners”,  1 5
      Brisbane 15-16 March; Canberra 14-15 September; 
      Melbourne 28-29 November.

     • “Statistics for Transport Analysis”, 23-24 February. 

     • “Environmental Statistics”, 15-17 May and 14-16 June.

Senior undergraduate and  4 4 7 4 • ELEC3400 “Digital Signal Processing” – Moheimani 4 20
postgraduate courses      • ELEC3850 “Intoduction to Electrical Engineering”
taught by Centre investigators       – Welsh
in the area of complex systems      • ELEC4400 “Automatic Control” – De Dona
taught by Centre investigators      • ELEC4410 “Control System Design and 
      Management” – Welsh

Interactive Learning  3 3 2 4 See page 20.  4
Laboratories developed

(P.3) International, National and Regional Links and Networks

Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
 Actual Actual Actual Actual  Target Target

International Research 19 19 14 15 See page 10. 10 50
Visitors

Papers with international  14 10 29 31 See page 57. 20 100
co-authors

National and International  4 5 4 8 See page 12. 5 25
Workshop organisation

Visits to Overseas Labs 17 20 14 20 Mengersen – Duke University, USA; 10 50
     Dalhousie University, Canada; 

     Alston – University of Paris, France; 

     Mengersen – Duke University, USA; 
     Dalhousie University, Canada; 

     Middleton – Hamilton Institute, Ireland; University of 
     Michigan, USA; Carnegie Mellon University, USA; 
     University of California, Santa Barbara, USA.

     Moheimani – IBM Research Labs, Zurich, 
     Switzerland; EPFL, Lausanne, Switzerland; 
     University of Waterloo, Canada.

     Raeburn – University of Oslo; University of 
     Victoria (Canada).

     Goodwin – Harbin Institute of Technology, China;
     The Technician Haifa, Israel; Imperial College, London;
     Linkoping University, Sweden; Uppsala University, 
     Sweden; Politecnico di Milano, Italy.  



(P.4) End-user Links
Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
Actual Actual Actual Actual Actual  Target Target

Postgraduate Students   7 1 1 Darren Wraith – Ecological Modelling  10
involved in industrial 
projects (New students only)

Visits by Centre Researchers  7 12 7 23 Adams – Matrikon (6) 5 25
to Industry     OBOG Meetings: Allingham, Braslavsky, Lau – (9)
     Middleton – BHP Melbourne (3), CSR and Matriko
     Seron – Matrikon
     Welsh – Matrikon (2)

(P.5) Organisational Support
Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
Actual Actual Actual Actual Actual  Target Target

Annual cash contributions  $400K $475K $727K $648K BHP-Billiton Innovation: $100,000 $450K $2250K
from collaborating      Matrikon: $75,000
organisations     University of Newcastle: $340,000
     NSW Department of State and Regional 
     Development: $111,000
     Queensland University of Technology: 
     $21,600. (to QUT node)

In-kind contributions  $1746K $2818K $2818K $2846K Matrikon: $189,000 $1.5M $7.5M
from collaborating      BHP-Billiton: $148,100
Organisations     University of Newcastle: $220,279
     Queensland University of Technology: $309,190

(P.6) Governance
Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
Actual Actual Actual Actual Actual  Target Target

Advisory Board 1 1 1 1 Advisory Board Meeting held on  1 5
     27 April 2006 (see page 9).

(P.7) National Benefi t
Description 2003  2004 2005 2006 Details of 2006 Outcomes 2006 03-07
Actual Actual Actual Actual Actual  Target Target

Student Placements in  5 7 6 1 Hernan Haimovich – Departamento de Electronica  2 10
other organisations     Universidad Nacional de Rosario, Argentina.

Case Studies of Benefi ts     CDSC jointly, with Engineers Austalia (NCACI and 
     Process Control Society), Rio Tinto and CSSIP, 
     fi nancially sponsored a study:

     “Achieving the Benefi ts of Improved Control in 
     Australian Process and Manufacturing Industries”. 

Industry Technical Reports 9 23 38 31 See page 62. 5 25
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