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HISTORY 
 
This symposium was founded in 1996 by the support of Science and International Affairs 
Bureau, Ministry of Education, Culture, Sports, Science and Technology, Japanese 
Government. Since then, this symposium has been held every year at B-Con Plaza, Beppu, 
Oita, Japan except in Oita, Japan (AROB 5th ’00) and in Tokyo, Japan (AROB 6th ’01). The 
thirteenth symposium will be held on 31 January – 2 February, 2008, at B-Con Plaza, Beppu, 
Oita, Japan. This symposium invites you all to discuss development of new technologies 
concerning Artificial Life and Robotics based on simulation and hardware in the twenty first 
century. 
 
 
OBJECTIVE 
 
The objective of this symposium is the development of new technologies for artificial life and 
robotics which have been recently born in Japan and are expected to be applied in various 
fields. This symposium will discuss new results in the field of artificial life and robotics. 
 
 
GENERAL SESSION TOPICS 
 
Artificial intelligence   Artificial life 
Artificial living     Artificial mind research 
Bioinformatics     Chaos 
Complexity     Computer graphics 
DNA computing    Evolutionary computations 
Fuzzy control     Genetic algorithms 
Human-machine cooperative systems  Micromachines 
Mobile vehicles    Multi-agent systems 
Neural networks     Pattern recognition 
Robotics     Virtual reality 
Others 
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Plenary talker: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Professor Kouhei Ohnishi 

PT1 Haptics for Medical Applications 
 

Kouhei Ohnishi, Tomoyuki Shimono, Kenji Natori 
Department of System Design Engineering, Keio University 

 
Robots and intelligent machines in future should adapt themselves autonomously 
to the open environment in order to realize physical support for human activities. 
In addition, the physical support by them must be based on the individual’s 
“action” and “sensation” in order that the physical support becomes really 
human-friendly.  Then, the robots must actively recognize the unknown
environment according to the individual’s action.  They also have to transmit the 
obtained environmental information to the individual in harmony with his or her 
sensation.  Since haptic information is so important as well as visual information 
and auditory information, development of real-world haptics is one of the 
important key issues for the purpose. 
Haptic information is inherently bilateral, since an action is always accompanied 
by a reaction.  That means the bilateral control with high transparency is 
necessary to transmit real-world haptic information artificially.  The 
acceleration-based bilateral controller is one of the solutions for the acquirement 
of high transparency. 
There remain many issues to solve for the application of haptics to the physical 
support for the actual human activities.  Haptic system with high transparency 
should obtain the flexibility in order to extend its function.  This paper presents 
flexible actuation techniques that have high force transferability and flexibility of 
actuators arrangement.  Furthermore, in order to support for human activities in 
remote environment, bilateral tele-haptics over network is also described. 
In summary, this paper introduces the fundamental techniques in haptics
including several examples of medical applications, since they are the first target 
of the real-world haptics.  
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PT2  Membrane Computing and Brain Modeling 

 
Marion Oswald 

Institute of Computer Languages, Viena University of Technology, Austria 
 
Membrane systems (P systems) were introduced as a formal model describing the
hierarchical structure of membranes in living organisms and the biological 
processes in and between cells.  In the area of membrane computing there are 
two main classes of systems: P systems with a hierarchical (tree-like) structure 
and tissue P systems where the cells are arranged in an arbitrary graph structure. 
Combining the ideas of P systems and spiking neurons led to a new variant of 
tissue P systems called spiking neural P systems, where the contents of a neuron 
consists of a number of so-called spikes.  The rules assigned to a cell allow for 
sending information to other neurons in the form of electrical impulses (spikes) 
which are summed up at the target cell; the application of the rules depends on 
the contents of the neuron.  We will present some variants of the original model,
show some of the latest results obtained in this area, and point out possible 
applications.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Dr. Marion Oswald  
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 PT3 A Simple Adaptive Control of Electrically Driven Flexible-Joint

Robots Using Function Approximation Techniques 
 

Jin Bae Park 
Vice-President for Research Affairs, Yonsei University, Seoul, Korea 

 
In this paper, we propose a simple adaptive control approach for uncertain 
flexible-joint robots including motor dynamics. The dynamic surface method is 
applied to design the simple controller for electrically driven flexible-joint 
(EDFJ) robots, and the uncertainties in the robot and motor dynamics are 
compensated by using the adaptive function approximation technique. We prove 
that all signals in the controlled closed-loop system are uniformly ultimately 
bounded. Simulation results for three-link EDFJ manipulators are provided to 
validate the effectiveness of the proposed control system. 

 
 
 
 
 
 
 
 
 
 
 Professor Jin Bae Park  
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IT1   Modular Robotic Tiles – Experiments for Children with Autisum
 

Henrik Hautop Lund, Martin Dam Pedersen, Richard Beck 
Maersk Mc-Kinney Moller Institute, University of Southern Denmark, Denmark

 
We developed a modular robotic tile and a system composed of a number of these
modular robotic tiles. A system composed of the modular robotic tiles engage the
user in physical activities, e.g. in physiotherapy, sports, fitness, entertainment. The 
modular robotic tiles motivate to perform physical activities by providing
immediate feedback based upon physical interaction with the system. With the
modular robotic tiles, the user is able to make new physical set-ups within less 
than a minute. The tiles are applicable for different forms of physical activities
(e.g. therapeutic rehabilitation) and at the same time give unique possibilities for
documentation of the physical activity (e.g. therapeutic treatment). This kind of 
playware is highly motivating due to immediate feedback and fun, interesting 
games. The pilot study included here indicates that the modular robotic tiles may
also be used by children with autism, and that the tiles can automatically recognise
the children behaviours with very high accuracy by using an artificial neural
network.  
IT2   The Development of Robot Art 
 

Luigi Pagliarini, Henrik Hautop Lund 
Maersk Mc-Kinney Moller Institute, University of Southern Denmark, Denmark

  
Going through a few examples of worldwide recognized robot artists, we try to
analyze the deepest meaning of what is called Robot Art and the related art field
definition.  We also try to highlight its well marked borders – like kinetic
sculptures, kinetic art, cyber art, and cyberpunk.  A brief excursion on the
importance of the context, the message and its semiotic is also provided, case by
case, together with few hints on the history of such a discipline, under the light of
an artistic perspective.  Therefore, the aim of the paper is to try to summarize
the main characteristics that might classify Robot Art as a unique and innovative
discipline, and to track down some of the principles by which a robotic artifact
can be considered - or not - an art piece, in terms of social, cultural and strictly
artistic interest.   

s University 
eering, University of Southern Denmark 

ent:  
ssistant, the National Research Council, Rome 

 (Post Doc), Dept. of Artificial Intelligence, University of Edinburgh, UK 
 & Head of LEGO Lab., Dept. of Computer Science, University of Aarhus,  

e Maersk Mc-Kinney Moeller Institute, University of Southern Denmark, Odense
pTronics Group, Head of Center for Playware 

uropsychology 

ent:  
t, Multimedia and Software Designer, and a worldwide known as a theoretician and expert
.  
of Perception and Psychology of Shape at the Academy of Fine Arts of Bari, Italy 
Maersk Institute, University of Southern Denmark, Denmark 
f Developmental Psychology at the Interuniversity School for Teaching Specialization,
ederico Secondo 
f the Pescara Electronic Artists Meeting 
unior and Member of its International Committee  

        P-8



Dr. Malachy Eaton 

IT3   Artificial life and embodied robotics:  
current issues and future challenges 

 
Malachy Eaton and J.J. Collins 

Dept. of Computer Science & Info. Systems, University of Limerick, Ireland 
 

In this paper we explore some of the issues currently facing researchers in the
interface between the twin fields of Artificial Life and Robotics, and the challenges
and potential synergy of these two areas in the creation of future robotic life forms.
There are three strands of research we feel will be of key importance in the possible
development of future embodied artificial life forms.  These are the areas of
evolutionary robotics, and evolutionary humanoid robotics in particular, probabilistic
robotics for deliberation, and robot benchmarking with associated metrics and
standards.  We explore each of these areas in turn focusing on our current research
in each field and what we see as the potential issues and challenges for the future. 
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(2000-2001 Guest Researcher, Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland) 
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IT4   Inspection Robot Using the Infrared Thermal Imaging and CCD 
Camera 

 
SunSin Han, JaeYoung Choi, DeukKwon Kim, JangMyung Lee 

Dep. of EE. Pusan National University, Busan, Korea 
  

new power line diagnostic robot is introduced in this paper. The diagnostic mobile
bot is moving on the neural line which goes over the power lines and it passes the
ctric poles and selects a desired branch of neural line to follow. For the diagnosis of
wer lines and insulators, the infrared thermal image and CCD camera are used to
prove the security, to reduce the checking time, and to improve the reliability of the
ta. For the autonomous navigation of the mobile robot on the neutral line, there are
veral problems, such as, passing the electric poles, avoiding bypassing neural lines,
d selecting a desired branch of neutral line. Sensor fusion techniques are adopted to
solve these problems and to improve the reliability. The insulators and connectors in
e power lines need to be checked regularly since the power lines can be disconnected
 corrosion or flames. Before the disconnection, the possible faults should be
tected and repaired by using the stored images of CCD camera and infrared thermal
ages. A diagnostic mobile robot is implemented and the real experimental results

e demonstrated. 
s Engineering from Seoul National University, Korea 
s Engineering from Seoul National University, Korea 
r Engineering from the University of Southern California, Los Angeles 

ment:  
 Micom Design Team, Samsung Semi-conductor Communication Co. 
 Assistant Professor, Pusan Industrial University 
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stitute of Information & Communication Division, Pusan National University 
san/Gyeong Nam Branch, Korea Robot Soccer Association 
rean Robotics Society 
e Institute of Electronics Engineering of Korea 
/GyeongNam Branch Manager, ICASE  
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Chair  T. I. J. Tsay 

will end at 16:40 

GS 1  ( 4 )  

Chair  S. Ono 

 

OS 11  ( 4 ) 

Chair  H. Suzuki 

will end at 17:55 

OS 6  ( 7 )  

Chair   K. Naitoh 

will end at 18:25 

GS 4  ( 5 ) 

Chair  Y. I. Cho 

will end at 18:10 

2/ 1       8:00 

 (Fri)      8:40 
 
 

9:40 
 
 
 

10:55 

11:10 

 
 

    12:00  
 

13:00 
 
 
 
 
 

14:30 
 
  

 
15:45 

 
15:55 

 
 
 
 
 

16:55 
 
 

 
 

18:40 
 
 
 

20:40 

AROB Award Ceremony (Chair J. J. Lee ) 

Banquet – Hotel Shiragiku (Chair S. Sagara)...... Welcome Address  H. Tanaka, Y. G. Zhang 

GS1 Artificial Intelligence-Ⅰ 
GS2 Artificial Intelligence-Ⅱ 
GS3 Artificial Life 
GS4 Artificial Living, Artificial Mind Research & Virtual  

Reality 
GS5 Bioinformatics 
GS6 Robotics & Micromachines  
GS7 Chaos & DNA computing & Fuzzy Control & Others 
GS8 Complexity  
GS9 Computer Graphics & Genetic Algorithms 
GS10 Evolutionary Computations 
GS11 Human-machine cooperative systems 
GS12 Mobile Vehicles 
GS13 Multi-agent systems 
GS14 Neural Networks-Ⅰ 
GS15 Neural Networks-Ⅱ 
GS16 Pattern recognition-Ⅰ 
GS17 Pattern recognition-Ⅱ 
GS18 Pattern recognition-Ⅲ 
GS19 Robotics-Ⅰ 
GS20 Robotics-Ⅱ 

GS21 Robotics-Ⅲ 
GS22 Robotics-Ⅳ 
GS23 Robotics-Ⅴ 
OS1 Image Processing and Control for Robot  
OS2 Robot-oriented and human-machine cooperative systems  
OS3 Control and measurement 
OS4 Automata and Picture Languages 
OS5 Bio-inspired Theory and Application(1) 
OS6 Simplicity and Complexity  
OS7 Intuitive Human-System Interaction 
OS8 Soft Robotics 
OS9 Membrane Computing – Hardware Aspects  
OS10 Unconventional Computing 
OS11 Modelling and Analysis on Complex Systems  
OS12 Bio-inspired Theory and Application(2) 
OS13 Ubiquitous Intelligent Control 
OS14 Intelligent Control and Sensing for Robot 
OS15 Robotics and Learning Control 
OS16 Biomimetic Machines and Robots 
OS17 Intelligent System for Bioinformation 
OS18 Intelligent Classification 
OS19 Embracing Complexity in Natural Intelligence 
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GS: General Session    OS: Organized Session  

 RoomA RoomB RoomC 

Registration (Registration Desk) 

GS 11   ( 4 ) 

Chair  N. Kokubo 

will end at 9:40 

Invited Talk 
IT4  J- M. Lee 
Chair  Y. Z. Chang 
will end at 9:25 

OS 12  ( 5 ) 

Chair  M. Yasunaga    

OS 2  ( 5 ) 

Chair  Y. Yoshitomi 

will end at 10:55 

GS 19  ( 6 ) 

Chair  S. Sagara 

will end at 10:55 

OS 5  ( 4 ) 

Chair  I. Yoshihara 

will end at 10:55 
Coffee Break 

Plenary Talk 

PT3  Jin-Bae Park 

Chair  Y. G. Zhang 

 

Lunch 

OS 3   ( 5 ) 

Chair  M. Kono  

 

OS 1  ( 5 ) 

Chair  F. Dai  

 

GS 8   ( 3 ) 

Chair  Y. Z. Chang 

will end at 13:55 

OS 16   ( 5 ) 

Chair  K. Watanabe  

 

OS 4  ( 4 ) 

Chair  T. Ito   

will end at 15:25 

GS 20   ( 6 )  

Chair  T. I. J. Tsay 

will end at 15:25 

Farewell Party (Room B) 

2/ 2       8:00 

 (Sat)      8:40 

9:55 
 
 
 
 

11:10 
11:20 

 

 

12:10  
 

13:10 
 
 
 
 
 
 
 

14:25 
 
  

 
 
 
 

15:40 
 

16:40 
 

 
GS1 Artificial Intelligence-Ⅰ GS22 Robotics-Ⅳ 
GS2 Artificial Intelligence-Ⅱ GS23 Robotics-Ⅴ 
GS3 Artificial Life OS1 Image Processing and Control for Robot  
GS4 Artificial Living, Artificial Mind Research & Virtual  OS2 Robot-oriented and human-machine cooperative systems  

Reality OS3 Control and measurement 
GS5 Bioinformatics OS4 Automata and Picture Languages 
GS6 Robotics & Micromachines  OS5 Bio-inspired Theory and Application(1) 
GS7 Chaos & DNA computing & Fuzzy Control & Others OS6 Simplicity and Complexity  
GS8 Complexity  OS7 Intuitive Human-System Interaction 
GS9 Computer Graphics & Genetic Algorithms OS8 Soft Robotics 
GS10 Evolutionary Computations OS9 Membrane Computing – Hardware Aspects  
GS11 Human-machine cooperative systems OS10 Unconventional Computing 
GS12 Mobile Vehicles OS11 Modelling and Analysis on Complex Systems  
GS13 Multi-agent systems OS12 Bio-inspired Theory and Application(2) 

OS13 Ubiquitous Intelligent Control GS14 Neural Networks-Ⅰ 
OS14 Intelligent Control and Sensing for Robot GS15 Neural Networks-Ⅱ 
OS15 Robotics and Learning Control GS16 Pattern recognition-Ⅰ 
OS16 Biomimetic Machines and Robots GS17 Pattern recognition-Ⅱ OS17 Intelligent System for Bioinformation 

GS18 Pattern recognition-Ⅲ OS18 Intelligent Classification 
GS19 Robotics-Ⅰ OS19 Embracing Complexity in Natural Intelligence 
GS20 Robotics-Ⅱ 
GS21 Robotics-Ⅲ 
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TECHNICAL PAPER INDEX 
 
January 31 (Thursday) 
 
Room A 
10:50~11:40 Plenary Talk  
Chair H. H. Lund (University of Southern Denmark, Denmark) 
 PT1  Haptics for medical applications 

 K. Ohnishi (Keio University, Japan) 
 
Room B 
12:40~14:10 Invited Talks Session 
Chair  J. M. Lee (Pusan National University, Korea) 
 IT1  Modular robotic tiles – Experiments for children with autisum 

H. H. Lund (University of Southern Denmark, Denmark) 
 
 IT2  The development of robot art 

L. Pagliarini (University of Southern Denmark, Denmark) 
 
February 1 (Friday) 
 
Room A 
11:10~12:00 Plenary Talk 
Chair  J. J. Lee (KAIST, Korea)  
 PT2  Membrane computing and brain modeling 

M. Oswald (Viena University of Technology, Austria) 
 
Room B 
15:55~16:40 Invited Talk 
Chair T. I. J. Tsay (National Cheng Kung University, Taiwan) 
 IT3  Artificial life and embodied robotics: current issues and future challenges 
   M. Eaton (University of Limerick, Ireland) 
 
February 2 (Saturday) 
 
Room B 
8:40~9:25 Invited Talk 
Chair Y. Z. Chang （Chang Gung University, Taiwan） 
 IT4  Inspection robot using the infrared thermal imaging and CCD camera 
  J. M. Lee (Pusan National University, Korea) 
 
Room A 
11:20~12:10 Plenary Talk 
Chair Y. G. Zhang (Academic Sinica, P. R. China)  
 PT3  A simple adaptive control of electrically driven flexible-joint robots  

using function approximation techniques 
J. B. Park (Yonsei University, Korea)  
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January 31 (Thursday) 
 
8:00~Registration 
 
Room A 
8:40~10:10 GS3 Artificial Life 
Chair: K. Ohnishi (Niigata University, Japan) 
 
GS3-1 Parameter estimation of paramecium model using real-coded genetic algorithm 

A. Hirano, Z. Soh, T. Tsuji, N. Takiguchi (Hiroshima University, Japan) 
H. Ohtake (Osaka University, Japan) 
 

GS3-2 Respiratory system modelling by using numerical integration technique via  
nonliner differential equation models 
M. A. A. Halim, M. R. M. Juhari, N. A. Rahim, N. F. M. Nasir  
(Kolej Universiti Kejuruteraan Utara Malaysia, Malaysia) 

 
GS3-3 Some state-efficient algorithms for real-time generation of non-regular sequences on  

cellular automata 
N. Kamikawa, H. Umeo (Osaka Electro-Communication University, Japan) 

 
GS3-4 Interactive musical editing system to support human errors and offer personal 

preferences for an automatic piano 
- A method for searching for similar phrases using DP matching and inferring 
performance expression- 
Y. Chigoi, E. Hayashi (Kyusyu Institute of Technology, Japan) 

 
GS3-5 Development of intelligent detection modules for home security system 

Y-C. Lin, S-H. Chia (National Yunlin University of Science & Technology, Taiwan) 
T-L. Chien, J-H. Guo (Wu-Feng Institute of Techonlogy, Taiwan) 

 
GS3-6 The diversification of proto-cells driven by membrane permselectivity 

M. Hataekeyama, T. Hashimoto (Japan Advanced Institute of Science and Technology, 
Japan) 

 
12:40~14:25 GS5 Bioinformatics 
Chair: M. Yokota (Fukuoka Institute of Technology, Japan)  
 
GS5-1 A reinforcement learning method based on immune network adapted to semi Markov 

decision process 
N. Kogawa, M. Obayashi, K. Kobayashi, T. Kuremoto (Yamaguchi University, Japan) 

 
GS5-2 Re-weighted ODP for differential gene expression analysis 

H. Nomura, S. Oba (Nara Institute of Science and Technology, Japan) 
S. Ishii (Kyoto university, Japan) 
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GS5-3 Efficient inferring method of genetic interactions based on time-series of gene 
expression profile 
M. Nakatsui (Kyushu University, Japan) 
T. Ueda (CytoPathfinder Inc., Japan) 
Y. Maki (Fukuoka International University, Japan) 
I. Ono (Tokyo Institute of Technology, Japan) 
M. Okamoto (Kyushu University, Japan) 

 
GS5-4 Classification of functional near-Infrared spectroscope signals for brain functional 

Cognition 
T. Q. D. Khoa, M. Nakagawa (Nagaoka University of Technology, Japan) 

 
GS5-5 Regression analysis of amino acid substitutions and factor IX activity in Hemophilia B 

M. Utsunomiya, M. Sakamoto, H. Furutani (University of Miyazaki, Japan) 
 
GS5-6 Two-way factor analysis for missing value estimation of matrix data 

K. Sodebayashi, S. Oba (Nara Institute of Science and Technology, Japan)  
S. Ishii (Kyoto University, Japan) 

 
GS5-7 System of personal identification by using tactile stimuli 

Y-I. Park, M. Uchida (The University of Electro-Communications, Japan) 
 

14:35~15:50 GS21 Robotics-Ⅲ  
Chair: D-H. Kim (Hanbat National University, Korea) 
 
GS21-1 Obstacle recognition system using monocular camera for an autonomous robot 

T. Uewaki, E. Hayashi (Kyushu Institute of Technology, Japan) 
 
GS21-2 Development of distance recognition using an ocellus camera for an autonomous 

personal robot 
T. Kinoshita, E. Hayashi (Kyusyu Institute of Technology, Japan) 

 
GS21-3 Develop a power detection and faulty isolation module for mobile robot 

S-H. Chia, (National Yunlin University of Science & Technology, Wu-Feng Institute 
of Techonlogy, Taiwan) 
K-L. Su (National Yunlin University of Science & Technology, Taiwan) 
J-H. Tzou, J-H. Guo (Wu-Feng Institute of Techonlogy, Taiwan) 
 

GS21-4 Sensorless control of PMSM using a new adaptive sliding mode observer 
W-S. Eom, C-S. Jeon, I-Y. Kang, J-M. Lee (Pusan National University, Korea) 

 
GS21-5 Robot motion control with human eye command 

D. Purwanto, R. Mardiyanto (ITS, Indonesia) 
K. Arai (Saga University, Japan) 

 
15:50~17:05 GS22 Robotics-Ⅳ  
Chair: H. Yamamoto (Gifu University, Japan)  
 
 
 
 

  

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 P-15



GS22-1 A time-scaling method for near-time-optimal control of an Omni-directional robot  
along specified paths 
Y-Y. Fu, C-J. Wu, K-L. Su (National Yunlin University of Science and Technology, 
Taiwan) 
C-N. Ko (Nan-Kai Institute of Technology, Taiwan) 

 
GS22-2 Dynamic control of a robotic swarm using a service-oriented architecture 

V. Trifa (ETH Zurich, Switzerland) 
C. M. Cianci (EPFL, Switzerland) 
D. Guinard (SAP Research, Switzerland) 

 
GS22-3 Control of autonomous mobile robot through template matching with laser sensor 

T. Kurita, Y. Tabuchi, N. Abe (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS22-4 Digital control of space robot manipulators with velocity type joint controller 

using transpose of generalized Jacobian matrix 
S. Sagara (Kyushu Institute of Technology, Japan) 
Y. Taira (National Fisheries University, Japan) 
 

GS22-5 Cooperative control of multiple neural networks for indoor blimp robot 
R. Nishioka, H. Kawamura, A. Ohuchi (Hokkaido University, Japan) 
T. Takaya (Ricoh Software Inc., Japan) 
H. Iizuka (Future University-Hakodate, Japan) 

 
17:05~18:35 GS23 Robotics-Ⅴ 
Chair: H. Kinjo (University of the Ryukyus, Japan)  
 
GS23-1 Object manipulation with robot arm using motion stereo and tactile sensor 

M. Takami, Y. Tabuchi, N. Abe (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS23-2 Indoor localization system in the multi-block workspace 

Y.Zu (Pusan National University, Korea) 
D-G. Seo, M-G. Choi, J-M. Lee (Pusan National University, Korea) 

 
GS23-3 Prowl of autonomous mobile robot with network camera 

R. Mizokami, N. Abe, Y. Tabuch (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS23-4 Object tracking for mobile robot based on intelligent method 

M-J. Lee, T-S. Jin (Dongseo University, Korea),  
J-H. Park (Jinju National University, Korea) 
G-H. Hwang (Dongseo University, Korea) 

 
GS23-5 Simulation and implement of memory-based PID control for indoor blimp robot 

Y. Yamagata, H. Kawamura, A. Ohuchi (Hokkaido University, Japan) 
T. Takaya (Ricoh Software Inc., Japan) 
H. Iizuka (Future University-Hakodate, Japan) 
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GS23-6 Design and development of an 3 axes robotic system with intelligent sensing 
mechanisms 
H. Patil, R. Yanamashetti, J. Ravi, R. Jagadeesh (PDACE, India)  
T. C. Manjunath (EWIT, India) 

 
Room B 
 
8:40~10:10 OS7 Intuitive Human-System Interaction 
Chair: M. Yokota (Fukuoka Institute of Technology, Japan) 
Co-Chair: K. Sugita (Fukuoka Institute of Technology, Japan) 
 
OS7-1 Intuitive spatiotemporal representation based on Mental Image Description Language 

Lmd 
M. Yokota (Fukuoka Institute of Technology, Japan) 
 

OS7-2 A general theory of tempo-logical connectives in Mental Image Description Language 
Lmd 
M. Yamamoto, T-H. Huang, M. Yokota (Fukuoka Institute of Technology, Japan) 

 
OS7-3 Natural language understanding based on Mental Image Description Language Lmd  

and its application to language-centered robot manipulation 
Ｅ. Tauchi, Y. Sakuramoto, T. Oka, K. Sugita, M. Yokota (Fukuoka Institute of  
Technology, Japan) 

 
OS7-4 Cross-media translation of human motion into text and text into animation based on 

Mental Image Description Language Lmd 
H. He, L. Fan, K. Sugita, M. Yokota (Fukuoka Institute of Technology, Japan) 
 

OS7-5 RUNA: A multi-modal command language for home robot users 
T. Oka, Y. Abe, K. Sugita, M. Yokota (Fukuoka Institute of Technology, Japan) 

 
OS7-6 Proposal of a new concept of universal multimedia access  

Y. Maeda, K. Sugita, T. Oka, M. Yokota (Fukuoka Institute of Technology, Japan) 
 
14:35~15:35 GS17 Pattern recognition-Ⅱ 
Chair: S. Ishikawa (Kyushu Institute of Technology, Japan) 
 
GS17-1 Proposal of a method to extract straight line and circle using one-dimensional 

histogram 
S. Nakashima, S. Serikawa (Kyushu Institute of Technology, Japan) 

 
GS17-2 A unified approach to collaborative and feature-based recommendation based on 

probabilistic latent semantic models 
A. Ishihara, J. Hirayama, T. Takenouchi (Nara Institute of Science and Technology, 
Japan) 
S. Ishii (Kyoto University, Japan) 

 
GS17-3 Motion capture employing an uncalibrated camera 

J. K. Tan, S. Ishikawa, K. Kouno, H. Ohbuchi, H. S. Kim (Kyushu Institute of 
Technology, Japan) 
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GS17-4 Obtaining accurate classifiers with Pareto-optimal and near Pareto-optimal rules 
I. Kuwajima, Y. Nojima, H. Ishibuchi (Osaka Prefecture University, Japan) 

 
15:35~17:05 GS16 Pattern recognition-Ⅰ 
Chair: M. Teranishi (Nara University of Education, Japan) 
 
GS16-1 The real-time measurement of pointing by using DSP 

T. Shiofuku, N. Abe, Y. Tabuchi (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS16-2 Effects of constructing fuzzy discretization from crisp discretization for rule-based 

classifiers 
I. Kuwajima, Y. Nojima, H. Ishibuchi (Osaka Prefecture University, Japan) 

 
GS16-3 Face recognition under varying illumination using Mahalanobis self-organizing map 

S. Aly, R. Taniguchi (Kyushu University, Japan) 
N. Tsuruta (Fukuoka University, Japan) 

 
GS16-4 Adaptive particle allocation for multifocal visual attention based on particle filtering 

N. Yano, T. Shibata (Nara Institute of Science and Technology, Japan) 
S. Ishii (Kyoto University, Japan) 

 
GS16-5 Automatic detection of blood vessels from contrast enhanced CT by morphological 

operation 
Y. Itai, A. Yamamoto, H. Kim, S. Ishikawa (Kyushu Institute of Technology, Japan) 
 

GS16-6 Extracting moving objects from a video by sequential background detection 
Y. Sakai, M Miyoshi, J K Tan, S Ishikawa (Kyushu Institute of Technology, Japan) 

 
17:05~18:20 GS18 Pattern recognition-Ⅲ 
Chair: H-H. Lee (Waseda University, Japan)  
 
GS18-1 Three-dimensional object recognition using LRS 

T. Mochizuki, E. Hayashi (Kyushu Institute of Technology, Japan) 
 
GS18-2 Online learning method using support vector machine for surface-electromyogram 

recognition 
S. Kawano, D. Okumura, H. Tamura, H. Tanaka, K. Tanno (University of Miyazaki,  
Japan) 

 
GS18-3 Robust object recognition using color co-occurrence histogram and spatial relations of 

image patches 
H. Bang, S. Lee, D. Yu, H. I. Suh (Hanyang University, Korea) 

 
GS18-4 Human motion representation and recognition by directional motion history images 

M. Fukumoto, T. Ogata, J. K. Tan, H. S. Kim, S. Ishikawa (Kyushu Institute of 
Technology, Japan) 
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GS18-5 Detection of multiple overlapping string-shaped objects using special clustering 
C. Maeda, S. Oba (Nara Institute of Science and Technology, Japan) 
N. Yukinawa, S. Ishii (Kyoto University, Japan) 

 
(Paper only) 
GS18-6 Image segmentation using decision trees method 

T. Kubik (Wroclaw University of Technology, Poland) 
M. Sugisaka (Oita University, Japan) 

 
Room C 
 
8:40~10:10 OS14 Intelligent Control and Sensing for Robot 
Chair: Jung Ju Lee (KAIST, Korea)  
Co-Chair: Ju-Jang Lee (KAIST, Korea) 
 
OS14-1 Development of tactile sensing system of microbending fiber optic sensor  

J-S. Heo (Samsung electronics, Korea) 
C-H. Han, J-Y. Kim, J-J. Lee (KAIST, Korea) 

 
OS14-2 Fuzzy sliding mode control for a robot manipulator 

H. Q. T. Ngo, J-H. Shin, W-H. Kim (Dong-eui University, Korea) 
 
OS14-3 Design of fuzzy controller for automatic steering 

S-J. Ko, S-M. Im, B-S. Choi, J-J. Lee (KAIST, Korea) 
 
OS14-4 Adaptive crossover, mutation and selection using fuzzy system for genetic  

algorithms 
S-M. Im, J-J. Lee (KAIST, Korea) 

 
OS14-5 Adaptive robust fuzzy control for path tracking of a wheeled mobile robot 

N-H. Giap, J-H. Shin, W-H. Kim (Dong-eui University, Korea) 
 
OS14-6 Development of a telemanipulator for laparoscopic surgery 

H-S. Song, K-Y. Kim, J-W. Suh, J-J. Lee (KAIST, Korea) 
 
12:40~14:10 GS7 Chaos & DNA computing & Fuzzy Control & Others 
Chair: S. Omatu (Osaka Prefecture University, Japan) 
 
GS7-1 Universality between the globally coupled maps and flows  

T. Shimada, T. Moriya (Meiji University, Japan) 
 
GS7-2 Sound-Correspondence Laws of Word-initial Consonants between Proto-Indo- 

European and Austronesian Languages:  
How Could New Sound Systems Have Emerged from a Pre-existing Sound System ? 
K. Ohnishi (Niigata University, Japan) 

 
GS7-3 Periodic orbits and quantum chaos 

T. Shimada, K. Kubo (Meiji University, Japan) 
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GS7-4 Integration of PSO and GA for optimum design of fuzzy PID controllers in a pendubot 
system 
Y-Y. Fu, C-J. Wu (National Yunlin University of Science and Technology, Taiwan) 
T-L. Chien (Wu-Feng Institute of Technology, Taiwan) 
C-N. Ko (Nan-Kai Institute of Technology, Taiwan) 

 
GS7-5 Decision support system based on cargo sensor information for liquid carrier tanker 

Y-Tae. Kim, D-H. Park, J-M. Kim, J-M. Heo, S-S. Kim (Pusan National University, Korea) 
 
GS7-6 Probabilistic models considering dependent relation in reasoning for decision making 

R. Azuma, H. Miyagi (University of the Ryukyus, Japan) 
 
(Paper only) 
GS7-7 Suggestion and modeling of a novel capsular microrobot with surface 

R. Nadafi, M. Kabganian (Amirkabir University, Iran) 
 
14:35~15:35 GS9 Computer Graphics & Genetic Algorithms 
Chair: M. Obayashi (Yamaguchi University, Japan) 
 
GS9-1 Measurement of distance by image processing 

A. Fujiwara, N. Abe, Y. Tabuchi (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS9-2 Performance optimization of forward converters based on genetic algorithms 

Y-K. Choi, D-Y. Woo, B-W. Jung (Pusan National University, Korea) 
 
GS9-3 Role of properties of real world in evolution and learning 

- Verification using two-link manipulator that has viscosity and elasticity - 
Y. Yoshioka, K. Ito (Hosei University, Japan) 

 
GS9-4 Production layout design system by GA with one by one encoding method 

J. A. Qudeiri, H. Yamamoto, R. Rizauddin (Gifu University, Japan) 
 
15:35~16:35 OS17 Intelligent System for Bioinformation 
Chair: S. Omatu (Osaka Prefecture University, Japan) 
Co-Chair: M. S. Mohamad (Osaka Prefecture University, Japan) 
 
OS17-1 A model for gene selection and classification of gene expression data 

M. S. Mohamad, S. Omatu (Osaka Prefecture University, Japan) 
S. Deris, S. Zaiton MH (Universiti Teknologi Malaysia, Malaysia) 

 
OS17-2 A multi-objective strategy in genetic algorithm for gene selection of gene expression 

data 
M. S. Mohamad, S. Omatu (Osaka Prefecture University, Japan)  
S. Deris, M. F. Misman (Universiti Teknologi Malaysia, Malaysia) 

 
OS17-3 Selecting informative genes from microarray data by using a hybrid algorithm for 

cancer classification 
M. S. Mohamad, S. Omatu (Osaka Prefecture University, Japan) 
S. Deris, M. F. Misman (Universiti Teknologi Malaysia, Malaysia) 
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OS17-4 Reliability of bank note classifier by neural networks  
S. Omatu (Osaka Prefecture University, Japan) 
T. Kosaka (Glory Ltd., Japan) 
M. Teranisi (Nara University of Education, Japan) 

 
16:35~17:35 OS18 Intelligent Classification 
Chair: S. Omatu (Osaka Prefecture University, Japan) 
Co-Chair: T. Konishi (Osaka Prefecture University, Japan) 
 
OS18-1 Extraction rice-planted areas using a self-organizing feature map 

T. Konishi, S. Omatu (Osaka Prefecture University, Japan) 
Y. Suga (Hiroshima Institute of Technology, Japan) 

 
OS18-2 Extraction rice-planted areas by RADARSAT data using neural networks  

T. Konishi, S. Omatu (Osaka Prefecture University, Japan) 
Y. Suga (Hiroshima Institute of Technology, Japan) 

 
OS18-3 Lips detection by use of neural networks 

J. A. Dargham, A. Chekima (University Malaysia Sabah, Malaysia) 
S. Omatu (Osaka Prefecture University, Japan) 

 
OS18-4 Data fusion for skin detection 

J. A. Dargham , A. Chekima (University Malaysia Sabah, Malaysia) 
S. Omatu (Osaka Prefecture University, Japan) 

 
17:35~18:35 GS13 Multi-agent systems 
Chair: J- J. Lee (KAIST, Korea) 
 
GS13-1 Realization of flock behavior by using tau-margin 

A. Yokokawa, K. Ito (Hosei University, Japan) 
 
GS13-2 Applying a path planner based on RRT to cooperative multi-robot box-pushing 

T. Otani, M. Koshino (Ishikawa National College of Technology, Japan)
 

GS13-3 A control method of agent group with emotion model 
H. Asano, T. Nagumo, T. Mizuno, H. Ide (Aoyama Gakuin University, Japan) 
A. Nozawa (Meisei University, Japan) 

 
GS13-4 Broiler-house environment monitoring system using sensor network and mail delivery 

system 
A. Niimi, M. Wada, K. Ito (Future University-Hakodate, Japan) 
K. Hatanaka (Tokyo University of Agriculture, Japan) 
O. Konishi (Future University-Hakodate, Japan) 

 
February 1 (Friday) 
 
8:00~ Registration 
 
Room A 
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8:40~9:40 GS6 Complexity 
Chair: S. Jung (Chungnam National University, Korea) 
 
GS6-1 Walking and running control of small size humanoid robot ‘HAJIME ROBOT’ 

H. Sakamoto, R. Nakatsu (Kwansei Gakuin University, Japan) 
 
GS6-2 Optical beam interface for mobile robot control 

T. Sakai, S. Hashimoto (Waseda University, Japan) 
 
GS6-3 Construction of super-micro sense of force feedback and visual for micro object 

K.Miyamoto, T.Sonoda (Kyushu Institute of Technology, Japan) 
 
GS6-4 An RMRAC control for permanent magnent synchronous motor based on statistical 

model interpretation 
H-Z. Jin, H-S. Son, H. Lim, J-M. Lee (Pusan National University, Korea) 

 
9:40~10:55 OS15 Robotics and Learning Control 
Chair: H-H. Lee (Waseda University, Japan) 
Co-Chair: H. Ogai (Waseda University, Japan) 
 
OS15-1 Learning type PID control system using input dependence reinforcement scheme 

H. Sawada, J-S. Shin, H-H. Lee (Waseda University, Japan) 
F. Shoji (Fukuoka Institute of Technology, Japan) 

 
OS15-2 Wireless radio communication system for a pipe inside inspection robot 

W. You, D. Wu, H. Ogai (Waseda University, Japan) 
 
OS15-3 A cooperative behavior learning control of multi-robot using trace information 

T. Ohshita, J-S. Shin, H-H. Lee (Waseda University, Japan) 
M. Miyazaki (Kanto Gakuin University, Japan) 

 
OS15-4 Development of bridge diagnosis system by using sensor network  

M. Nakayama, H Ogai, J-I. Cheon, M-Y. Hsieh, H. Inujima, N. Yamauchi (Waseda  
University, Japan) 

 
OS15-5 Model construction of production and inventory control using dynamic bayesian 

network 
J-S. Shin, T-H. Lee, H-H. Lee (Waseda University, Japan) 
J-I. Kim (PaiChai University, Korea) 

 
13:00~14:30 GS12 Mobile Vehicles 
Chair: J. Wang (Oita University, Japan) 
 
GS12-1 System identification and controller design of an unmanned vehicle 

S-M. Yoon, S-T. Hwang, J-H. Ryu, M-H. Lee (Pusan National University, Korea) 
 
GS12-2 Positioning and navigation of mobile robot 

N. Mokhtar, L. T. Lung, A. Hamzah, M.Mubin (University of Malaya, Malaysia) 
M. Sugisaka (Oita University, Japan) 
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GS12-3 USAT(Ultrasonic Satellites) and odometry integrated system using lowpass filter 
M-W. Choi, C-S. Kim, S-Y. Kim, M-H. Lee (Pusan National University, Korea) 

 
GS12-4 Stability of two-inertia system using non-linear controller: Application to 

drive-control system of electric vehicle 
M. Mubin, S. N. Mokhtar, N. Soin (University of Malaya, Malaysia) 
S. Ouchi, N. Kodani (Tokai University, Japan) 

 
GS12-5 Control of obstacle avoidance for autonomuos vehicle using laser scanner 

H-G. Park, J-H. Ryu, S-M. Yoon, M-H. Lee (Pusan National University, Korea) 
 
GS12-6 Efficient 4WS control method of unmanned of container transporter using USAT 

H-S. Lee, S-Y. Kim, S-H. Kang, M-H. Lee (Pusan National University, Korea) 
 
14:30~15:55 Poster Session & Coffee Break 
 
PS1 Optimization of signal control parameters in grid street networks 

A. Taguchi, H. Sasaki, K. Shoji, F. Toyama, J. Miyamichi (Utsunomiya University, Japan) 
 
PS2 A human-robot cooperative system helps out with glass panels in construction 

S. Lee, C. Han (Hanyang University, Korea) 
K. Lee, S. Lee (SAMSUNG Co., Korea) 

 
PS3 Implementation of a time-delayed controller on an FPGA for ROBOKER by estimating 

acceleration with different filters 
H-W. Jeon, S. Jung (Chungnam National University, Korea) 

 
PS4 Development of the pre-placed powder based rapid tooling system 

J-H. Tzou (Wu-Feng Institute of Technology, Taiwan) 
 
PS5 Fuzzy modeling with neural network compensation for human-based target tracking 

system 
S. J. Lee (Ground Systems R&D Institute, Agency for Defense Development, Korea) 
J. Lyou (Chungnam National University, Korea) 

 
15:55~16:55 OS19 Embracing Complexity in Natural Intelligence 
Chair: Y. Ishida (Toyohashi University of Technology, Japan) 
Co-Chair: K. Harada (Toyohashi University of Technology, Japan) 
 
OS19-1 A probabilistic simulator for population dynamics of ouasispecies  

M. Fujisawa, Y. Ishida (Toyohashi University of Technology, Japan) 
 
OS19-2 Reverse engineering the spatial patterns in cellular automata  

Y. Ichise, Y. Ishida (Toyohashi University of Technology, Japan) 
 
OS19-3 Synchrony in self-repairing network with a simple lattice 

M. Tokumitsu, Y. Ishida (Toyohashi University of Technology, Japan) 
 
OS19-4 Antibody-based computing 

K. Harada, Y. Ishida (Toyohashi University of Technology, Japan) 
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16:55~17:55 OS11 Modelling and Analysis on Complex Systems 
Chair: H Suzuki (The University of Tokyo, Japan) 
Co-Chair: T. Kohno (The University of Tokyo, Japan) 
 
OS11-1 Networked reinforcement learning 

M. Oku, K. Aihara (The University of Tokyo, Japan) 
 
OS11-2 Neural network controller for two-dimensional smart MEMS conveyor 

H. Watanabe, M. Ataka, T. Kohno, H. Fujita (The University of Tokyo, Japan) 
 
OS11-3 An integrated circuit design of a silicon neuron and its measurement results  

M. Sekikawa (Aihara Complexity Modelling Project,ERATO, JST, Japan) 
T. Kohno, K. Aihara (IIS, The University of Tokyo, Japan) 

 
OS11-4 Trial-to-trial variability and its influence on higher order statistics 

K. Fujiwara (The University of Tokyo, Japan) 
K. Aihara (The University of Tokyo, ERATO, JST, Japan) 

 
Room B 
 
8:40~9:40 OS9 Membrane Computing – Hardware Aspects 
Chair: M. Oswald (Vienna University of Technology, Austria) 
Co-Chair: Y. Suzuki (Nagoya University, Japan) 
 
OS9-1 Hierarchical master-slave architecture for distributed membrane systems  

implementation 
G. Bravo, L. Fernandez, F. Arroyo, M. A. Peña (Universidad Politécnica de Madrid, 
Spain) 

 
OS9-2 Parallel algorithm for P systems implementation in multiprocessors 

F. J. Gil, L. Fernández, F. Arroyo, J. A. de Frutos (Universidad Politécnica de Madrid, 
Spain) 

 
OS9-3 Suitability of using microcontrollers in implementing new P system  

communications architectures 
A. Gutiérrez, L. Fernández, F. Arroyo, S. Alonso (Universidad Politécnica de Madrid,  
Spain) 

 
OS9-4 Main modules design for a HW implementation of massive parallelism in  

transition P- systems 
S. Alonso, L. Fernandez, F. Arroyo, J. Gil (Universidad Politécnica de Madrid, Spain) 

 
9:40~10:40 OS10 Unconventional Computing 
Chair: M. Oswald (Vienna University of Technology, Austria) 
Co-Chair: Y. Suzuki (Nagoya University, Japan) 
 
OS10-1 Exploring regular reversibility in Watson-Crick finite automata 

J. M. Sempere (Universidad Politécnica de Valencia, Spain)  
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OS10-2 Implementing evolutionary processors in Java: A case study 
M. Campos, J. González, T. A. Pérez, J. M. Sempere (Universidad Politécnica de  
Valencia, Spain) 

 
OS10-3 Simulating of the oregonator model by using deterministic ARMS 

M. Umeki, Y. Suzuki (Nagoya University, Japan) 
 
OS10-4 Extended spiking neural P systems with astrocytes variants for modelling the brain 

A. Binder, R. Freund, M. Oswald (Vienna University of Technology, Austria) 
 
13:00~14:30 GS14 Neural Networks-Ⅰ 
Chair: J. M. Sempere (Universidad Politécnica de Valencia, Spain) 
 
GS14-1 SOM for classifying data sets with missing values - application to clinical data of 

bladder cancer patients - 
T. Yamaguchi, K. J. Mackin (Tokyo University of Information Sciences, Japan) 

 
GS14-2 Emotion recognition based on extreme learning machine using advanced clonal 

selection immune algorithm 
J.-H. Cho, D-H. Kim (Hanbat National University, Korea) 
G-C. Kwak (Choseon University, Korea) 

 
GS14-3 Natural actor-critic with baseline adjustment for variance reduction 

T. Morimura (NAIST, OIST, Japan) 
E. Uchibe (OIST, Japan) 
K. Doya (OIST, ATR, NAIST, Japan) 

 
GS14-4 A neural network model of the olfactory system of mice:Simulated the tendency of 

attention behavior 
Z. Soh, T. Tsuji, N. Takiguchi (Hiroshima University, Japan) 
H. Ohtake (Osaka University, Japan) 

 
GS14-5 Collaborative filtering based on a weighted maximum margin matrix factorization 

M. Furuya, S. Oba (Nara Institute of Science and Technology, Japan) 
S.Ishii (Kyoto University, Japan) 

 
GS14-6 A robust reinforcement learning using concept of sliding mode control 

M. Obayashi, N. Nakahara, T. Kuremoto, K. Kobayashi (Yamaguchi University, 
Japan) 

 
14:30~15:45 GS15 Neural Networks-Ⅱ 
Chair: F. Nagata (Tokyo University of Science, Japan) 
 
GS15-1 Evolving homeostatic neural controller without depending on initial weight 

connections 
H. Iizuka (Future University-Hakodate, Japan) 

 
GS15-2 Chaotic dynamical associative memory model using supervised learning 

M. Obayashi, Y. Yano, K. Kobayashi, T. Kuremoto (Yamaguchi University, Japan) 
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GS15-3 Remarks on tracking method of neural network weight change for adaptive type 
neural network feedforward feedback controller 
T. Yamada (Ibaraki University, Japan) 

 
GS15-4 A Dynamic associative memory system adopting amygdala 

T. Kuremoto, T. Ohta, K. Kobayashi, M. Obayashi (Yamaguchi University, Japan) 
 
GS15-5 Continuous fatigue level estimation for classification of fatigued bill based on 

acoustic signal feature by supervised SOM 
M. Teranishi (Nara University Education, Japan) 
S. Omatu (Osaka Prefecture University, Japan) 
T. Kosaka (Glory Ltd., Japan) 

 
16:40~18:25 OS6 Simplicity and Complexity 
Chair: K. Naitoh (Waseda University, Japan) 
Co-Chair: N. Ito (The University of Tokyo, Japan) 
 
OS6-1 Inevitability of spiral-shape in DNA  

K. Naitoh, M. Yahiro (Waseda University, Japan) 
 
OS6-2 Asymmetry underling protein 

K. Naitoh, S. Ueki (Waseda University, Japan) 
 
OS6-3 Fluid dynamics underlying morphogenesis  

K. Naitoh (Waseda University, Japan) 
 
OS6-4 Inevitability of nTP: Information-energy carriers  

K. Naitoh (Waseda University, Japan)  
 
OS6-5 Nonequilibrium dynamics of reacting network system  

A. Kamimura, N. Ito, T. Shimada (The University of Tokyo, Japan) 
 
OS6-6 Phase diagram and stability of ecosystem  

T. Shimada, Y. Murase, N. Ito (The University of Tokyo, Japan) 
 
OS6-7 Adaptive gene expression beyond operator-repressor molecular regulatory system 

S. Tsuru, A. Kashiwagi, B. Ying, T. Yomo (Osaka University, Japan) 
 

Room C 
 
8:40~9:40 OS8 Soft Robotics 
Chair: H. Kinjo (University of the Ryukyus, Japan) 
Co-Chair: N. Oshiro (University of the Ryukyus, Japan) 
 
OS8-1 Backward movement control with two-trailer truck system using genetic programming  

T. Ogawa, N. Oshiro, H. Kinjo (University of the Ryukyus, Japan) 
 
OS8-2 Rushing out detection system for safe driving using foveated image processing 

M. Maeshiro, N. Oshiro, H. Kinjo (University of the Ryukyus, Japan) 
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OS8-3 Neurocontroller with genetic algorithm for nonholonomic systems:  
Flying robot and four-wheel vehicle examples 
H. Kinjo, D. C. Sam, E. Uezato (University of the Ryukyus, Japan) 
T. Yamamoto (Tokushima College of Technology, Japan) 

 
OS8-4 Vibration control of load for rotary crane system using neural network with GA-based 

training 
K. Nakazono (University of the Ryukyus, Japan) 
K. Ohnishi (Keio University, Japan) 
H. Kinjo (University of the Ryukyus, Japan) 
T. Yamamoto (Tokushima College of Technology, Japan) 

 
9:40~10:40 OS13 Ubiquitous Intelligent Control 
Chair: S-H. Han (Kyungnam University, Korea) 
Co-Chair: Y-I. Cho (The University of Suwon) 
 
OS13-1 u-EMS: A design and implementation of emergency medical service based on 

ubiquitous sensor network using the bio-sensors 
H-K. Kim, S-J. Moon (The University of Suwon, Korea) 

 
OS13-2 An intelligent web information searching technology 

Y-I. Cho (The University of Suwon, Korea) 
 
OS13-3 A study on obstacle avoidance of mobile robot based on ultrasonic sensors 

X-T. Le, S-B. Oh, W-S. Lee, H-B. Shin, D-J. Cha, S-H. Han (Kyungnam University, 
Korea) 

 
OS13-4 A study on robust control of a three-finger hand with 15 D.O.F 

X-T. Le, W-S. Lee, S-B. Oh, D-J. Cha, S-H. Han (Kyungnam University, Korea) 
 
13:00 ~14:30 GS10 Evolutionary Computations 
Chair: K. Izumi (Saga University, Japan) 
 
GS10-1 Barcode design by evolutionary computation 

S. Ono, K. Morinaga, S. Nakayama (Kagoshima University, Japan) 
 
GS10-2 3D registration of human face using evolutionary computation and kriging 

interpolation 
Y-Z. Chang, Z-R. Tsai (Chang Gung University, Taiwan) 
S-T. Lee (Medical Augmented Reality Research and Development Center, Taiwan) 

 
GS10-3 The analysis of time series signals with genetic algorithms involving dynamic bit 

range control for genetic operations 
R. Goto, Y. Sato, J. Miura, S. Yukita (Hosei University, Japan) 

 
GS10-4 Effects of non-geometric binary crossover on multiobjective 0/1 knapsack problems 

N. Tsukamoto, Y. Nojima, H. Ishibuchi (Osaka Prefecture University, Japan) 
 
GS10-5 Discrete particle swarm optimization for number partitioning problem 

M. Kurose, T. Imabeppu, S. Ono, S. Nakayama (Kagoshima University, Japan) 
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GS10-6 Using interactive evolutionary computation to generate creative building designs 
A. Serag, S. Ono, S. Nakayama (Kagoshima University, Japan) 

 
14:30~15:45 GS2 Artificial Intelligence-Ⅱ 
Chair: Y. Ishida (Toyohashi University of Technology, Japan) 
 
GS2-1 Modeling study of the synaptic competition induced by NMDA receptor-mediated 

regulation of spike-timing-dependent plasticity 
S. Kubota, T. Kitajima (Yamagata University, Japan) 
 

GS2-2 The medical diagnostic support system using extended rough neural network and 
multiagent 
D. Yamaguchi, F. Katayama, M. Takahashi (Toin University of Yokohama, Japan) 
M. Arai (Hitachi Advanced Systems Corporation, Japan) 
K. J. Mackin (Tokyo University of Information Sciences, Japan) 

 
GS2-3 An effective reinforcement learning with automatic construction of basis functions and 

sequential approximation 
N. Nanjo, T. Mori (Nara Institute of Science and Technology, Japan) 
S. Ishii (Kyoto University, Japan) 

 
GS2-4 Parts closure in a kinematic self-replicating programmable constructor 

W. M. Stevens (Open University, UK) 
 
GS2-5 Adaptive immunity based reinforcement learning 

J. Ito, K. Sakurama, K. Nakano (The University of Electro-Communications, Japan) 
 
15:55~16:55 GS1 Artificial Intelligence-Ⅰ 
Chair: S. Ono (Kagoshima University, Japan) 
 
GS1-1 Continuous internal-state controller for a partially observable linear dynamical system 

Y. Taniguchi, T. Mori (Nara Institute of Science and Technology, Japan) 
S. Ishii (Kyoto University, Japan) 

 
GS1-2 Active sampling based on gaussian process for reinforcement learning 

K. Takeda, T. Mori (Nara Institute of Science and Technology, Japan) 
S. Ishii (Kyoto University, Japan) 

 
GS1-3 Personalized emotion recognition using PLP analysis of speech signals 

S-J. Lee, S-P. Cheon, G-d. Baek, S-S. Kim (Pusan National University, Korea) 
 

GS1-4 A preliminary consideration on the origin of life as a cognitive system: Evolution from 
a simple harmonic oscillator system to chaotic learning oscillator machines 
K. Ohnishi (Niigata University, Japan) 
 

16:55~18:10 GS4 Artificial Living, Artificial Mind Research & Virtual Reality 
Chair: Y-I. Cho (The University of Suwon, Korea) 
 
GS4-1 2D artificial life system using network-type assembly-like language: Influence of 

change in environment with costs of instructions 
Y. Shiraishi, F. Takeda (Research Institute of Kochi University of Technology, Japan) 
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GS4-2 Design of robotic behavior that imitates animal consciousness 
M. Shimono, E. Hayashi (Kyushu Institute of Technology, Japan) 

 
GS4-3 A 3D virtual orthognathic surgery planning and simulation for the prediction of 

post-operative facial appearance 
U.H. Obaidellah, C.S. Woo, Z.H.A Hasan, S. M. Khanafiah (University of Malaya,  
Malaysia) 

 
GS4-4 VR interactive dialog system with verbal and nonverbal communication 

S. Uchino, N. Abe, Y. Tabuchi (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS4-5 Analysis of velocity pattern prior to leaflet motions in the left ventricle utilizing 2D 

arbitrary lagrangian-eulerian (ALE) approach 
Z. H. A. Hasan, C. S. Woo, U. H. Obaidellah, S. M. Khanafiah (University of Malaya,  
Malaysia) 

 
February 2 (Saturday) 
 
8:00~ Registration 
 
Room A 
 
8:40~9:40 GS11 Human-machine cooperative systems 
Chair: N. Kokubo (Mie University, Japan) 
 
GS11-1 A rescue robot designed for ease of use 

―Development of exploration system using behavior of bombycid ― 
D. Tamura, A. Fujino, K. Ito (Hosei Unversity, Japan) 

 
GS11-2 A human-machine cooperative interface of a virtual 3-D space using hand  

Gestures 
K. Mori, J. K. Tan, S. Ishikawa (Kyushu Institute of Technology, Japan) 

 
GS11-3 A study on jump of two degree of freedom one-leg robot 

S. Yamashita, Y. Nomura (Mie University, Japan) 
 
GS11-4 Automation techniques in MIAS-PKA system 

X. Wang (Niihama National College of Technology, Japan) 
M. Sugisaka (Oita University, Japan) 

 
9:40~10:55 OS2 Robot-oriented and human-machine cooperative systems 
Chair: Y. Yoshitomi (Kyoto Prefectural University, Japan) 
Co-Chair: O. Sato (University of Miyazaki, Japan) 
 
OS2-1 Cascade formation control for multiple nonholonomic mobile robots 

Y. Hikata, H. Yoshikawa, M. Wakiyama (Kitakyushu National College of Technology,  
Japan) 
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OS2-2 A study of manipulator with passive revolute joint 
A. Sato (Miyakonojo National College of Technology, Japan) 
O. Sato, N. Takahashi, M. Kono (University of Miyazaki, Japan) 

 
OS2-3 Study of autonomous work control for multiple limbed underwater robot 

T. Yaginuma, E. Shimizu, M. Ito (Tokyo University of Marine Science and Technology, 
Japan) 

 
OS2-4 Study of action control for five-fingered hand 

A. Yamanashi, E. Shimizu, M. Ito (Tokyo University of Marine Science and  
Technology, Japan) 
T. Mori (Tokai Polytechnic College, Japan) 

 
OS2-5 A human-machine cooperative system for generating sign language animation using 

thermal image  
T. Asada, Y. Yoshitomi (Kyoto Prefectural University, Japan) 
R. Hayashi (Kyoto Shinkin Bank, Japan) 

 
13:10~14:25 OS3 Control and measurement 
Chair: M. Kono (University of Miyazaki, Japan) 
Co-Chair: M. Yokomichi (University of Miyazaki, Japan) 
 
OS3-1 Controller reduction by the block balanced realization with frequency weight 

S. Usui, M. Kono (University of Miyazaki, Japan) 
T. Nagado (University of the Ryukyus, Japan) 

 
OS3-2 Design of nonlinear controllers for active vehicle suspensions with state constraints 

G. Makihara, M. Yokomichi, M. Kono (University of Miyazaki, Japan) 
 

OS3-3 Development of a new underwater positioning system based on sensor network 
B. Fu, F. Zhang, M. Ito (Tokyo University of Marine Science and Technology, Japan) 
Y. Watanabe, T. Aoki (Japan Agency of Marine-Earth Science and Technology, Japan) 

 
OS3-4 A numerical solution of the stochastic discrete algebraic Riccati equation  

N.Takahashi, M.Kono (University of Miyazaki, Japan) 
 
OS3-5 Nonlinear adaptive control system design and experiment for a 3-DOF model 

helicopter 
M. Nishi, M. Ishitobi, K. Nakasaki (Kumamoto University, Japan) 
 

14:25~15:40 OS16 Biomimetic Machines and Robots 
Chair: K. Watanabe (Saga University, Japan) 
Co-Chair: K. Izumi (Saga University, Japan) 
 
OS16-1 A fuzzy logic based approach to the SLAM problem using pseudolinear models with 

multiframe data association 
C. D. Pathiranage, K. Watanabe, K. Izumi (Saga University, Japan) 

 
OS16-2 A computational model of emotion through the perspective of benevolent agents for a 

cooperative Task 
S. C. Banik, K. Watanabe, K. Izumi (Saga University, Japan) 
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OS16-3 An underactuated control for VTOL aerial robots with four rotors via a chained form  
transformation 

K. Tanaka, K. Watanabe, K. Izumi, K. Okamura (Saga University, Japan) 
 
OS16-4 Intelligent desktop NC machine tool with compliance motion capability  

F. Nagata (Tokyo University of Science, Japan) 
T. Hase , Z. Haga , M. Omoto (R&D Center, Meiho Co. Ltd., Japan) 
K. Watanabe (Saga University, Japan) 

 
OS16-5 A robotic forceps based on a fuzzy coach-player system using hierarchical  

instructions 
K. Izumi, S. Ishii, K. Watanabe (Saga University, Japan) 

 
Room B 
 
9:25~10:55 GS19 Robotics-Ⅰ 
Chair: S. Sagara (Kyushu Institute of Technology, Japan) 
 
GS19-1 Development of rescue manipulator to search narrow space for victims 

A. Hirayama, K. Ito (Hosei University, Japan) 
 
GS19-2 An autonomously moving robot using network camera 

M. Sato, Y. Tabuchi, N. Abe (Kyushu Institute of Technology, Japan) 
H. Taki (Wakayama University, Japan) 
S. He (Eastman Kodak Company, USA) 

 
GS19-3 Inverse kinematic modeling of a 3-axes planar articulated robot arm (PLANBOT) 

T. C. Manjunath, Sharmila R S (EWIT, India) 
A. Kusagur (JNTU, India)  
H. Patil (PDACE, India) 

 
GS19-4 Robust binocular tracking with an auditory perception system 

T. I. J. Tsay, Y-Y. Li (National Cheng Kung University, Taiwan) 
 
GS19-5 Fault-tolerance of modular robots adaptively transforming a mechanical  

structure 
Y. Suzuki, N. Inou, H. Kimura, M. Koseki (Tokyo Tech, Japan) 

 
GS19-6 Development of an autonomous-drive personal robot “The object recognition system 

using a database” 
Y. Moritaka, E. Hayashi (Kyushu Institute of Technology, Japan) 

 
13:10~14:25 OS1 Image Processing and Control for Robot 
Chair: F. Dai (Matsue National College of Technology, Japan) 
Co-Chair: H. Zhao (Oita University, Japan) 
 
OS1-1 Simulation of CMAC control over a robot joint actuated by McKibben muscles

H. Zhao, M. Sugisaka (Oita University, Japan) 
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OS1-2 Research on the movement control of manipulator by pattern recognition 
Y. Fujihara, S. Yamane, F. Dai (Matsue National College of Technology, Japan) 

 
OS1-3 Research on autonomous mobile robot for visually handicapped persons by pattern 

recognition 
F. Dai, S. Hamabe, Y. Fujiahra (Matsue National College of Technology, Japan) 

 
OS1-4 A study on economical data prediction by chaos analysis 

Y. Fujihara, S. Ikeda, K. Nakamura, F. Dai (Matsue National College of Technology, 
Japan) 

 
OS1-5 Research on digit recognition by image processing for autonomous mobile robot 

F. Dai, D. Shimogaki, Y. Fujihara (Matsue National College of Technology, Japan) 
 
14:25~15:25 OS4 Automata and Picture Languages 
Chair: T. Ito (Ube National College of Technology, Japan) 
Co-Chair: M. Sakamoto (University of Miyazaki, Japan) 
 
OS4-1 Path-bounded three-dimensional finite automata 

M. Sakamoto, M. Fukuda, S. Okatani, T. Ito, H. Furutani, M. Kono (University of  
Miyazaki, Japan) 

 
OS4-2 A relationship between turing machines and finite automata on four-dimensional  

input tapes 
M. Sakamoto, S. Okatani, M. Fukuda, T. Ito, H. Furutani, M. Kono (University of  
Miyazaki, Japan) 

 
OS4-3 Bottom-up pyramid cellular acceptors with three-dimensional layers 

M. Sakamoto, K. Kajisa, N. Tomozoe, T. Ito, H. Furutani, M. Kono, S. Ikeda  
(University of Miyazaki, Japan) 

 
OS4-4 Marker versus inkdot over three-dimensional patterns  

T. Ito, M. Sakamoto (University of Miyazaki, Japan) 
H. Okabe (NITTETSU ELEX CO. LTD., Japan) 
H. Furutani, M. Kono, S. Ikeda (University of Miyazaki, Japan) 

 
Room C 
 
8:40~9:55 OS12 Bio-inspired Theory and Application (2) 
Chair: M. Yasunaga (University of Tsukuba, Japan) 
Co-Chair: K. Yamamori (University of Miyazaki, Japan) 
 
OS12-1 Analysis and modeling of ants’ behavior from single to multi-body  

Y. Hayashi, K. Sugawara (Tohoku Gakuin University, Japan) 
T. Kikuchi, K. Tsuji (University of Ryukyus, Japan)  

 
OS12-2 Feature extraction of protein expression levels based on classification of functional 

foods with SOM  
T. Fukushima, K. Yamamoi, Ikuo Yoshihara (University of Miyazaki, Japan) 
K. Nagahama (Miyazaki Prefectural Industrial Foundation, Japan) 
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OS12-3 Estimating physiological activities of functional foods from protein expression  
levels using bayesian classifier 
S. Togo, K. Yamamori, Ikuo Yoshihara (University of Miyazaki, Japan) 
K. Nagahama (Miyazaki Prefectural Industrial Foundation, Japan) 

 
OS12-4 Haplotype estimation from genotypical data by genetic algorithm 

R. Azuma, M. Sakamoto, H. Furutani (University of Miyazaki, Japan) 
 
OS12-5 Effects of population size on performance of genetic algorithms and roles of  

crossover and mutation 
Y. Zhang, M. Sakamoto, H. Furutani (University of Miyazaki, Japan) 

 
9:55~10:55 OS5 Bio-inspired Theory and Application (1) 
Chair: I. Yoshihara (University of Miyazaki, Japan) 
Co-Chair: K. Kawasue (University of Miyazaki, Japan) 
 
OS5-1 Stereoscopy using a single camera 

K. Kawasue, Y. Muraoka, Y. Kiyama, Y. Oya (University of Miyazaki, Japan) 
 
OS5-2 Three dimensional measurement of fish movement using stereo vision 

Y. Oya, K. Kawasue (University of Miyazaki, Japan) 
 
OS5-3 Real-world applications on the reconfigurable-VLSI-based double-lens  

tracking-camera 
M. Yasunaga, N. Aibe, Y. Yamaguchi (University of Tsukuba, Japan) 
Y. Yamamoto (Yamamoto System Design Inc., Japan) 
I. Yoshihara (University of Miyazaki, Japan) 
T. Awano (Bethel Inc., Japan) 

 
OS5-4 On the distribution of posterior probability in Bayesian inference with a large number 

of observations 
A. Date (University of Miyazaki, Japan) 

 
13:10~13:55 GS8 Complexity 
Chair: Y-Z. Chang (Chang Gung University, Taiwan) 
 
GS8-1 Minimum nomic, a tool for studying rule dynamics 

M. Hatakeyama, T. Hashimoto (Japan Advanced Institute of Science and Technology,  
Japan) 

 
GS8-2 Effects of feedback and feedforward loops on dynamics of transcriptional regulatory 

model networks 
C. Oosawa (Kyushu Institute of Technology, Japan) 
K. Takemoto (Kyoto University, Japan) 
M. A. Savageau (UCD, USA) 

 
GS8-3 Method to extract stable links out of the noisy links in complex networks made from 

data by two body functions 
K. Yamasaki, K. J. Mackin, M. Ohshiro, K. Matusita, E. Nunohiro (Tokyo University 
of Information Science, Japan) 
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13:55~15:25 GS20 Robotics-Ⅱ 
Chair: T. I. J. Tsay (National Cheng Kung University, Taiwan) 
 
GS20-1 Design and development of a mobile robot (SOBOT) driven using automatic power 

supply generation 
T. C. Manjunath (ECE, EWIT, India) 
H. Patil (PDACE, India) 

 
GS20-2 Three-dimensional scanner robot of a pipe with tilt detection  

K. Kawasue (University of Miyazaki, Japan) 
S. Sakai, T. Wakiyama, S. Ohyama (B-mount Products, Japan) 
M. Senda (Ohbayashi Road, Japan) 

 
GS20-3 Dynamic-programming approach to path-planning of autonomous mobile robots 

H-S. Yoon, T-H. Park (Chungbuk National University, Korea) 
 
GS20-4 Timing control of the mobile robot using tau margin 

T. Kai, Y. Shimada, K. Ito (Hosei University, Japan) 
 
GS20-5 Develop a multiple robot system applying in intelligent home  

T. L. Chien (Wu-Feng Institute of Techonlogy, Taiwan) 
K. L. Su, S. V. Shiau, C. J. Wu (National Yunlin University of Science & Technology,  
Taiwan) 

 
GS20-6 A Replanning strategy for preplanned robot trajectory in emergency situations 

S. W. Yun, M. S. Chang, B. H. Kang, P. G. Park (POSTECH, Korea) 
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Haptics for Medical Applications
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Abstract— Robots and intelligent machines in future
should adapt themselves autonomously to the open envi-
ronment in order to realize physical support for human
activities. In addition, the physical support by them must be
based on the individual’s “action” and “sensation” in order
that the physical support becomes really human-friendly.
Then, the robots must actively recognize the unknown
environment according to the individual’s action. They also
have to transmit the obtained environmental information
to the individual in harmony with his or her sensation.
Since haptic information is so important as well as visual
information and auditory information, development of real-
world haptics is one of the important key issues for the
purpose.

Haptic information is inherently bilateral, since an action
is always accompanied by a reaction. That means the bilat-
eral control with high transparency is necessary to transmit
real-world haptic information artificially. The acceleration-
based bilateral controller is one of the solutions for the
acquirement of high transparency.

There remain many issues to solve for the application
of haptics to the physical support for the actual human
activities. Haptic system with high transparency should
obtain the flexibility in order to extend its function. This
paper presents flexible actuation techniques that have high
force transferability and flexibility of actuators arrangement.
Furthermore, in order to support for human activities in
remote environment, bilateral tele-haptics over network is
also described.

In summary, this paper introduces the fundamental
techniques in haptics including several examples of medical
applications, since they are the first target of the real-world
haptics.

I. I NTRODUCTION

Robots and intelligent machines in future should sup-
port human physically. Additionally, the physical support
by them must be based on individual’s “action” and
“sensation”. For such a physical support, it is necessary
to realize “action-based” recognition in the real environ-
ment rather than “model-based” recognition. They should
communicate the environmental information in harmony
with the individual’s “sensation” to him or her. This rela-
tionship among human, robots, and the real environment
is able to be represented as Fig. 1. In other words, robots
and intelligent machines should act as an interface and/or
an agent between human and the real environment.

From this point of view, real-world haptics will be one
of the key-technologies for the realization of physical
support for human. This is because that haptic sensation
is important for human activities as well as auditory
sensation and visual sensation. However, auditory and
visual sensations are unilateral information whereas haptic
information is bilateral information of action and reaction.
Thus, to obtain and transmit the haptic information arti-

Human

Robot Environment

Recognition of Environment

Human-Robot Interaction Human Activity

Human

Robot Environment

Recognition of Environment

Human-Robot Interaction Human Activity

Fig. 1. Relationship among human, robot, and real environment

ficially, a bilateral control with high transparency is nec-
essary. Then, the acceleration-based bilateral controller
is one of the solutions for the acquirement of high
transparency. The acceleration-based haptic system has
realized the artificial transmission of real-world haptic
information from DC up to 300 Hz [1].

However, there remain many issues to solve for the
application of haptics to the physical support for the actual
human activities. For the extension of the functions of
haptic system, it is important to acquire the flexibility.
Especially, in the multi-degree-of-freedom haptic system,
flexible actuation techniques that have high force transfer-
ability and flexibility of motor arrangement are necessary.
This is because the functions of telehaptic system should
be concentered at the end-effecter in small range for
the improvement. Additionally, in order to expand the
bilateral control to remote support for human activities,
haptics over network is also one of the important issues.
However, the communication delay must be a serious
problem for the purpose.

From the point of view, this paper introduces some
ideas to deal with these important issues for realization of
bilateral haptics in physical support for human activities.
Later, the examples of haptics for medical application
are shown. This paper is organized as follows. In the
following section, bilateral motion control based on ac-
celeration control is described. In section III, flexible
actuation techniques for the natural extension of human
sensation are introduced. Section IV shows haptics over
network for the realization of tele-haptics. In section V,
the possibility of haptics for medical application is shown.
At the last section, some concluded remarks are described.

II. A CCELERATION-BASED BILATERAL CONTROL

In bilateral control, the goal of force for artificial
realization of the “law of action and reaction” between
master system and slave system is represented as (1);

Fm + Fs = 0. (1)
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Fig. 2. Robust bilateral control system

On the other hand, the goal of position for tracking
between master system and slave system is represented
as (2);

xm − xs = 0. (2)

In bilateral control, the coinstantaneous achievements of
force control and position control are required. However,
force control and position control are not able to be
realized at the same time in one real axis.

In order to attain the robustness of the system, (1)
and (2) are transformed into the common dimension of
acceleration;

ẍm + ẍs = 0 (3)

ẍm − ẍs → 0. (4)

Acceleration control is the best solution to achieve a
robust motion control [2], [3], [4]. The block diagram
of the robust bilateral control system is shown in Fig. 2.
As a result, high reproducibility and high operationality
are achieved in acceleration based controller.

Fig. 3 shows the experimental results on bilateral
control with two linear actuators. The slave system has
contact with the environment made of aluminum. Even
though the haptic system contact with very hard envi-
ronment, the stable contact motion is realized. It also
turns out that trasmission of inpactive force sensation
is achieved as well from the spikes at the moment of
contact in Fig. 3, since the haptic system acquires wide
bandwidth.

Through the robust bilateral control with high trans-
parency, not only environmental information, but also the
individual’s motion or skill as a personal history is able
to be preserved into the bilateral haptic database [5], [6].
Then, it may achieve a lot of kinds of physical support
for human activities, such as the haptic e-learning, the
individual’s skill acquisition, the skill training, the skill
transfer to the robots, the haptic broadcasting, and so on.
Fig. 4 shows the example of the applications of bilateral
haptic database.

III. F LEXIBLE ACTUATION

This section describes flexible actuation techniques
for flexible implementation of haptics technologies. In

(a) Position responses (b) Force responses

Fig. 3. Experimental results on acceleration-based bilateral control

Haptic e-Learning

Bilateral Haptic
Database

Preservation of Environmental 
Information and Human Skill

Haptic Broadcasting

Real-time Network

Skill Acquisition

Haptic Device

Transfer of Human Skill 
to Robots

Intelligent 
Machines

Human 
Activities

Haptic e-Learning

Bilateral Haptic
Database

Preservation of Environmental 
Information and Human Skill

Haptic Broadcasting

Real-time Network

Skill Acquisition

Haptic Device

Transfer of Human Skill 
to Robots

Intelligent 
Machines

Human 
Activities

Fig. 4. Applications of Bilateral Haptic Database

robotics systems, end-effectors and actuators are usu-
ally connected using hard or high-stiffness materials for
realization of accurate position tracking and sufficient
force transmission. However, the configuration with hard
materials makes it difficult to assign end-effectors and
actuators flexibly. In the case that the number of end-
effectors and actuators increases, it becomes difficult to
assign the elements flexibly and the whole system needs
extra spaces for implementation. On the other hand, the
flexible actuation technique uses flexible thrust wires
for connecting end-effectors and actuators. Fig. 5 shows
a schematic diagram of flexible actuation system [7].
Although the thrust wires are thin and flexible, they

Inner

Outer Tube

WireInner

Outer Tube

WireInner

Outer Tube

Wire

Fig. 5. Schematic diagram of flexible actuation system

Fig. 6. Telehand system
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Fig. 8. Concept of network disturbance (ND)

have high position response performance and sufficient
force transmission characteristic. Therefore, the flexible
actuation system makes it possible to realize flexible
assignment and actuation without deterioration of posi-
tion tracking performance and force transmission perfor-
mance.

Fig. 6 is an example of the flexible actuation applica-
tions. The system is called telehand. In Fig. 6, three end-
effectors and three actuators are implemented in both mas-
ter and slave side. The telehand system demonstrates the
possibility of the realization of multi-degree-of-freedom
flexible implementation of haptics technique. Therefore,
the flexible actuation technique is one of the key elements
for future development of haptics.

IV. H APTICS OVERNETWORK

A. Concept of Network Disturbance (ND)

In this subsection, concept of network disturbance (ND)
[8], [9] is introduced using a simple example of time
delayed bilateral tele-haptics system shown in Fig. 7. In
Fig. 7, F means a control input for slave in force (or
torque) dimension andsX is a slave output in velocity
(or angular velocity) dimension.T1, T2 andT (= T1+T2)
are a time delay from master to slave, a time delay from
slave to master and a round-trip delay, respectively. A
feedback signal to master sidesXe−Ts is delayedT
relative toF because of time delays over networkT1, T2.
Here, if we consider only the relationship betweenF and
sXe−Ts, the system can be regarded as shown in Fig. 8.
In Fig. 8, the feedback signal to master sidesXe−Ts is
again delayedT relative toF . However, there is no time
delay in Fig. 8. There exists an ND instead of time delays.
That is to say, considering only the relationship between
F and sXe−Ts, we can regard thatsXe−Ts is delayed

)1( TseF −−

F

TssXe−

Js
1 Slave

)1( TseF −−+
−Communication

Disturbance 
ObserverJs

1)1( TsesX −−

sX
+

+

Network 
disturbance

Master

Master side Slave side

)1( TseF −−

F

TssXe−

Js
1
Js
1 Slave

)1( TseF −−+
−Communication

Disturbance 
ObserverJs

1
Js
1)1( TsesX −−

sX
+

+

Network 
disturbance

Master

Master side Slave side

Fig. 9. Schematic diagram of time delay compensation

by not time delay but ND described as follows.

Dnet(s) = F (1− e−Ts) (5)

This is the concept of ND.

B. Time Delay Compensation

ND is estimated by communication disturbance ob-
server (CDOB) [8], [9] and the estimated ND is utilized
for time delay compensation. A schematic diagram of
time delay compensation using CDOB is shown in Fig. 9.
Fig. 9 shows that the feedback signal to master side is not
delayed anymore. It turns out that time delay compensa-
tion is accomplished by using CDOB. Furthermore, the
time delay compensation method has a significant feature
for Internet-based applications, in which time delay is
usually time-varying. The compensation method does not
need delay time model for implementation. Therefore, the
compensation method works even in the case of time-
varying delay.

V. HAPTICS FORMEDICAL APPLICATIONS

In this section, the medical experimental results are
shown as the examples of haptics for medical applications
[10]. In the experiments, the surgeon manipulated master
system, and slave system contacted with the organs of a
rat through micro/macro bilateral control with high trans-
parency. Then, the stiffness of each organ is abstracted.
The experimental forceps robot is shown in Fig. 10.

Firstly, the comparison results on the abstracted
impedance of the ileum in four different situations are
shown in Fig. 11. The ileum is ligated at low temperature
or body temperature. In Fig. 11, the difference among four
situations is able to be distinguished clearly. Secondly,
the comparison results on the abstracted impedance of
five different organs are shown in Fig. 12. In Fig. 12,
the difference of organs is able to be classified obviously.
Thirdly, Fig. 13 shows results of the contraction experi-
ment with chemical on the posterior stomach of the rat.
With the special chemical, the organs of the rat constrict
and become tight. From the result, it turns out that the
dynamical change of the stiffness is abstracted.

Finally, the break test through micro/macro bilateral
haptic system was conducted on some samples as shown
in Fig. 14 and the organs of the rat. The experimental
situation is shown in Fig. 15.

These experimentations are just the first trial. However,
these results showed the potential of haptics to contribute
a great variety of progression for realization of human
support. Additionally, the haptic forceps robot was able
to present the difference of haptic information as the
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Fig. 10. Haptic forceps robot
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Fig. 11. Ligation experiment

numerical data, even when human operator could not feel
it.

VI. CONCLUDED REMARKS

• Real-world haptics will be one of the key technolo-
gies for the physical support for human activities.

• Human, robot and environment have unilateral and
bilateral relation corresponding model-based and
action-based recognition respectively.

• Transmission of vivid tactile and/or force sensation
is realized by bilateral motion control based on ac-
celeration control. Experimental robot realizes wide
frequency response for good force reproducibility.

• Flexible actuation techniques are important for the
extension of the functions of haptic system. Flexible
actuators achieve both high force transferability and
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Fig. 12. Classification experiment

Fig. 13. Contraction experiment (Posterior stomach)

(a) Samples before break test (b) Samples after break test

Fig. 14. Experimental samples in break test

Fig. 15. Situation of break test (Salmon caviar)

flexibility of motor arrangement.
• The information of environment in real-world haptics

is hard real-time. The haptic system with communi-
cation disturbance observer works even in the case
of time-varying delay over network.

• Haptics will help medical activities such as robotic
surgery, tele-palpation as well. The examples of
medical experimentation demonstrate great potential
of that.
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Abstract 
We developed a modular robotic tile and a system 
composed of a number of these modular robotic tiles. A 
system composed of the modular robotic tiles engage the 
user in physical activities, e.g. in physiotherapy, sports, 
fitness, entertainment. The modular robotic tiles motivate 
to perform physical activities by providing immediate 
feedback based upon physical interaction with the system. 
With the modular robotic tiles, the user is able to make 
new physical set-ups within less than a minute. The tiles 
are applicable for different forms of physical activities 
(e.g. therapeutic rehabilitation) and at the same time give 
unique possibilities for documentation of the physical 
activity (e.g. therapeutic treatment). This kind of 
playware is highly motivating due to immediate feedback 
and fun, interesting games. The pilot study included here 
indicates that the modular robotic tiles may also be used 
by children with autism, and that the tiles can 
automatically recognise the children behaviours with 
very high accuracy by using an artificial neural network.  
 
Introduction 
 
Processing in electronic artifacts is traditionally based on 
central control. This is the case in VCRs, televisions, 
mobile phones, industrial robots, toy robots, etc. In such 
cases, the device is controlled by an electronic system 
with a central control. If just a small part of the central 
control breaks down, the whole system/device may break 
down. The modular robotic tiles challenge the traditional 
central control, and allow processing to be distributed 
among a number of processing units that can connect to-
gether to form a larger, collective system. The individual 
unit is self-contained, including processing capabilities, 
communication capabilities and batteries. The system 
comprising a number of such units allows the end-user to 
define the physical shape and the functionality of the 
artifact and to interact with the artifact. 
By enumeration of neighbors, the individual unit is able 
to communicate with other specified units in the system. 
The detection of neighbors and the overall structure can 
be done automatically by the system itself at run-time, 

which facilitates easy modification of the physical form 
by any user.  
User interaction and capabilities of constructing 
electronic artifacts are enhanced by particular processing 
methods. The modular robotic tiles allow construction of 
both the physical shape and functionality through the 
physical construction with no necessary need for a 
personal computer or similar, external programming 
station or monitor. 
We can make the tiles into playware[5] by making games 
to run as software on the system composed of modular 
robotic tiles. Games can adjust themselves to fit any 
physical configuration made by the user. Each game can 
be adjusted to fit particular user groups and levels, such 
as individual therapeutic patients, fitness trainees, etc. 
The modular robotic tiles differ from other interactive 
surfaces and game surfaces in the modularity, the 
possibility for users to modify the physical shape, the 
easy setup, the possibility of exclusion of external host 
computer, the self-contained energy source, the wireless 
communication (local and global), and the individual 
games. 
 

 
Figure 1. One of the children with autism playing with the 
modular robotic tiles. 
 
For instance, we have used the modular robotic tiles for 
rehabilitation of cardiac patients (at the hospital Sygehus 
Fyn Svendborg and at Rehabilitation Centre Odense). For 
cardiac patients, the games on the tiles may motivate a 
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rise in pulse to appropriate levels. Physiotherapist Tonny 
Jaeger Pedersen, Sygehus Fyn Svendborg hospital says: 
“the individual training, which the intelligent tiles allow 
for, is really an advantage. Motivation and competition is 
the fuel which make us do the most – regardless of 
whether being healthy or a patient.” [1, 2]. Other games 
may be used: for instance, for knee operated exercises 
that demand the correct movement of the knee and the 
correct force exerted to play the game, for elderly play 
and games that support balance training, etc. 
However, here we will look at how the modular robotic 
tiles may be used for cognitive rehabilitation. We may 
imagine that cognitive tasks may be implemented on the 
modular robotic tiles and feedback (light & sound) given 
to the user based upon the user performance on the 
cognitive tasks. Games of different levels may challenge 
users with different cognitive capabilities, and the games 
may be easily adjustable to the different capabilities. This 
may, e.g., be exemplified by imitation games on the 
system of modular robotic tiles for autistic children. In 
order to introduce the modular robotic tiles in this field, 
we will start with a simple example of implementation. 
 
Modular robotic tiles 
 
The system is composed of a number of modular robotic 
tiles which can attach to each other to form the overall 
system. Each tile has a quadratic shape measuring 
300mm*300mm*33mm – see Fig. 1 and Fig. 2. It is 
molded in polyurethane. In the center, there is a circular 
dent of diameter 200mm which has a raised platform of 
diameter 63mm in the centre. The dent can contain the 
circular printed circuit board (PCB) and the electronic 
components mounted on the PCB. At the center of each 
of the four sides of the quadratic shape, there is a small 
tube of 16mm diameter through which infra-red (IR) 
signals can be emitted and received (from neighboring 
blocks). Small magnets are placed on each side of the 
tiles. The magnets on the back provide opportunity for a 
tile to be mounted on a magnetic surface (e.g. wall), and 
the magnets on the sides provide opportunities for the 
tiles to attach to each other. The magnets ensure that 
when two tiles are put together they will become aligned 
by the magnetic forces, which is important for ensuring 
that the tubes on the two tiles for IR communication are 
aligned. On one side of the tile, there is also a small hole 
for a charging plug (used for connecting a battery charger 
and for reset).  
There is a small groove on the top of the wall of the 
circular dent, so a circular cover of diameter 210mm can 
be mounted on top of the dent. The cover is made from a 
circular transparent satinice plate and a polyurethane 
circle in the centre. 

 
Figure 2. The modular robotic tiles from Entertainment 
Robotics. 
 
A force sensitive resistor (FSR) is mounted as a sensor 
on the center of the raised platform underneath the 
circular cover. This allows analogue measurement on the 
force exerted on the top of the cover.  
There are three NIMH AA batteries (rechargeable 
batteries) on top of the PCB. A 2 axis accelerometer (5G) 
is mounted, e.g. to detect horizontal or vertical placement 
of the block. Eight RGB light emitting diodes (LED 
SMD 1206) are mounted with equal spacing in between 
each other on a circle on the PCB, so they can light up 
underneath the transparent satinice circle. 
On the PCB, there are connectors to mount an XBee 
radio communication add-on PCB, including the 
MaxStream XBee radio communication chip 
The modular robotic tiles can easily be set up on the floor 
or wall within one minute. The modular robotic tiles can 
simply attach to each other with magnets, and there are 
no wires. The modular robotic tiles can register whether 
they are placed horizontally or vertically, and by them-
selves make the software games behave accordingly. 
Also, the modular robotic tiles can be put together in 
groups, and the groups of tiles may communicate with 
each other wireless (radio). For instance, a game may be 
running distributed on a group of blocks on the floor and 
a group of blocks on the wall, demanding the user to 
interact physically with both the floor and the wall. 
 
Related work 
 
Previously, we developed the robotic building block 
concept, e.g. exemplified with the I-BLOCKS for play in 
hospitals and developing countries [3, 4], and interactive 
playware playgrounds [5]. The robotic building block 
concept for the playware playgrounds came from a longer 
design process started in 2001 and for the I-BLOCKS 
from the late 1990’ies. As an example, the neural I-
BLOCKS [6] can be viewed as a modular entertainment 
system that allows anyone to create neural networks by 
physically building with the modular robotic building 
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blocks, I-BLOCKS. This use of modular robotics for 
entertainment and learning with the I-BLOCKS is used in 
Africa for allowing non-expert users to become 
developers of novel intelligent robotics in schools, 
hospitals, orphanages and science parks.  
The modular robotic approach was further elaborated in 
the playware playgrounds [5]. The intelligent 
playgrounds are developed as a set of modular robotic 
tiles that allows implementation of physical computer 
games on the playgrounds, which are now installed in 
numerous schools, kindergartens, and youth clubs in the 
city of Odense in Denmark. Some work shows how 
implementations with neural networks may allow the 
playground to recognize the children’s behaviour on the 
playground and adapt the games at run-time to the 
individual child.  
The modular robotic approach for entertainment is used 
here in this paper to allow the development of novel 
robotic therapy tiles not only for rehabilitation of cardiac 
patients, but also for autistic children in an entertaining 
way. 
In general, the modular robotic approach to entertainment 
robots is investigating how the public can understand and 
use robotics by introducing robotics as entertainment and 
play in the daily life and environment of the people. This 
happens through the combination of modern artificial 
intelligence, modular robotics and entertainment to 
provide novel opportunities in play, rehabilitation, sport, 
music, teaching, third World development, etc. – it is 
believed that the approach may provide non-expert users 
easy access to the technology in a playful and motivating 
way. 
Not many other systems for large scale physical 
manipulation are truly modular and distributed. An 
exception is the floating tiles prototypes by P. Marti’s 
group [7]. Most other systems are either small in scale 
(e.g. hands-on constructionist robot building kits such as 
Topobo [8], System Blocks [9] and few other similar 
systems), not for end-user physical reconfiguration (e.g. 
z-tiles [10], smart-floor), or not truly modular with 
distributed processing.  
 
Modular robotic tiles for children with 
autism 
 
In general children with autism may have problems with 
social/emotional relationships, problems with communi-
cation, problems in surroundings consciousness, motor 
problems and they can have cognitive problems. 
Moreover many of the children also have other diagnoses 
such as ADHD (attention-deficit hyperactivity disorder). 
One of the aspects of these handicaps is that the children 
have serious problems with being creative and that they 

have problems playing on their own without guidance on 
how to play. However, our first pilot tests with the 
children showed a very interesting behaviour from the 
children. The observations done by the therapist from the 
autism home Bihuset told us that the children's behaviour 
with the tiles was very comparable to their normal 
behaviour in everyday life. Since the children's behaviour 
seems very much connected to their diagnosis, this gave 
us an indication of the possibility to use the tiles as a 
supplementary tool to support the therapists in 
diagnosing the children. So the research question 
becomes: can data collected from experiments with the 
modular robotic tiles be used to recognize specific 
behaviours or to categorize users? If so (i.e. if it is 
possible to recognize what problems the individual child 
has), it could even become possible to adapt the 
application to fit the child and thereby making the play 
more interesting. 
 
Game implementation 
 
For this experiment, we used a set of 15 tiles and the 
game called colour-mix. The basic idea is to mix colours 
in different ways, dependent on how the tiles are 
assembled. 3 tiles are predefined as source tiles 
respectively with the colors red, green and blue. The 
other 12 tiles are normal tiles, with the property that they 
can change their colours accordingly to their local 
neighbourhood. If a normal tile is connected to a red 
source tile, the normal tile will become red just as its 
neighbour but with a lower intensity. The source tiles 
never change their colour. If a blue source tile also is 
connected to the normal tile at the same time as a red 
source tile, the normal tile will blend the two colours to 
become a purple tile. A normal tile should always light 
up with a lower intensity than its neighbours colour 
intensity, which makes the colour spreading from a 
source tile decrease when the distance to a source tile 
increases. 
For the colour-mix game, we used a distributed control 
approach, which is fairly straight-forward since every tile 
is equipped with both communication and computation 
capabilities. The tiles can be moved around and 
connected to each other in any configuration. In this 
distributed environment it is very easy to make local 
changes based on the local environment. A tile can easily 
read neighbouring tiles states, and thereby change its own 
state accordingly to some local rules. By not having a 
central server to administer the data flow between tiles, 
the stability of the application will not depend on the 
reachability of a master-tile. Simple rules based on the 
local environment are easily implemented and the 
software on the individual tile can be kept simple. Other 
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advantages are that there is no need for instructions to the 
users on how to use/control a master-tile, and the 
possibility to extend the application by adding simple 
new rules to one or more of the tiles. Also, the distributed 
control facilitates the emergence of new behaviours, 
when different rules are influencing each other. It is not 
always possible to predict what can emerge from such a 
system. This could be a drawback to an application if it 
was critical to the behaviour of the whole system that the 
user always get what she expects. In a performance 
application emergence is actually an advantage, because 
it would create unexpected results from the users point of 
view, and thereby teasing her curiosity to continue using 
the application. A major drawback with this kind of 
distributed control is that there is no easy option to log 
events in the system. Hence, we added radio modules to 
the tiles to allow them to send logged data to a host 
computer, which was used exclusively for data collection. 
 

 
Figure 3. The data collection and data analysis scheme. 
 
Experimental protocol 
 
The experiments were performed at the institution 
'Bihuset'. Bihuset is both a residential home for children 
with autism, and a home for relieving parents with 
children with autism, for a single day or two. The two 
different functions are placed at two different addresses. 
(Jørgen Haubroe Andreasen is the head therapist at the 
residential home, and Inga is the head therapist at the 
relieving center.) The first experiments were conducted at 
the residential home with two children named Nik and 
Ole. These two children performed very different with 
the tiles and it was very interesting, accordingly to the 
therapist Jørgen, that both of the children's normal 
behaviours was reflected directly in their use of the tiles. 
The rest of the experiments were carried out in the 
institution’s relief centre. The main reason for this was 
the need for children who were suitable and present for 
the experiments. The children at the residential home are 
much more handicapped than the ones coming at the 
relieving centre, and therefore the children from the 
relieving center seemed more suitable for the initial  
experiments. Due to vacation among both the children 
and the staff, there were some difficulties in following 
the original experiment plan. The plan was adjusted, and 
we tried to make as many experiments as possible. 

Unfortunately it was not possible to make experiments 
with enough children to create statistical reliable results. 
Table 1 shows the test subjects (the name of each child 
has been changed to make them anonymous.) 
 
Table 1. Children, diagnoses and number of tests performed.  

Name Diagnosis Tests 
Nik Infantile 5 
Anne Infantile 3 
Dan Infantile 2 
Zofus Atypical 3 
Josef Atypical 2 
Ole Asperger Syndrome 3 
Marck Other development disorder 2 

 
The following plan was carried out in each of the 
experiments. 
• Duration of each experiment is 10 minutes. 
• Each experiment is documented on video. 
• A computer collects data from each experiment. 
• When more than one experiment is performed with 

the same child, the environment must not change 
significantly. 

• The children are very briefly presented to the tiles, 
and told to play with them for 10 minutes. They are 
told to do whatever they feel like. 

• When the time has started the children can not get 
any help from the adults. 

• The adults may only interfere with the experiment, if 
the child has lost the interest for the tiles completely. 
The only thing that is allowed for the adult is to ask 
the children to use the tiles again. 

• When the 10 minutes has gone, the adult stops the 
child from playing and stops the video and the 
computer logging. 

 
Data analysis 
 
After all of the experiments were finished, the 
automatically collected data was analyzed offline. First a 
list of different criteria was found by watching the 
recorded videos. These criteria were created in such a 
way that each child would get a score for each criterion 
when analyzing the collected data. These analyses could 
then be used to differentiate the individual users from 
each other, by looking at the result from each criteria 
analysis. In the following only individuals will be 
examined, and not groups of individuals. If the number of 
users had been higher it also would have been possible to 
see if there was any data that could differentiate groups 
from each other. The children could have been grouped 
by cognitive level or other categories involving their 
handicap. The categories were: 
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1. Number of tiles used during the experiment 
2. The number of clusters created by the user. A cluster 

is defined as 2 or more tiles assembled. 
3. Number of pressed tiles. 
4. Removing a tile and placing it at the exact same 

position immediately after. 
5. Removing a tile and placing it at a new position 

immediately after. 
6. The average cluster size. 
7. After a complete assembly of all tiles in one cluster, 

the cluster is destroyed again. A cluster is only 
considered destroyed if 2 or more tiles are removed 
from it. 

8. The cluster shapes in the clusters created by the users 
(line, rectangle, quadratic, advanced). 

9. The speed by which the user assembles the tiles. 
10. Average intensity of red, green and blue LEDs on 

tiles moved. 
11. Average number of source tiles pr. cluster. 
 
Some of the categories can be expanded, so that category 
number 2 becomes two categories (average and max 
number), number 8 becomes three categories (rectangle, 
quadratic, other) and number 10 becomes three categories 
(one for each colour), so there will be a total of 16 
categories. 
For each experiment, the score in these categories can be 
collected automatically during the play with the modular 
robotic tiles. The score for each category can be 
normalised and fed into a simple, feed-forward neural 
network (C1 … C16 in figure 4).  
 

 
Figure 4. The neural network 

 
We feed the data into the feedforward neural network in 
order to understand whether possible differences in the 
criteria scores can be used to recognize any specific 
behaviour pattern – by trying to recognize the individual 
child. By recognizing an individual during play it may 

become possible to adjust the activity on the tiles 
accordingly to this individual’s needs.  
Each experiment was divided into 4 phases to create 
more examples. The first phase from each experiment 
was removed from the examples as they are very 
different from the rest of the experiments phases. This 
gave a total of 3 examples per experiment and with a 
total of 20 experiments this is 60 examples in total. 
The training set contained 3 experiments with Nik, 2 with 
Anne, 1 with Dan, 2 with Zofus, 1 with Josef, 2 with Ole 
and 1 experiment with Mark. This is a total of 36 
examples, but only 35 where used since one of them 
contained nothing but 0 scores. The test set contained 2 
experiments with Nik and 1 experiment with the rest of 
the children. This is a total of 24 examples, but only 23 
where used for the same reason as above. Each example 
includes all 16 criteria scores as input and 7 output 
neurons to indicate each of the individuals. The neural 
network can be seen in figure 4. 
The number of hidden neurons was selected to 9, since 
fewer showed a tendency to make the network converge 
to fast, and with more hidden neurons the network had 
problems converging.  
 
Table 2. The neural network output (in bold) for each 
experiment.  

 
 

The results can be seen in table 2 which shows the value 
for each target neuron with the test set. The max value for 
each result is in bold. The expected result for Nik would 
be that the first output neuron should be the highest, for 
Anne it should be the second, for Dan the third etc. If all 
the classifications where correct we should see a diagonal 
of bold numbers. 
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It can be seen that the network makes a correct 
classification on 19 of 23 examples. This is 88% correct 
classification of the children. The examples that do not 
get correctly classified are all one example out of three 
from the same experiment, and the two remaining 
examples from that same experiment are correctly 
classified. So a post-processing into one result for each 
experiment would then give a 100% correct classification. 
It remains to question these results because of the very 
limited number of examples available. To create a 
statistical reliable result there should be many more 
examples in the test set.  
 
Discussion and Conclusion 
 
It is important to take these experiments for what they are 
and nothing more. We were able to perform a 
technological development and an initial pilot study. It 
was not possible for us, at this moment, to perform a 
complete scientific study with the autistic children as the 
user group, which means that we can make no statistical 
tests to verify the indications given above. It is important 
be aware of this fact. We were not able to perform large 
scale tests due to material constraints (we only produced 
one hundred tiles), time constraint and limited access to 
the user group.  
Nevertheless, we find the indications interesting and 
worth further discussion, development and tests. The 
indications with the small test group are that whereas the 
children with autism may not make creative 
performances with the modular robotic tiles, they will 
however build and interact with the tiles in very 
individual, stereotypic manners. This may come as no 
surprise, but the interesting indication is that the novel 
technology may be able to automatically recognise this 
individual behaviour. Indeed, with post-processing, the 
artificial neural network used in this study was able to 
make a 100% correct classification of the 7 children with 
autism from the pilot study (and 88% correct without 
post-processing).    
It will be very interesting to use these indications to 
investigate whether such modular robotic tiles or similar 
playware can be used as a supplementary tool in the 
diagnosis process for the children with autism. Typically, 
there are many tools used for the diagnosis, and the one 
presented here should be viewed only as a supplement to 
these other tools. However, if automatic recognition of 
the individual behaviour (the individual diagnosis) is 
possible also for larger test groups, then it may become 
an interesting tool to support and supplement the other 
diagnosis tools.  
The pilot study also gives indication that this particular 
user group is able to interact with the modular robotic 

tiles. Therefore, we are initiating collaboration with J. 
Nadel’s group at the hospital Hôpital de la Salpêtrière in 
Paris to study how to promote emotionally positive social 
interaction through physical action, specifically in 
imitative scenarios for children with autistic spectrum 
disorder, with large user groups and test groups.  
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Abstract 
Going through a few examples of worldwide recognized 
robot artists, we try to analyze the deepest meaning of 
what is called Robot Art and the related art field 
definition. We also try to highlight its well marked 
borders – like kinetic sculptures, kinetic art, cyber art, 
and cyberpunk. A brief excursion on the importance of 
the context, the message and its semiotic is also provided, 
case by case, together with few hints on the history of 
such a discipline, under the light of an artistic perspective. 
Therefore, the aim of the paper is to try to summarize the 
main characteristics that might classify Robot Art as a 
unique and innovative discipline, and to track down some 
of the principles by which a robotic artifact can be 
considered - or not - an art piece, in terms of social, 
cultural and strictly artistic interest.   
 
Introduction 
 
Nowadays, we can find robots in science and technology, 
architecture, art, video clips, cinema, literature as well as 
in our own homes. Their presence is fast growing in all 
fields and sectors and is becoming pretty consistent in 
industrial production and, especially, in medicine and 
entertainment.  
Probably, that’s because robotics incorporate within itself 
few charming practical and intellectual issues that are 
able to elicit the interest and the curiosity of many 
philosophers, artists, scientists, technologists and, overall, 
ordinary people.  
Indeed, apart from the practical issues, a marvellous way 
to describe the hi-tech human being condition was given 
by Vilém Flusser [1] in 1996: "We are no longer the 
objects of a given objective world, but projects of 
alternative worlds. From the submissive position of 
subjection we have arisen into projection. We grow up. 
We know that we dream". This philosophical approach is 
very realistic and can be seen in many circumstances, 
from virtual worlds through cyber artefacts to robotics 
and more.  

In this paper, we try to depict part of such an evolution 
towards “alternative worlds” which leads humans to 
building science and art robots.  
Further, we try to get a closer and more specific look to 
what we call (in a pretty wide range) robot art, to try to 
understand the differences which can be found between 
the conceiving and the designing of pure scientific and/or 
commercial robotics and art oriented robotics. We do that 
although, as the same Vilém Flusser [1] suggested, 
somehow “Scientists are computer artists avant la lettre, 
and the results of science are not some ‘objective 
insights’, but models for handling the computed”. 
In fact, contemporary robotics is the field in which the 
comprehension of human mind materialises. Because it is 
a topic that has always been transversal to scientific and 
human disciplines alike, and that has brought together 
research fields into neuroscience, engineering, computer 
science, biology, mathematics, psychology, and 
philosophy. Indeed, from literature we know that 
embodying the biological brain in to machines (and 
machine bodies) is one of the most attractive and 
challenging “dreams” humans deal with. It is an ongoing 
effort which, besides technical difficulties, raises crucial 
scientific questions and more general philosophical 
issues like: how far we can push artificial learning, acting, 
and interacting? How will we relate with artificialities in 
future? What laws, what rights, what social status, what 
responsibilities these robots and artificial life creature 
shall have? And how all the conception of aesthetics will 
be renewed accordingly to these new dimensions of 
artefacts (e.g.: artefacts produced by other artefacts)? 
What is the role of the scientist? And what is the role of 
the artists under this new perspective? Although, in last 
few past years, we already went through many of these 
topics - like for example in the Alive Art [2] and 
Polymorphic Intelligence [3] manuscripts – we will try to 
look at things under a historical point of view to 
summarize and synthesize in one single vision the 
resulting paradigm and conceptual approach, by focusing, 
specifically, on Robot Art. 
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Historical paths 
 
The research in this field started in the 1950s with, for 
example, the Cybernetic Serendipity at London’s ICA 
[4], and, today it is hosted in many contemporary artistic 
and cultural events – as, for example, it happened in the 
specialized art events like Robodock, Pescara Electronic 
Artists Meeting, Robots at Play, ArtBots, and in more 
generalist art events, like in the last two Venice Biennale, 
etc. 
In 1956 Nicolas Schöffer executed and showed in the 
actual Theatre de la Ville a spatial composition in steel 
and duraluminium, into which an electronic brain, 
developed by the Philips Company, had been 
incorporated [5]. Named CYSP 1 (Fig. 1) - a name 
composed of the first letters of cybernetics and 
spatiodynamic - it can be considered the first "spatio-
dynamic sculpture" having total autonomy of movement 
– it travelled in all directions with two speeds, as well as 
it had an eccentric rotation by setting in motion its 16 
pivoting polychromes plates.  
 

 
Figure 1. Visitors admiring CYPS1 at the Institute of 

Contemporary Art, London (UK), in 1960. 
 
Because of CYSP 1, Nicolas Schöffer is considered as 
the father of cybernetics art, the milestone who signs the 
passage from mechanics and electronics, kinetics and 
robotics.  
Nevertheless, it must be noticed that in 1955, Akira 
Kanayama - a member of the hyper active art group 
Gutai Bijutsu Kyokai (Gutai Art Association) which was 
founded by the artist Jiro Yoshihara and that in the word 
"gutai" (composed of two signs, "gu" meaning tool and 
"tai" meaning body) resumes its finalities – had already 
developed an electro-mechanical process that enabled 
him to create a 71x109 1/4 inch painting. He originally 
presented this Robot Art piece in the context of the "First 

Gutai Indoor Exhibition", October 1955, in Tokyo [6]. 
The fact that the painting emphasized the role of the 
electro-mechanical device in detaching the hand of the 
artist from the work was, artistically speaking, striking, 
and absolutely crucial.  
Further, within the same group we can find many 
different examples of robotic art pioneer works. One for 
all, the Atsuko Tanaka 1956 masterpiece called Electric 
Dress - a combination of the tradition of the Japanese 
kimono and modern industrial technology (Fig.2) - which 
can be considered, under all circumstances, the ancestor 
of all the cyborgs and cyber culture.  
The "Electric Dress" which the artist herself was used to 
wear in her actions, such as stage performances, consists 
entirely of wires and more than one hundred coloured 
light bulbs and neon light tubes that flash every two and a 
half minutes. 
 

 
Figure 2.  Atsuko Tanaka, member of the Gutai Art Group, 

wearing her Electric Dress in 1956. 
 
Later on, in the 60s, a few examples of cyber/robotic art 
raised and three of them were very important since they 
deeply influenced all the following artistic production 
and, in particular, the conceiving of Robot Art. They are 
K-456 [6] by Name Jun Paik and Shuya Abe (1964); 
Squat [6] by Tom Shannon (1966); Senster [5, 6] by 
Edward Ihnatowicz (1969-1970). 
In short, with the K-456 duet with Charlotte Mooreman  -
executing the Plus-Minus composition by Stockhausen -
Name Jun Paik adds to Robot Art the mobility and the  
(remote controlled) user-interaction (Fig 3). These two 
characteristics became essential in what we call Robot 
Art today. Moreover, he depicted a scenario in which Art 
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Robots are to be seen as “funny” in the most human-like 
humoristic meaning of the term. 
 

 
Figure 3.  Name June Paik’s remote controlling K-456 while it 

executes Plus-Minus duet with Charlotte Mooreman 1964. 
 
Shannon’s Squat, on the other hand, introduces the 
organic/inorganic principle in Robot Art. Indeed, his 
piece was a plant provided with electric circuits that, 
when in contact with humans (or other systems) reacted 
by changing its position in the space. It probably 
represents the first attempt of building a cybernetics 
interaction for organic systems, as we know them today. 
 

 
Figure 4.  The Ihnatowicz’ Senster exhibited at the Evoluon. 

Eindhoven, Holland. 1970. 
 
Finally, the Ihnatowicz’ Senster (Fig. 4), a giant robot 
strictly wanted by the Philips Company for their Evoluon 
space in Eindhoven. This 4 m tall robot, made of steel 
with a computer built-in, was able to detect and interact 

with people and different inputs through a radar and a 
microphone system.  
Besides its behavioral patterns, which nowadays would 
result primitive, this robot claims its space in the history 
of robotics because it is one of the first examples of a 
robot controlled by a computer that, in turn, mediates its 
reaction with the external space. In other words, Senster 
is one of the first autonomous computerized robots ever 
existed.  
Along the same line of thought, clearly important was the 
work by Norman White who in 1974 realized Ménage, a 
Robot Art piece consisting of 4 robots installed in the 
ceiling, upon 4 different rail-tracks, and a fifth one on the 
floor. Each of the robots, on one side has a light bulb and, 
on the other, seeks for light coming from elsewhere (in a 
Braitenberg-like fashion). The resulting behavior is pretty 
complex and, apart from that, this artistic experiment was, 
as a matter of fact, rewarded as the first example of 
collective robotics in art. 
White became well known in Robot Art also because of 
both the Robot Helpless [5] installation (1987) and the 
Fukin Robot [5] performance (1988). The first one is an 
interactive art piece in which the robot offers people help 
through a synthesized voice. (Later, he build Facing Out 
Laying Low in which he inverted the relationship by 
building robots who asked people’s help). It is a funny 
exploration of human to robot interaction through the 
voice, which can be rewarded as the most emotionally 
effective output a robot might have. The second, Fukin 
Robot [5] built in collaboration with the artist Laura 
Kikauka consisted in building in two separate 
laboratories (one to him and one to her) two different 
robots, a male and a female. The two artists were in 
contact for negotiating about the robots sexual apparatus 
dimensions, only, and the two robots just met for the 
final performance. 
It is also worth quoting the James Seawright Electronic 
Garden #2 [6] (1983) five robot-flowers that interacted 
with people and habitat accordingly to climate 
parameters (i.e.: temperature and humidity), as well as 
with people through buttons and similar. 
After the Neuromancer (1984) by William Gibson a 
whole word of robotics/cyborgs/art called the cyberpunk 
was born (the term was originally coined by Bruce 
Bethke in 1981) [7]. The Cyberpunk [8] is about 
expressing (often dark) ideas about human nature, 
technology and their respective combination in the near 
future. “Hi-tech and low-life” represent its basic 
Although, amongst all the different meaning/sense of 
robot art, cyberpunk is surely the most abstract one - and 
has much more to do with literature and cinema than with 
artefacts themselves -  it must be included in the robot art 
history because of great inspiration to it (e.g.: Akira, 
Blade Runner, etc.). Few artists following the genre 
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produced amazing artefacts and amongst those, the 
Mutoids Waste Company [9] founded by Joe Rush in the 
mid-1980s is to be quoted. 
 
Contemporary paths 
Getting closer to our days - from 1990s onwards - the 
number of artists (and artists/scientists) and the 
complexity of their artifacts grows rapidly and it becomes 
more difficult to track down what happened. There are 
certainly few authors and art pieces which must be 
included in this brief history, even if, in art, only the time 
will tell what was art and what was not.  
For example for the tele-robotics art concepts the work 
from Ken Goldberg, Telegarden (1995) [10], is a turning 
point. Its tele-robotics installation allowed the users to 
control, watering and growing - thanks to a robot arm 
manipulated through a World Wide Web application – a 
real plant. 
From the cyberpunk culture – today an active and famous 
exponent is Chico Macmutrie with his Amorphic Robot 
Works (from 1992 on) [11] – straights ahead we come 
across the cyborgs.  
 

 
Figure 5. Stelarc writing the word “Evolution” with is famous 

cyborganic experimentation the Thrid Hand. 
 
Amongst those, the most emblematic figure is Stelarc 
[12], who basically opened, more than ever, the use of 
robotics in (body)art and revolutionized the meaning of 
Robot Art. It is, indeed, a different way to look at robot 
art pieces. He is one of the most important contemporary 
artist and his art pieces (e.g.: Third Hand Project, 1976, 
1981, 1991 Fig. 5) are strikingly innovative under all 
senses. Based on the cyberpunk vision, the Stelarc 
performances tilt the approach to robotics as an external 
device to strongly emphasize the human embodiment.  
Another powerful artist, which embraces the same 
philosophy is one of the founders of the “La Fura dels 
baus”, Marcel.lì Antùnez Roca, with is Membrana 
Project (i.e.: Protomembrana (Fig. 6) and 
Hipermembrana) [13], by which, as for Stelarc, he 
explores the layering possibilities of human-machine-
media interaction and interrelation. Which is, indeed, one 
of the most hot topics in Robotic Art, at the moment. 

 
Figure 6. Marcel.li Protomembrana during Robots at Play 2007. 
 
Pretty interesting is the Haile Robot developed by Gil 
Weinberg, Scott Driscoll and Travis Thatcher [14] 
because of its own way of exploring the concept of 
machine creativity and, parallely, the ability of robots to 
cooperate and collaborate (in what the author calls 
musicianship) with humans while producing art, run-time. 
One more example of Robotic Art evolution can be found 
in the Atron (Fig. 7) module developed by Henrik H. 
Lund and colleagues [15]. It consists in an intersection 
between the Robot Art and Kinetic Sculpture art fields.  
 

 
Figure 7. The Atron modules exhibited at Brandts Museum, 

Odense, Denmark, 2007. 
 
Indeed, although at a first sight the Robot behavior and 
shape resemble the old definition, on the other hand, the 
independency of the machine movements explore 
possibilities in kinetic sculptures so original to deserve a 
new definition as, for example, Kinetic Robot Sculpture, 
Robot Metamorphic Art, or so. 
A different example of the evolution of the human-
machine relationship imprinted by Robot Art works is in 
the ‘full-loop’ realized in LifeGrabber by Luigi Pagliarini 
in 2003 [16]. A webcam mounted on a robotic arm, 
controlled by a software written by the artist himself 
analyzes the audio/video inputs run-time, through a 
population of Alife agents which, in turn, influences both 
the audio/video output and the robot arm movements 
(therefore the future vision of the robot, see Fig. 8). 
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While pointing at itself, this Robot Art piece give birth to 
a 'self-observing machine', facing one of the most 
fascinating topics for future computer based art works, 
the philosophical problem of  self-consciousness.  
 

 
Figure 8. The Robot Arm-Eye used in “LifeGrabber”.by Luigi 
Pagliarini. 2003. 
 
Also, it is worth to spot at the Ximo Lizana brand new 
research on 3D holographic projected sculptures (e.g.: the 
"Mid Air Shark", 2007. [17] Fig. 9).  This technique 
opens a new horizon (we might name Virtual Robot Art 
or similar) to the robot art field here intended as a three 
dimensional object occupying a given physical space and 
interacting, by now in a naïve way - with the surrounding 
ambient.  
 

 
Figure 9.  A vistor interacting with the  Mid Air Shark 
holographic projection by Ximo Lizana. 2007 
 
Finally, there is a whole sector of Robot production and 
research that, more than Robot Art, could be defined as 
Art Oriented Robots. They are robotic application 
intended to serve the world of art (e.g.: the Gibson 
“Robot Guitar” [18]), which are a bit out of context here, 
but still not too far away from what we might want to call 
Robot Art, in future. 
 
Conclusions 
As can be easily understood by reading through these few 
and mostly incomplete historical examples - we’ve been 
trying to assemble in a pathway to modernity - the Robot 

Art field mostly deals with the innovation and the 
exploration of the borders of human-machine relationship. 
In other words, Robot Artists focus on what we, formerly, 
defined as Polymorphic Intelligence [3], where the 
machine and humans bodies and  minds melt together to 
shape a single “knowledge”.  Indeed, they are, to some 
extends, the blade runners which try to prefigure 
futuristic scenarios that might appear along the human 
being (and machine) development and in the upcoming 
world. By creating Robot Art pieces they somehow 
materialize what we defined as the Alive Art principles 
(of unpredictability and perpetual change) [2] and 
therefore assert themselves for being one of the most 
important avant-garde both in art and in science (i.e.: 
biology, psychology, philosophy, and etc.).  
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Abstract

We briefly discuss variants of (extended) spiking
neural P systems that combine features from the area
of membrane computing and spiking neurons.

1 Introduction

P systems (membrane systems) were introduced by
Gheorghe Păun in 1998 (see [16]) as a formal model de-
scribing the hierarchical structure of membranes in liv-
ing organisms and the biological processes in and be-
tween cells (an introduction to this field can be found
in the monograph [17], for the actual state of research
we refer to the well maintained bibliography at [22]).
In the area of membrane computing there are two

main classes of systems: P systems with a hierarchical
(tree-like) structure as introduced in the seeding paper
of this research area ([16]) and tissue P systems where
the cells are arranged in an arbitrary graph structure
(see [15]).
Based on the observation that neurons send electri-

cal impulses (also called spikes) along axons to other
neurons, new models in the area of neural computation
were introduced, e.g., see [8], [13], [14].
Combining the ideas of (tissue) P systems and spik-

ing neurons, spiking neural P systems (SNP systems
for short) were introduced in [10]. For the motiva-
tion and the biological background of spiking neural
P systems we refer the reader to [10], [18], here we
just briefly recall that in SNP systems, the contents
of a cell (neuron) consists of a number of so-called
spikes; the rules assigned to a cell allow for sending
information to other neurons in the form of electrical
impulses (also called spikes) which are summed up at
the target cell; the application of the rules depends
on the contents of the neuron (which, in the general
case, is described by regular sets). The system is syn-
chronized but it works sequentially at the level of the
neurons: in every step at most one rule is used in each
of the neurons. As inspired by biological findings, the
cell sending out spikes may be “closed” for a specific

time period corresponding to the refraction period of
a neuron; during this refraction period, the neuron is
closed for new input and cannot get excited (“fire”)
for spiking again.
The length of the axon may cause a time delay be-

fore a spike arrives at the target. Moreover, the spikes
coming along different axons may cause effects of dif-
ferent magnitude. These features have been included
in the extended model of spiking neural P systems
considered below.
This paper is intended to give a brief and informal

overview of some of the models already proposed in
the literature and is organized as follows.
In the next section, we give the original definition of

ESNP systems as introduced in [1], before discussing
some extended versions that incorporate other biologi-
cally inspired features. In section 4, the computational
power of the proposed systems is summarized, while
some further remarks in section 5 conclude this paper.

2 Definitions

N denotes the set of non-negative integers. The in-
terval of non-negative integers between k and m is
denoted by [k..m].
In the following, we give the original definition of

extended spiking neural P systems as they have been
introduced in [1]:
An extended spiking neural P system (ESNP system

for short) is a construct

Π = (m,S,R)

where

• m is the number of cells (or neurons); the neurons
are uniquely identified by a number between 1 and
m (obviously, we could instead use an alphabet
with m symbols to identify the neurons);

• S describes the initial configuration by assigning
an initial value (of spikes) to each neuron; for the
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sake of simplicity, we assume that at the begin-
ning of a computation we have no pending pack-
ages along the axons between the neurons;

• R is a finite set of rules of the form(
i, E/ak → P ; d

)
such that i ∈ [1..m] (specifying

that this rule is assigned to cell i), E ⊆ REG (N)
is the checking set (the current number of spikes
in the neuron has to be from E if this rule shall
be executed), k ∈ N is the “number of spikes”
(the energy) consumed by this rule, d is the de-
lay (the “refraction time” when neuron i performs
this rule), and P is a (possibly empty) set of pro-
ductions of the form (l, w, t) where l ∈ [1..m] (thus
specifying the target cell), w ∈ N is the weight of
the energy sent along the axon from neuron i to
neuron l, and t is the time needed before the in-
formation sent from neuron i arrives at neuron l
(i.e., the delay along the axon).

A configuration of the ESNP system is described as
follows:

• for each neuron, the actual number of spikes in
the neuron is specified;

• in each neuron i, there may be an “activated rule”(
i, E/ak → P ; d′

)
waiting to be executed where d′

is the remaining time until the neuron spikes;

• in each axon to a neuron l, we may find pending
packages of the form (l, w, t′) where t′ is the re-
maining time until w spikes have to be added to
neuron l provided it is not closed for input at the
time this package arrives.

A transition from one configuration to another one
now works as follows:

• for each neuron i, we first check whether we find
an “activated rule”

(
i, E/ak → P ; d′

)
waiting to

be executed; if d′ = 0, then neuron i “spikes”,
i.e., for every production (l, w, t) occurring in
the sequence r we put the corresponding package
(l, w, t) on the axon from neuron i to neuron l,
and after that, we eliminate this “activated rule”(
i, E/ak → P ; 0

)
;

• for each neuron l, we now consider all packages
(l, w, t′) on axons leading to neuron l; provided
the neuron is not closed, i.e., if it does not carry
an activated rule

(
i, E/ak → P ; d′

)
with d′ > 0,

we then sum up all weights w in such packages
where t′ = 0 and add this sum to the correspond-
ing number of spikes in neuron l; in any case,

the packages with t′ = 0 are eliminated from the
axons, whereas for all packages with t′ > 0, we
decrement t′ by one;

• for each neuron i, we now again check whether we
find an “activated rule”

(
i, E/ak → P ; d′

)
(with

d′ > 0) or not; if we have not found an “activated
rule”, we now may apply any rule (i, E, k, d; r)
from R for which the current number of spikes
in the neuron is in E and then put a copy of
this rule as “activated rule” for this neuron into
the description of the current configuration; on
the other hand, if there still has been an “acti-
vated rule”

(
i, E/ak → P ; d′

)
in the neuron with

d′ > 0, then we replace d′ by d′ − 1 and keep(
i, E/ak → P ; d′ − 1

)
as the “activated rule” in

neuron i in the description of the configuration
for the next step of the computation.

After having executed all the substeps described
above in the correct sequence, we obtain the descrip-
tion of the new configuration. A computation is a se-
quence of configurations starting with the initial con-
figuration given by S. A computation is called success-
ful if it halts, i.e., if no pending package can be found
along any axon, no neuron contains an activated rule,
and for no neuron, a rule can be activated.

In the original model introduced in [10], in the pro-
ductions (l, w, t) of a rule

(
i, E/ak → {(l, w, t)} ; d

)
,

only w = 1 (for spiking rules) or w = 0 (for forgetting
rules) as well as t = 0 was allowed (and for forgetting
rules, the checking set E had to be finite and disjoint
from all other sets E in rules assigned to neuron i).
Moreover, reflexive axons, i.e., leading from neuron i
to neuron i, were not allowed, hence, for (l, w, t) being
a production in a rule

(
i, E/ak → P ; d

)
for neuron i,

l �= i was required. Yet the most important extension
is that different rules for neuron i may affect different
axons leaving from it whereas in the original model
the structure of the axons (called synapses there) was
fixed.

Depending on the purpose the ESNP system shall
be used, some more features have to be specified: e.g.,
for generating k-dimensional vectors of non-negative
integers, k neurons have to be designated as output
neurons. There are several possibilities to define how
the output values are computed; according to [10], the
distance between the first two spikes in an output neu-
ron defines its value; another possibility is to take the
number of spikes at the end of a successful computa-
tion in the neuron as the output value (e.g., see [1]).

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 17



3 Some Natural Extensions

A quite natural feature found in biology and also used
in the area of neural computation is that of inhibitory
neurons or connections between neurons. The model
of extended spiking neural P systems was extended
again in [7] by considering inhibitory axons that allow
for “closing” a neuron for one step by sending a spike
along such an inhibitory axon to this neuron from an-
other one. These systems were used to model logical
gates in [7], but they also promise to be interesting for
specifying other models of computation, e.g., the rela-
tion between extended spiking neural P systems with
inhibitory axons and Petri nets could be interesting to
explore.

Another model of membrane systems incorporating
some specific features of complex systems consisting
of two interacting networks of neurons and astrocytes
has been investigated in [3]:
Astrocytes, a sub-type of macroglia have been un-

derstood as star-shaped glial cells spanning around
neurons in the central nervous system (e.g., see [20]).
Newer findings, however, have shown that a complex
feedback loop of neuronal modulation exerted by as-
trocytes can be postulated. The influence of astrocytes
in the functioning of the human brain has also been in-
vestigated in [21], where the influence of the capillary
system in connection with the networks of neurons and
astrocytes was modelled.
Inspired by this biological background (but without

taking into account the capillary system), the concept
of astrocytes influencing the signals along the axons
has been incorporated in ESNP systems in [3] and [2].
For the astrocytes themselves, their membrane poten-
tial was assumed to be changed according to external
inputs which may either come from neural cells ([3])
or from the firing intensity and frequency along the
axon ([2]).

These models could well be used for the represen-
tation of artificial neural networks, especially for self-
organizing feature maps; yet in contrast to analytic
models of such variants of neural networks, the pro-
posed models work in a discrete manner, but on the
other hand, are based on a graph-like structure and not
on a (usually two-dimensional) grid. (An example of
such a two-dimensional artificial neural network based
on biological observations of the complex networks of
neurons and astrocytes in the human neocortex can be
found in [4].)
For specific applications, especially in the area of

artificial neural networks and self-organizing feature
maps, an extended version where the dynamic evolu-

tion of new connections between neurons is allowed,
could be useful; the influence of the already existing
astrocytes on these new axons plays an important role.
Another variant to be considered in the future are net-
works where part of the network may be destroyed
which also has an interesting biological background.
In this case, the ability of such a complex network to
reorganize itself is the most challenging aspect of this
variant.

4 Computational Power

(E)SNP systems are very powerful from a computa-
tional point of view, when the number of spikes present
in the system is not bounded.

In this case, many variants of (E)SNP systems were
shown to be equal in power with Turing machines:

Already the original model of spiking neural P sys-
tems was shown to be computationally complete, i.e.,
able to generate any recursively enumerable set of non-
negative integers (see [10]). From the results estab-
lished in [1], where extended spiking neural P systems
(without astrocytes) were shown to be able to com-
pute any partial recursive function on N, computa-
tional completeness can immediately be obtained for
ESNP systems with inhibitory axons or astrocytes,
too, because just omitting inhibitory axons or astro-
cytes gives a sufficiently powerful submodel of spiking
neural P system as defined in [10].

These results can also be obtained with even more
restricted forms of spiking neural P systems, e.g., no
time delay (refraction period) is needed, as it was
shown in [9].

Although even when using the extended model of
spiking neural P systems, the restriction of decaying
spikes (i.e., the spikes have a limited lifetime) and/or
total spiking (i.e., the whole contents of a neuron is
erased when it spikes) do not allow for the generation
or the acceptance of more than regular sets of natural
numbers as it is shown in [6].

When bounding the number of spikes in the neu-
rons, the power of (E)SNP systems decreases:

A characterization of semilinear sets was obtained
by spiking neural P systems ([10]), while it was shown
in [1] that only regular functions can be computed and
only regular sets can be generated/ accepted with fi-
nite extended spiking neural P systems.

We refer to the respective cited papers for more
details and proofs as well as to [22] for further results.
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5 Further Remarks

We have briefly discussed some variants of (extended)
spiking neural P systems and their computational
power. Many other variants and aspects have already
been explored in this young research area, that are not
covered here, e.g., the asynchronous use of rules in [5],
a sorting algorithm for vectors of natural numbers was
proposed in [11], while the solution of some numerical
NP-complete problems is addressed in [12], to mention
only a few. For the actual state of research and further
references, we refer the interested reader to [22].
However, many problems are still open (some of

them are listed in [19]) and remain interesting topics
for future research.
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Abstract 
 

In this paper we explore some of the issues 

currently facing researchers in the interface 

between the twin fields of Artificial Life and 

Robotics, and the challenges and potential 

synergy of these two areas in the creation of 

future robotic life forms.    There are three 

strands of research we feel will be of key 

importance in the possible development of 

future embodied artificial life forms.  These 

are the areas of evolutionary robotics, and 

evolutionary humanoid robotics in particular, 

probabilistic robotics for deliberation, and 

robot benchmarking with associated metrics 

and standards.   We explore each of these areas 

in turn focusing on our current research in each 

field and what we see as the potential issues 

and challenges for the future. 

 

1. Introduction  
 

   Evolutionary robotics and evolutionary 

humanoid robotics in particular, should be a 

key area for future research, because as we 

seek to create artificial life (Alife) forms 

demonstrating complex behaviour patterns, it 

will become more difficult to explicitly 

program these behaviours. This is particularly 

the case for humanoid robots which will be 

expected to perform in increasingly 

unpredictable environments and where safety 

issues will take higher precedence (e.g. when 

operating in environments where small 

children are present and interacting with the 

robot). 

   So-called ‘hard’ Alife involves real robots 

[1]. We can identify two major subcategories 

in hard Alife.  Creature-oriented Alife (after 

Rodney Brooks’ creatures) focuses on the 

creation of embodied artificial life forms with 

no particular attention to their form or specific 

function, Function-oriented Alife concentrates 

on the creation of artefacts engineered with a 

specific function or set of functions in mind.  

   Some researchers may contend that the twin 

areas of Artificial Life and Robotics are 

becoming increasingly separate with 

researchers in one field paying little attention 

to results in the other.  We contend there is a 

potentially high overlap between the two fields 

and advocate a more synergistic approach to 

research in this general area, with researchers 

in both fields benefiting. This paper attempts 

to present a unified approach the development 

of robotic platforms that comply with the 

principles of the hard Alife paradigm. Our 

unified approach for embodied Alife is based 

on the three-layered robot control architecture. 

   This consists of a deliberative tier, 

sequencer, and reactive module based on 

subsumption principles. This tiered approach 

has created barriers to the evolution of a 

cohesive development methodology.  For 

example, while Evolutionary Algorithms 

(EAs) have been applied to the synthesis or 

specification of a subsumption architecture, it 

is difficult to envisage how EAs can be used to 

generate higher-level goal-oriented behaviours 

such as mapping and localisation. Therefore, 

research efforts have frequently been focused 

on the development of competencies for a 

single tier, assuming the existence of other 

tiers a priori. This approach has resonance with 

criticisms of the Toy Blocks World program, 

one of the motivators that drove the emergence 

of Behaviour-Based Robotics. This picture has 

been further exacerbated by the emergence of 

the Probabilistic Robots paradigm for control 

and mapping, with heavy emphasis on 

mathematical formalisms based on Bayes 

filters and Hidden Markov Models. Which 

approach to use?  

   For further interesting discussions on 

possible reasons for (and avenues toward) 

creating robots that imitate living entities see 

the papers by Holland [2] and Brooks [3].    
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   The next section introduces our work in 

evolutionary humanoid robotics, a key element 

of our overall approach. 

 

2. Evolutionary humanoid robotics 
 

   Evolutionary humanoid robotics is a branch 

of evolutionary robotics dealing with the 

application of the laws of genetics and the 

principle of natural selection to the design of 

humanoid robots. By humanoid we mean that 

we are concerned specifically with 

autonomous robots that are human-like in that 

they mimic the body or aspects of the sensory, 

processing and/or motor functions of humans 

to a greater or lesser degree. A major 

advantage of humanoid robots is that they may 

be able to operate with ease in environments 

and situations where humans live and work.       

This will allow the robot to be useful in a 

whole host of situations in which a non-

humanoid robot could well be powerless.   The 

human-like form of these robots may also 

facilitate human-robot interaction. However 

because of the complex nature of the robots’ 

morphology and potential desired behaviours, 

traditional design methodologies may not be 

adequate to the task. Our approach is that by 

using artificial evolution robots may be 

evolved which are stable and robust, and 

which would be difficult to design by 

conventional techniques alone.   

   Our current work in this area focuses on the 

difficult problem of bipedal locomotion in 

humanoid robots.  Our initial work in this area 

involved the evolution of walking purely on a 

simulated humanoid robot.  Our latest research 

continues to evolve the behaviours in 

simulation; once bipedal locomotion has 

evolved we then move the evolved control 

algorithms to the real (embodied) robot.  Our 

current robot platform is the Robotis Bioloid 

humanoid robot.  This robot has 18 degrees of 

freedom and is particularly suited to 

evolutionary robotics research because of the 

easily extensible and modifiable nature of the 

platform. A modified version of this humanoid 

robot was used for Humanoid Team Humboldt 

in the RoboCup competitions in Bremen 2006. 

[4].  To gain initial experience with this 

platform we first constructed a “puppy-bot” 

(Fig. 1) which can walk on four legs, avoid 

obstacles and perform several cute tricks.   

   The humanoid robot is simulated using the 

Webots mobile robot simulation package, 

which allows for the creation and modification 

of a large variety of robot types and robot 

worlds and it also allows for the creation of 

controllers for these robots.  Webots uses an 

accurate physics simulator allowing for the 

potential transfer of evolved robots from 

simulated to real robots with little or no 

modification. [5] 

   We have built an accurate model of the 

Bioloid humanoid in Webots and it is now 

possible to evolve walking, and other 

behaviours, in Webots using our model and 

then transfer the evolved behaviour directly to 

the Bioloid humanoid robot.  The translation of 

the motion data is currently done partly by 

hand but we are working on fully automating 

this process.   
 

 
Figure 1.  The “puppy-bot” 

 
   We use a genetic algorithm to evolve the 

positions of the joints of the robot at four 

points in the walk cycle, called keyframes.  An 

existing interpolation function fills in the joint 

values between these keyframes and the cycle 

repeats until the robot falls over or until a set 

time limit is reached.  The fitness function 

used is a simple function based mainly on the 

distance total travelled by the robot with a bias 

added for motion in the forward direction. 

   Our previous work involved evolving a 

subset of the Bioloid robots’ joints [6], 

however a recent upgrade of the Webots 

software allowing for the detection of internal 

collisions has allowed us to extend the 

evolution to the full 18 joints of the Bioloid 

humanoid.  Fig.2 shows a walk evolved in the 

Webots simulator and Fig. 3 demonstrates this 

walk as transferred to the Bioloid humanoid.  

This walk evolved in generation 482 of a run 

(population size 100) and corresponds to a 

rapid but slightly unstable walk in the forward 

direction.  The transfer to the real robot is not 

perfect due to some small inconsistencies 

between the Webots model and the actual 

robot indicating work remains to be done to 

fully “cross the reality gap” but our current 

results are very promising. The evolved robots 

have developed different varieties of walking 

behaviours and many observers commented of 

the lifelike nature of some of the walks 

developed. We are also exploring the evolution 

of humanoid robots that can cope with 

different environmental conditions.  These 
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include reduced ground friction (ice) and 

modified gravitation (moon walking). 

   Nolfi and Floreano provide a good 

introduction to the general topic of 

evolutionary robotics  [7]. See references [8-

10] for other work in this general area.   

   The next section introduces our approach to 

the areas of model building and planning. 

 

 

   
 

   
Figure 2.  Webots simulation of  Bioloid 

humanoid 

 

 

 

      
Figure 3.  Bioloid humanoid walking 

 

3. Probabilistic Robotics 
 

   The term Artificial has particular resonance 

within the unified framework previously 

introduced. Not only does it refer to 

mechanisms that can generate artificial life, but 

also to paradigms that endow such artificial 

forms with higher-level intelligent behaviour. 

These behaviours are built upon behaviours of 

perception, mobility, and survivability in 

dynamic real world environments. 

    The behaviour-based approach to robot 

engineering has become synonymous with the 

subsumption architecture [11]. This 

architecture has itself been equated with 

reactive or stimulus-response implementations. 

Reactive paradigms in general fail to support 

the emergence of platforms with higher-level 

intelligent competencies which rely on 

deliberation and planning, or model building 

and strategy formulation. While model 

building has been correctly criticised in the 

past for the barrier posed by this endeavour to 

real-time control, this does not imply that it 

serves no useful purpose in the field. One 

could argue that much of the recent success in 

the field of artificial intelligence, machine 

learning, and embodied robotics, has been the 

result of probabilistic paradigms that build 

models appropriate to the task at hand.  

   The field of probabilistic robotics has 

emerged as the dominant paradigm in the field 

of robot mapping and localisation [12].  The 

approach is based on the principle that a robot 

that fails to embrace uncertainty has no basis 

for rational decision making. The process of 

map building can be viewed as a learning task, 

in which the robot searches for either an 

optimal mapping from sensors to occupancy, 

or navigates through the universe of maps to 

find that which best matches the input on the 

sensory channels. Maps can then serve as a 

basis for higher-level functionality such as 

path planning in a variety of tasks from robotic 

Hoovers and lawnmowers, to care assistants.  

     Map-building in static environments is 

difficult due to the following: 

 

1. Noisy perceptual channels 

2. Localisation requirements 

3. Specification of a sensor model 

4. Simplifications introduced to ensure 

tractability 

 

   These difficulties are depicted in Figure 5, 

illustrating the difference in quality of the 

maps generated by alternative paradigms when 

a robot is deployed in an environment that 

corresponds to that shown in Figure 4. 

 
 

 
Figure 4. The ideal map of a star 

environment. 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 22



 

 

  
(a) (b) 

Figure 5. Occupancy grid maps generated 

for figure 4. 

 

   A considerable range of map building 

paradigms have been documented in the 

literature, ranging from probabilistic and 

Bayesian frameworks, to artificial neural 

networks, to the Cartesian symbolic-oriented 

approach. At the University of Limerick, the 

focus on probabilistic robotics is in the field of 

map building using the Expectation 

Maximisation algorithm in an online manner 

[13].  Further challenges include partially 

observable state, another topic of research at 

this University, with a focus on the 

specification of reinforcement learning 

paradigms with respect to robot pursuit and 

evasion [14].  Our current work in this area is 

based on the Pioneer 2 platform with a sonar 

array and laser range finder (see below). 

 

 
Figure 6. Pursuit-evasion using Pioneer 2 

robots 

 

4.  Benchmarking 
 

    One of the more important tasks currently 

facing researchers in the fields of artificial life 

and embodied intelligence is the provision of 

common benchmarks for performance 

evaluation.  Current benchmarks, while useful, 

have their problems.  We advocate a bottom-

up approach to the generation of a common set 

of experimental frameworks for performance 

evaluation and benchmarking of bio-inspired 

robots [15][16].    A current de facto standard 

in this field is RoboCup annual challenge. 

RoboCup operates in four categories: 

simulated teams, a small size league, a middle 

size league, and legged robots.  An example 

small size robot is Khephera; a typical middle 

sized robot is the Pioneer platform, and the 

Sony artificial dog fits in the third category.  

There is also a humanoid league.   

     Individual skills to be mastered include 

navigation and localisation on the field of play, 

and the selection of optimal paths.  Inter-

individual skills include the coordination of 

movements with playing partners in order to 

pass accurately.  At the top level the tasks of 

strategy generation and recognition of 

opponents’ strategies are crucial. 

   Criticisms of RoboCup stem from the 

controlled environment in which the robots 

operate, and the fact that soccer-playing skills 

are quite specific and may lead to the 

development of highly focused robots of little 

use for any other task.  Also, the self-

localisation problem is somewhat constrained 

by the used of highly artificial landmarks that 

completely reduce dependence on dense sensor 

matching-oriented paradigms.  

   So while RoboCup may currently be a useful 

testing bed for approaches to Artificial 

Intelligence and Artificial Life, problems exist.  

One potential approach, which we espouse, 

involves the provision of a set of specifically 

designed experimental frameworks, and 

involving tasks of increasing complexity, 

rigorously defined to facilitate experimental 

reproducibility and verification. 

 

 

 
Figure 7. Benchmarking framework.  

 

   The authors advocate that issues of map-

building and self-localisation are fundamental 

to progressing robotic-based research as shown 

in Figure 7. It is also argued that that pursuit 

and evasion should be undertaken prior to 

RoboCup type applications, primarily because 

the modelling of behaviour and interaction can 

be constrained to just two players.  Secondly, 

pursuit and evasion have strong biological and 

game theoretic foundations, and thus provide a 

framework in which scientific modelling of the 

system can be performed, and later validated 

through experimentation. Figure 7 strongly 

hints that current robot competitions should be 

focused on map building and, pursuit and 
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evasion with a map a priori. Our current 

approach is focused on the specification of a 

set of robust benchmarks for (a) map building 

[18], and (b) robot pursuit and evasion [14].  

 
5. The road forward 
  

   In this paper we have addressed what we see 

as some of the major issues for the future of 

function-oriented hard Alife. We advocate 

developing a multi-faceted approach aimed at 

the specification of a robot architecture that 

exhibits a range of competencies. In answer to 

the question posed in the introduction “what 

approach to take” we see evolutionary robotics 

as an indispensable tool for the development of 

complex individual behaviour patterns.  For 

higher-level tasks, such as robot mapping and 

localization, probabilistic robotics is emerging 

as the dominant paradigm for the future.          

Finally we advocate the development of a set 

of specially designed experiments, freely 

accessible by researchers, involving graded 

tasks of increasing complexity, to facilitate 

future work in this important and exciting 

field. 
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Abstract— In this paper, we propose a simple adap-
tive control approach for uncertain flexible-joint robots
including motor dynamics. The dynamic surface method
is applied to design the simple controller for electrically
driven flexible-joint (EDFJ) robots, and the uncertainties
in the robot and motor dynamics are compensated by
using the adaptive function approximation technique. We
prove that all signals in the controlled closed-loop system
are uniformly ultimately bounded. Simulation results for
three-link EDFJ manipulators are provided to validate
the effectiveness of the proposed control system.

I. I NTRODUCTION

During the past several years, the tracking control
of the flexible joint (FJ) robots has attracted many
researchers due to the joint flexibility. There are many
works using various control techniques such as PD
control [1], sliding mode control [2], [3], fuzzy control
[4], [5], neural network (NN) control [6], [7], and
backstepping control [9]- [11]. However, all of these
schemes have ignored the dynamics coming from elec-
tric motors which should be required to implement the
FJ robots in the real environment. Considering motor
dynamics makes difficult and complex to design the
controller for electrically driven flexible-joint (EDFJ)
robots which is the fifth-order nonlinear system. Even
if a recent result were reported for EDFJ robots, the
uncertainties of the joint flexibility were not considered
[12].

In this paper, we propose a simple adaptive con-
trol approach for EDFJ robots with uncertainties and
disturbances. The dynamic surface method [13] which
can solve the “explosion of complexity” problem of the
backstepping technique is applied to design a simple
controller of EDFJ robots. In addition, the function
approximation technique using self-recurrent wavelet
neural networs (SRWNNs) [14] and the adaptive tech-
nique are employed to compensate the model un-
certainties and disturbances. From Lyapunov stability
analysis, it is shown that all signals in a closed-loop
adaptive system are uniformly ultimately bounded.
Finally, we simulate a uncertain three-link EDFJ ma-
nipulator with complex nonlinear functions to demon-
strate the simplicity and the robustness of the proposed
control scheme.

Jin Bae Park is with department of Electrical and Electronic
Engineering, Yonsei University, Seodaemun-Gu, Seoul, 120-749,
Korea jbpark@yonsei.ac.kr

This paper is organized as follows. In Section 2,
we introduce the model and basic properties of EDFJ
robot systems with uncertainties. In Section 3, the
function approximation technique using SRWNN is
presented and a simple adaptive control system for
solving the robust control problem of the EDFJ robot
system is proposed. In addition, the stability, robust-
ness, and performance of the proposed control system
are analyzed based on Lyapunov stability theorem.
Simulation results are discussed in Section 4. Finally,
Section 5 gives some conclusions.

II. PROBLEM FORMULATION

The dynamic model of an uncertainn-link EDFJ
robot consists of robot dynamics, joint flexibility, and
motor dynamics described by using the following
forms:

M(q)q̈ + C(q, q̇)q̇ + G(q) + F q̇

+ Km(q − qm) + Υr(q, q̇, qm) = 0 (1)

Jq̈m + Bq̇m + Km(qm − q)
+ Υa(qm, q̇m, q, ie) = Hie (2)

L̄i̇e + Rie + Keq̇m + Υe(q̇m, ie) = u (3)

where

Υr(q, q̇, qm) = −M(q)M̄−1(q){K̄m(qm − q)
− Tr − F̄ q̇ − Ḡ(q)− C̄(q, q̇)q̇}
+ {Km(qm − q)− F q̇ −G(q)− C(q, q̇)q̇},

Υa(qm, q̇m, q, ie) = −JJ̄−1{Hie − Ta

− K̄m(qm − q)− B̄q̇m}
+ {Hie −Km(qm − q)−Bq̇m},

and

Υe(q̇m, ie) = (R̄−R)ie + (K̄e −Ke)q̇m + Te

including the external disturbancesTr Ta, and Te ∈
Rn, denote the uncertainty terms of robot dynamics,
joint flexibility, and actuator dynamics of the EDFJ
robot system, respectively. Here,q, q̇, q̈ ∈ Rn denote
the link position, velocity, and acceleration vectors,
respectively.M(q) ∈ Rn×n is the nominal inertia
matrix,C(q, q̇) ∈ Rn×n denotes the nominal Coriolis-
centripetal matrix,G(q) ∈ Rn is the nominal gravity
vector, andF ∈ Rn×n is a nominal diagonal, positive
definite matrix representing the coefficient of friction
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at each joint.qm, q̇m, q̈m ∈ Rn denote the actuator
position, velocity, and acceleration vectors, respec-
tively. The nominal constant positive definite, diagonal
matricesKm ∈ Rn×n, J ∈ Rn×n, and B ∈ Rn×n

represent the joint flexibility, the actuator inertia, and
the natural damping term, respectively.H ∈ Rn×n is a
nominal invertible diagonal matrix which characterizes
the electromechanical conversion between current and
torque.ie ∈ Rn is the armature current vector ofn dc
joint motors,L̄ are an actual positive definite constant
diagonal matrix denoting the electrical inductance of
the motors.R and Ke ∈ Rn×n are nominal positive
definite constant diagonal matrices denoting electrical
resistance and back electromotive force constant of the
motors, respectively. The control vectoru ∈ Rn is
used as the torque input at each actuator.

Assumption 1:Suppose that the nominal matrices
M(q), C(q, q̇), G(q), F , Km, J , B, H, R, and Ke

are only known, but the actual matrices̄M(q), C̄(q, q̇),
Ḡ(q), F̄ , K̄m, J̄ , B̄, H̄, L̄, R̄, and K̄e with model
uncertainties, and the external disturbancesTr Ta, and
Te are unknown.

Assumption 2:The system statesq, q̇, qm, q̇m, and
ie are all available for feedback.

Assumption 3:The desired trajectory vectorqd, its
first and second derivativeṡqd, q̈d are only available,
and bounded.

Property 1: [9] The link inertia matrix M(q)
is symmetric, positive definite, and bothM(q) and
M−1(q) are uniformly bounded.

Property 2: ‖M−1(q)Km‖2 ≤ Mm whereMm is a
known positive constant, and‖ · ‖2 denotes the matrix
induced two-norm.

Property 2 is reasonable due toProperty 1 and a
constant positive definite matrixKm.

Define the state space variables asx1 = q, x2 = q̇,
x3 = qm, x4 = q̇m, andx5 = ie. Then, the uncertain
EDFJ robot system is described as the following state-
space forms:

ẋ1 = x2, (4)

ẋ2 = M−1(x1)[−C(x1, x2)−G(x1)− F (x2)
−Kmx1 + Kmx3] + Ξr(xr), (5)

ẋ3 = x4, (6)

ẋ4 = J−1[−Bx4 −Km(x3 − x1) + Hx5]
+ Ξa(xa), (7)

L̄ẋ5 = −Rx5 −Kex4 + Ξe(xe) + u (8)

wherexr = [xT
1 xT

2 xT
3 ]T , xa = [xT

1 xT
3 xT

4 xT
5 ]T ,

xe = [xT
4 xT

5 ]T , Ξr = −M−1(x1)Υr, Ξa = −J−1Υa,
andΞe = −Υe.

The objective of this paperis to design a simple
adaptive control lawu for the state vectorx1 of EDFJ
robots to track the desired trajectory vectorqd under
Assumptions1-3.

III. M AIN RESULTS

A. Function Approximation Using SRWNNs

To compensate the unknown uncertainty terms, we
use the self-recurrent wavelet neural network (SR-
WNN) and the adaptive technique. That is, the un-
certainty termsΞj(xj) (j = r, a, e) are approximated
by SRWNN and the unknown actual diagonal constant
matrix L̄ is estimated by the adaptive technique.

The SRWNN consists of the four layer, i.e, an
input layer, a mother wavelet layer including self-loop
weights, a product layer, and an output layer. See [14]
for the detail structure of the SRWNN.

According to the powerful approximation ability, the
SRWNN systemŝΞj(·) can approximate the uncer-
tainty termsΞj(·) to a sufficient degree of accuracy
over compact setsKxj as follows:

Ξj(xj) = Ξ̂j(xj |W ∗
j ) + εj(xj)

= Ξ̂j(xj |Ŵj) + [Ξ̂j(xj |W ∗
j )− Ξ̂j(xj |Ŵj)]

+ εj(xj) (9)

wherej = r, a, e, xj ∈ Kxj
are the inputs of SRWNN

systems,εj(xj) denote reconstruction errors,̂Wj =
diag[Ŵj,i] (i = 1, 2, · · · , n) are estimated weighting
matrices, andW ∗

j are optimal weighting matrices.

Here, diag[·] denotes a diagonal matrix, and̂Wj,i

are estimated weight vectors. The optimal weighting
matricesW ∗

j for SRWNNsΞ̂j(·) are defined asW ∗
j =

arg min
Ŵj

[supxj∈Kxj
‖Ξj(xj)− Ξ̂j(xj |Ŵj)‖].

Assumption 4: [15] Assume that the optimal
weight matrices are bounded as‖W ∗

j ‖F ≤ Wj,M ,
wherej = r, a, e, ‖ · ‖F denotes the Frobenius norm.
Note that the bounded valuesWj,M are not required
to implement the controller proposed in this paper.
These values are used only for the stability analysis of
the proposed control system. Taking the Taylor series
expansion of̂Ξj(xj |W ∗

j ) aroundŴj for the training
of all weights of the SRWNNs, respectively, we can
obtain [16]

Ξ̂j(xj |W ∗
j )− Ξ̂j(xj |Ŵj)

= W̃T
j Θj + Hj(W ∗

j , Ŵj) (10)

where j = r, a, e, W̃j(t) = W ∗
j − Ŵj(t),

Θj =
[

∂Ξ̂j,1

∂Ŵj,1

∂Ξ̂j,2

∂Ŵj,2
· · · ∂Ξ̂j,n

∂Ŵj,n

]T

, Hj(W ∗
j , Ŵj)

are high-order terms. Substituting (10) into (9), we
obtain

Ξj(xj) = Ξ̂j(xj |Ŵj) + W̃T
j Θj + αj (11)

‖αj‖ ≤ ρj (12)

wherej = r, a, e, αj = Hj(W ∗
j , Ŵj)+εj(xj). ρj > 0

are unknown values used only for the stability analysis
of the proposed control system.
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B. Adaptive Controller Design

In this section, we present the dynamic surface
design approach for designing a simple adaptive con-
trol of EDFJ robots. The proposed control system is
designed step by step.

Step 1) Consider the link dynamics (4)-(5). Define
the first error surface vectors1 as

s1 = x2 − q̇d + Λ(x1 − qd) (13)

whereΛ denotes a positive definite diagonal matrix.
Differentiating (13) yields

ṡ1 = M−1(x1)[−C(x1, x2)−G(x1)− F (x2)
−Kmx1 + Kmx3] + Ξr(xr)− q̈d

+ Λ(x2 − q̇d).

Then, we choose the virtual control lawν1 as

ν1 = K−1
m [Kmx1 + C(x1, x2) + G(x1) + F (x2) + M

× {−k1s1 − Ξ̂r(xr|Ŵr) + q̈d − Λ(x2 − q̇d)}] (14)

wherek1 > 0 is a constant.̂Wr is the estimate of the
weighting matrixWr, and is updated by the adaptation
law using aσ-modification [17] as follows:

˙̂
W r,i = λ1,iΘr,is1,i − σ1λ1,iŴr,i (15)

where i = 1, . . . , n, λ1 is a tuning gain matrix, and
σ1 > 0. Here,Ŵr,i andλ1,i the ith diagonal element
of Ŵr and λ1, respectively.Θr,i and s1,i are theith
element ofΘr ands1, respectively.

For the filtered virtual controllerν1f , the virtual
controllerν1 is passed through the first-order low pass
filter

τ1ν̇1f + ν1f = ν1, ν1f (0) = ν1(0) (16)

with a time constantτ1.
Step 2) Consider the equation (6). The surface error

is defined ass2 = x3− ν1f , and its derivative iṡs2 =
x4 − ν̇1f . Then, choose the virtual control law using
(16) as

ν2 = −k2s2 + (ν1 − ν1f )/τ1 (17)

where k2 > 0 is a constant. To obtain the filtered
virtual controllerν2f , we passν2 through a first-order
low pass filter with a time constantτ2 > 0 as follows:

τ2ν̇2f + ν2f = ν2, ν2f (0) = ν2(0). (18)

Step 3) Consider the equation (7). Define the surface
error, with the filtered virtual control vectorν2f , as
s3 = x4−ν2f . Then, differentiating it and substituting
(7) yields

ṡ3 = ẋ4 − ν̇2f

= J−1[−Bx4 −Km(x3 − x1) + Hx5]
+ Ξa(xa)− ν̇2f , (19)

Then, we choose the virtual control lawν3 as

ν3 = H−1[Km(x3 − x1) + Bx4 + J{−k3s3

− Ξ̂a(xa|Ŵa) + (ν2 − ν2f )/τ2}] (20)

where k3 is a positive constant.̂Wa is the estimate
of the weighting matrixWa, and is updated by the
adaptation law

˙̂
W a,i = λ2,iΘa,is3,i − σ2λ2,iŴa,i (21)

where i = 1, . . . , n, λ2 is a tuning gain matrix, and
σ2 > 0. Here, Ŵa,i and λ2,i are the ith diagonal
element ofŴa andλ2, respectively.Θa,i ands3,i are
the ith element ofΘa ands3, respectively. In addition,
the filtered virtual control lawν3f is obtained by the
following first-order filter:

τ3ν̇3f + ν3f = ν3, ν3f (0) = ν3(0) (22)

whereτ3 is a time constant.
Step 4) Consider the equation (8). Define the surface

error s4 = x5 − ν3f . By differentiating it, we obtain

L̄ṡ4 = L̄ẋ5 − L̄ν̇3f

= −Rx5 −Kex4 + Ξe(xe) + u− L̄ν̇3f . (23)

Then, the actual control lawu is chosen as

u = −k4s4 + Rx5 + Kex4

− Ξ̂e(xe|Ŵe) + ϑ̂(ν3 − ν3f )/τ3 (24)

where k4 is a positive constant, and̂We and ϑ̂ are
the estimated matrices of the matrix̂We and ϑ = L̄,
respectively, and are updated by the adaptation laws

˙̂
W e,i = λ3,iΘe,is4,i − σ3λ3,iŴe,i (25)

˙̂
ϑi = −λ4,i

ν3,i − ν3f,i

τ3
s4,i − σ4λ4,iϑ̂i (26)

where i = 1, . . . , n, λ3 and λ4 are tuning gain
matrices, andσ3, σ4 > 0. Here, Ŵe,i, ϑ̂i, λ3,i, and
λ4,i are theith diagonal element of̂We, ϑ̂, λ3, and
λ4, respectively.Θe,i, s4,i, ν3,i, andν3f,i are theith
element ofΘe, s4, ν3, andν3f , respectively.

C. Stability Analysis

In this subsection, we prove the uniformly ulti-
mately boundedness of the solution of the proposed
control system. We first derive analytic expressions
of the closed-loop system. Define the boundary layer
errors as follows:

yl = νlf − νl (27)

wherel = 1, 2, 3.
Using (11), (14), (17), (20), (24) and (27), the

derivatives of the error surfaces can be rewritten as
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follows:

ṡ1 = M−1(x1)Km(s2 + y1)− k1s1

+ W̃T
r Θr + αr, (28)

ṡ2 = s3 + y2 − k2s2, (29)

ṡ3 = J−1H(s4 + y3)− k3s3 + W̃T
a Θa + αa, (30)

L̄ṡ4 = −k4s4 + W̃T
e Θe + αe + ϑ̃

y3

τ3
, (31)

whereϑ̃ = ϑ− ϑ̂. Differentiating (27), we can obtain

ẏ1 = −y1

τ1
+ P1(s1, s2, y1,

˙̂
Wr, Qd), (32)

ẏ2 = −y2

τ2
+ P2(s1, s2, s3, y1, y2,

˙̂
Wr, Qd), (33)

ẏ3 = −y3

τ3

+ P3(s1, s2, s3, s4, y1, y2, y3,
˙̂

Wr,
˙̂

Wa, Qd), (34)

where Qd = [qd q̇d q̈d]T , P1(s1, s2, y1,
˙̂

Wr, Qd) =
−K−1

m [Kmẋ1 + Fẋ2 + ∂G
∂x1

ẋ1 + ∂C
∂x1

ẋ1 + ∂C
∂x2

ẋ2 +
∂M
∂x1

ẋ1{−k1s1 + q̈d − Ξ̂r(xr|Ŵr) − Λ(x2 − q̇d)} +

M(x1){−k1ṡ1 +
...
q d − ∂Ξ̂r

∂xr
ẋr − ∂Ξ̂r

∂Ŵr

˙̂
Wr − Λ(ẋ2 −

q̈d)}], P2(s1, s2, s3, y1, y2,
˙̂

Wr, Qd) = k2ṡ2 +
ẏ1
τ1

, and P3(s1, s2, s3, s4, y1, y2, y3,
˙̂

Wr,
˙̂

Wa, Qd) =

−H−1[Km(ẋ3 − ẋ1) + Bẋ4 + J{−k3ṡ3 − ∂Ξ̂a

∂xa
ẋa −

∂Ξ̂a

∂Ŵr

˙̂
W r − ẏ2

τ2
}] are continuous functions.

Let us consider the following Lyapunov candidate
function

V =
1
2

[
3∑

l=1

sT
l sl + sT

4 L̄s4 +
3∑

l=1

yT
l yl

+tr(W̃T
r λ−1

1 W̃r) + tr(W̃T
a λ−1

2 W̃a)

+tr(W̃T
e λ−1

3 W̃e) + tr(ϑ̃T λ−1
4 ϑ̃)

]
, (35)

whereλl = diag[λl,i] (l = 1, . . . , 4), (i = 1, 2, · · · , n)
λl,i are the tuning gains.tr(·) denotes the trace of a
matrix.

Theorem 1:Suppose that the uncertain EDFJ robot
(1), (2), and (3) is controlled by the proposed con-
troller (24). If the proposed control system satisfies
Assumptions1-4 and the adaptation laws are chosen
as (15), (21), (25), and (26), then for any initial
conditions satisfyingV (0) ≤ µ, there existkl, σl, and
λl (l = 1, 2, 3, 4) such that the errors of states and
adjustable weights of the closed-loop system are uni-
formly ultimately bounded and may be kept arbitrarily
small.

Proof: See the Appendix I.
Remark 1: In the adaptation laws (15), (21), and

(25), the partial derivative termsΘr,i, Θa,i, andΘe,i

for tuning all weights of the SRWNNs can be evaluated
by the chain rule, as illustrated in [14].
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Fig. 1. Tracking results and errors (a) Joint 1 (b) Joint 2 (c) Joint
3 (d) Tracking errors.
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TABLE I

THE NOMINAL PARAMETERS FOR THE ROBOT DYNAMICS.

Mass (kg) Link (m) Moment of Inertia (kgm2)

Joint 1 1.0 0.5 43.33×10−3

Joint 2 0.7 0.4 25.08×10−3

Joint 3 1.4 0.3 32.67×10−3
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Fig. 2. Outputs of SRWNNs and estimates of diagonal elements
of ϑ (a) SRWNN1 (b) SRWNN2 (c) SRWNN3 (d)̂ϑ.

IV. SIMULATION RESULTS

In this section, to illustrate the validity of the
suggested adaptive control system, the three-link EDFJ
manipulator is considered. The nominal robot dynam-
ics used in [15] is used. The nominal robot parameters
of the three-link EDFJ manipulator are defined in
Table I. In this simulation, the link massesmis in
the robot dynamics, and the parametersKm, H, R,
and Ke in the actuator dynamics are assumed to be
uncertain. It is assumed that the masses in the robot
dynamics have 50%, 100%, and 50% uncertainties,
namely, the actual mass values̄mi with uncertain-
ties are m̄1 = 1.5, m̄2 = 1.4, and m̄3 = 2.1.
The nominal and actual EDFJ parameters are given
as J = diag[0.03 0.03 0.03], B = diag[5 5 5],
Km = diag[100 100 100], H = diag[10 10 10], R =
diag[1.2 1.2 1.2], Ke = diag[15.6 15.6 15.6], K̄m =
diag[106.2 105.6 103.2], H̄ = diag[10.5 11.2 11.1],
L̄ = diag[0.048 0.048 0.048], R̄ = diag[2.3 1.5 2.5],
andK̄e = diag[15.2 15.9 16.1]. In addition, the time-
varying external disturbancesTr, Ta, andTe given by

Tr = [0.2 cos(t) 0.2 sin(t) 0.1 cos(t)]T ,

Ta = [0.1 cos(t) 0.2 sin(2t) 0.2 cos(t)]T ,

and

Te = [0.1 cos(2t) 0.2 sin(1.5t) 0.2 cos(t)]T ,

are assumed to influence the actual EDFJ robot model.
In this simulation, the initial positions of the three-link

FJ manipulator are set toq1(0) = q2(0) = q3(0) = 0
and the controller parameters for the proposed control
system are chosen askl = 60, Λ = diag[8 10 15],
λj = diag[0.00001 0.00002 0.0001], λ4 =
diag[0.000002 0.000002 0.000002], σl = 0.01,
and τj = 0.001 (l = 1, . . . , 4) (j = 1, 2, 3). We
employ the SRWNN1 system̂Ξr(·), the SRWNN2
systemΞ̂a(·), and the SRWNN3 system̂Ξe(·). Here,
note that only one product node is used for each
SRWNN. The tracking results and errors of the the
proposed control system as shown in Fig. 1 indicate
that the suggested method can overcome unknown
model uncertainties resulting from the robot dynamics,
joint flexibility, and the motor dynamics, and time-
varying external disturbances. Figure 2 displays the
outputs of the SRWNNs and estimates of diagonal
elements ofϑ. Note that the uncertainty terms (Ξr(·),
Ξa(·), Ξe(·), ϑ) are approximated by SRWNNs and
the adaptive technique, effectively. Besides, we can see
that all signals in the closed-loop system are bounded.

V. CONCLUSION

In this paper, a simple adaptive control system for
the EDFJ robot with model uncertainties has been
developed. First, the dynamics of the EDFJ robots has
been introduced. Second, the simple control law using
the DSC technique and SRWNNs has been designed
for the tracking control of EDFJ robots with model
uncertainties and external disturbances. Third, from
Lyapunov stability analysis, it is proved that all signals
in the closed-loop system are uniformly ultimately
bounded. Finally, from the simulation results for three-
link EDFJ manipulator, it was shown that the proposed
control system has the good tracking performance and
the robustness against model uncertainties and external
disturbances.

APPENDIX I
THE PROOF OFTHEOREM 1.

Differentiating the Lyapunov candidate function
(35) and substituting (15), (21), (25), and (26), (28)-
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(34), we can obtain

V̇ = sT
1 (M−1Km(s2 + y1)− k1s1 + αr)

+ sT
2 (s3 + y2 − k2s2)

+ sT
3 (J−1H(s4 + y3)− k3s3 + αa)

+ sT
4 (−k4s4 + αe) + σ1tr(W̃T

r Ŵr)

+ σ2tr(W̃T
a Ŵa) + σ3tr(W̃T

e Ŵe) + σ4tr(ϑ̃T
r ϑ̃r)

+
3∑

l=1

yT
l

(
−yl

τl
+ Pl

)
. (36)

From the boundedness ofQd and the existence ofµ,
there exists a positive constantRl such that‖Pl‖ ≤ Rl.
Therefore, using Property 2,Assumption3, (12), and
the fact2z1z2 ≤ z2

1 + z2
2 yields

V̇ ≤
(

1
2

+ Mm

)
‖s1‖2 +

(
1 +

Mm

2

)
‖s2‖2

+ (Jm + 1)‖s3‖2 +
(

1 + Jm

2

)
‖s4‖2

+
(

1 +
Mm

2

)
‖y1‖2 +

3
2
‖y2‖2

+
(

1 +
Jm

2

)
‖y3‖2 +

1
2
ρ2

r +
1
2
ρ2

a +
1
2
ρ2

e

−
4∑

l=1

kl‖sl‖2 +
3∑

l=1

(
− 1

τl
‖yl‖2 +

1
4
R2

l

)

− 1
2
σ1‖W̃r‖2F −

1
2
σ2‖W̃a‖2F −

1
2
σ3‖W̃e‖2F

− 1
2
σ4‖ϑ̃‖2F +

1
2
σ1W

2
r,M +

1
2
σ2W

2
a,M

+
1
2
σ3W

2
e,M +

1
2
σ4‖ϑ‖2F

whereJm is a maximum eigenvalue ofJ−1H. Here,
choosingk1 = (1/2)+Mm +k∗1 , k2 = 1+(Mm/2)+
k∗2 , k3 = Jm +1+ k∗3 , k4 = (1+Jm)/2+k∗4 , 1/τ1 =
1 + (Mm/2) + γ1, 1/τ2 = (3/2) + γ2, and 1/τ3 =
1 + (Jm/2) + γ3,

V̇ ≤ −
4∑

l=1

k∗l ‖sl‖2 − 1
2
σ1‖W̃r‖2F −

1
2
σ2‖W̃a‖2F

− 1
2
σ3‖W̃e‖2F −

1
2
σ4‖ϑ̃‖2F −

3∑

l=1

γl‖yl‖2 + O

≤ −2ζV + O. (37)

where k∗l > 0, γj > 0, O = 1
2σ1W

2
r,M +

1
2σ2W

2
a,M + 1

2σ3W
2
e,M + 1

2σ4‖ϑ‖2F + 1
2ρ2

r +
1
2ρ2

a + 1
2ρ2

e + 1
4

∑3
l=1 R2

l , and 0 < ζ <

min[k∗1 , k∗2 , k∗3 , k∗4/LM , γ1, γ2, γ3,
σ1λ1,m

2 ,
σ2λ2,m

2 ,
σ3λ3,m

2 ,
σ4λ4,m

2 ]. Here λ1,m, λ2,m, λ3,m, and λ4,m

are the minimum eigenvalues ofλ1, λ2, λ3, and
λ4, respectively. Equation (37) implies thatV̇ < 0
on V = µ when V > (O/2ζ). Accordingly, all
signals in the controlled closed-loop system are
uniformly ultimately bounded. Besides, the errors can
be kept arbitrarily small by adjustingK∗

l , γj , σl, λl

(l = 1, · · · , 4), (j = 1, 2, 3). That is, the tracking
errors1 can be made arbitrarily small. This completes
the proof of the theorem.¥
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Abstract

In previouse studies [5, 7], we proposed the com-
puter model of Paramecium, Virtual Paramecium,
based on biological knowledge. The model can ap-
proximately realize the membrane potential change for
chemical stimuli and mechanical stimuli. The param-
eters included in the model were determined based on
the results of experiments with the actual organisms,
although some parameters could include estimated er-
rors. The simulated membrane potential changes by
the model, however, showed the different property of
time variation from the ones of the living organism.

In this paper, we propose an estimation method of
the model parameters included in the Virtual Parame-
cium using a real-coded genetic algorithm. The
method automatically searches the model parameters
that can approximately realize the membrane poten-
tial change in the actual Paramecium.

1 Introduction

Protozoan shows specific reaction to various stimuli
in the environment. For example, Paramecium swims
to the cathode when the DC electrical field is applied
in the environment; this mechanism is called electro-
taxis. Recently, a number of studies have proposed
to utilize Paramecium as a kind of micro-machine us-
ing the electrotaxis [1]-[4]. Itoh colleted the behav-
ioral data of Paramecium to an electrical stimulus,
and proposed a control law based on these statisti-
cal data [2]. In addition, Ogawa et al. developed a
tracking system which can keep Paramecium under
the microscopical field to control its behavior [4]. Fur-
ther, they constructed a computer model to simulate
the electrotaxis of Paramecium based on experimental
results [3]. However, experiments to collect these data
are extremely time consuming. Moreover, the control
law based on the behavioral experimental data cannot

always be applied to the actual control because the
intracellular characteristics of Paramecium are deter-
mined corresponding to the various ion concentrations
in environments. Therefore, if a computer model can
be constructed to realize the behavior based on the in-
tracellular changes corresponding to the environmen-
tal conditions, an effective control law of Paramecium
could be derived.

We have proposed the calculation model of mem-
brane potential change of Paramecium [5] based on
the Hodgkin-Huxley model, which could explain the
generation and propagation of action potentials in the
squid giant axon [6]. Further, we developed the ar-
tificial life model, “Virtual Paramecium,” which was
able to realize the behavior based on the results of
the internal processing for stimuli [7]. The parame-
ters included in the model were determined based on
the results of experiments with the actual organisms,
although some parameters could include estimated er-
rors. The simulated membrane potential changes by
the model, however, showed the different property of
time variation from the ones of the living organism.

Various kinds of nonlinear optimization methods
have been proposed to determine the parameters in-
cluded the physical models. In several previous stud-
ies [8]-[10], it was reported that the genetic algorithm
method is an effective method to determine the model
parameter values of organisms. In this paper, we pro-
pose an estimation method of the model parameters
included in the Virtual Paramecium using a real-coded
genetic algorithm. In addition, we report on the re-
sults that the estimated model parameters by the pro-
posed method are able to realize the time variation
of membrane potential change similar to that of the
living organism.

This paper is organized as follows: In Section 2, the
calculation model of the membrane potential change
of Paramecium is described. In Section 3, the estima-
tion method of the model parameters to realize the
membrane potential change of actual organism is pro-
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posed. In Section 4, the effectiveness of the estimated
parameters in Section 3 is verified through a series of
computer simulations.

2 Information processing model of
Paramecium

2.1 The mechanism of the membrane po-
tential change [11]

Paramecium processes information by electrophys-
iological phenomena. Ion channels and ion pumps
that reside in the membrane play an important role
in maintaining the ionic connection between the inte-
rior and the exterior of the cell. In a standard salt
solution, the membrane potential is maintained at ap-
proximately 20 mV lower than that of the external
environment when no stimuli are presented from the
environment. When Paramecium receives a stimulus,
the ion channels open, and ionic flow occurs across the
interior and the exterior of the cell. First, the voltage-
sensitive Ca2+ channel opens, and the membrane po-
tential is depolarized by the Ca2+ flow into the cell.
With a few millisecond delay, the voltage-sensitive K+

channel opens responding to the membrane potential
change opens, and the membrane potential is hyper-
polarized by the K+ flows outside the cell. From this
mechanism, the spike-like potential change occurrs. In
the next section, we explain the calculation model of
the membrane potential change of Paramecium.

2.2 The calculation model of the mem-
brane potential change

The electrical characteristics of the cell membrane
can be expressed by the electric circuit as shown in
Figure 1 [5]. Figure 1 illustrates the relationship be-
tween the change in membrane potential and ionic flow
into a cell, in which the ion channels are affected by the
membrane potential. In the figure, the cell membrane,
the ion channels and the flow of ion are considered as
a condenser, active resistive elements and electric cur-
rents, respectively.

First, the electrical characteristics of Paramecium
are modeled based on a Hodgkin-Huxley type equation
[6] as follows [5]:

V̇ (t) =
1

Cm
[I(t) − ICa(t, V ) − IK(t, V ) − Ileak(t, V )], (1)

where V (t) is the membrane potential, I(t) the stim-
ulated current, and Cm the membrane capacity. The
Ca2+ current ICa(t, V ), the K+ current IK(t, V ), and
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Figure 1: An electric circuit model for the Parame-
cium.

the leakage current Ileak(t, V ) are given by the follow-
ing equations [5]:

ICa(t, V ) = ḡCam
5{1 − (1 − h)5}(V (t) − ECa), (2)

IK(t, V ) = ḡKn(V (t) − EK), (3)
Ileak(t, V ) = gleak(V (t) − Eleak), (4)

where ḡCa, ḡK, and gleak are the maximum values
of the ion conductance for Ca2+, K+ and leakage
ion channels, respectively. Equilibrium potentials for
Ca2+, K+ and leakage ions are expressed as ECa, EK

and Eleak, respectively. Also, m, h and n are the ac-
tivation probabilities of each ion channel [5, 6]. For
example, the change of m from 0 to 1 means the in-
creasing of the activation probability in Ca2+ chan-
nels. In addition, the change of n from 0 to 1 means
the increasing of the activation probability in K+ chan-
nels. In Eqs. (2) to (4), the vlaues of m, h and n were
decided based on Reference [12].

Activation probabilities, x ∈ {m, h, n}, of each
channel are calculated based on the Hodgkin-Huxley
equations [6] as follows [13]:

ṁ(t, V ) = αm(V ) · (1 − m(t, V )) − βm(V ) · m(t, V ), (5)

ḣ(t, V ) = αh(V ) · (1 − h(t, V )) − βh(V ) · h(t, V ), (6)

ṅ(t, V ) = αn(V ) · (1 − n(t, V )) − βn(V ) · n(t, V ), (7)

where αx, βx (x ∈ m, h, n) are the rate constant of
ion channel [6], and its characteristics is nonlinear for
the membrane potential V .

2.3 State transition model of ion channels

In this paper, Eqs. (5) to (7) are expressed as the
following equations to discuss the time characteristics
of ion channels [14]:

ẋ =
1

τx(V )
(x∞(V ) − x(V )) (x ∈ m, h, n), (8)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 36



τx(V ) =
1

αx(V ) + βx(V )
(x ∈ m, h, n), (9)

x∞(V ) =
αx(V )

αx(V ) + βx(V )
(x ∈ m, h, n), (10)

where x∞(V ) is the steady-state characteristics of the
gate parameters, and τx the time constant. The val-
ues are calculated from the result of the voltage-clamp
experiment with actual organism [15].

αx and βx (x ∈ {m, h, n}) in Eqs. (9) and (10) are
expressed as the following equations:

αm(V ) =
p0(V + p1)

1 − exp
[
−V +p1

p2

] , (11)

βm(V ) = p3 exp

[
−V + p4

p5

]
, (12)

αh(V ) = p6 exp

[
−V + p7

p8

]
, (13)

βh(V ) =
p9

1 + exp
[
−V +p10

p11

] , (14)

αn(V ) =
p12(V − p13)

1 − exp
[
−V −p13

p14

] , (15)

βn(V ) = p15 exp

[
−V − p16

p17

]
, (16)

where pn (n =1, 2, · · ·, 17) is constants that deter-
mine the characteristics of αx and βx (x ∈ {m, h, n}).
The value of pn is determined from the voltage-clamp
experiment with actual organism. In the next section,
the values of αx and βx (x ∈ {m, h, n}) are determined
by a real-coded GA.

3 Parameter Estimation by a real-
coded GA

3.1 The estimation method of parameters

In this paper, pn (n =1, 2, · · ·, 17), ḡCa and ḡK are
estimated by the real-coded GA. Then, pn (n =1, 2,
· · ·, 17) are used to determine the characteristics of αx

and βx (x ∈ {m, h, n}). The procedure used in this
paper is described below;

Step 0 : Initialization
First, the maximum generation number Gmax and
the number of individuals M are set. Then, the
initial individuals are prepared as follows. The
individuals are coded as the combination of pn

(n =1, 2, · · ·, 17), ḡCa and ḡK. The initial value
of each parameter is determined randomly within

the neighborhood domain of the estimated param-
eter values by the experiment with actual organ-
ims [5]. The initial values of ḡCa and ḡK are de-
termined randomly within four to six times of the
gleak value based on Reference [5].

Step 1 : Evaluation
　 The current stimuli simulation is carried out
for each individual. Then, the root mean square
error of the actual membrane potential and the
simulated result, Fm, is calculated by the follow-
ing equation:

Fm =
1
T

N∑
s=1

∫ T

0

√
(Ds(t) − O(m,s)(t))2 dt, (17)

where Ds(t) is the membrane potential change of
actual Paramecium for the current stimuli used
Is, O(m,s)(t) the simulated membrane potential,
the suffix m the individual number, T the simu-
lation time, N the number of the current stimuli
Is.

Step 2 : Selection
Each individuals is arranged in order of Fm.
Then, γe individuals with superior fitness values
are selected and saved in the nest generation.

Step 3 : Crossover
γc individuals are generated by the BLX-α
method [16], where γc = N – γe. For generation
of each γc individuals are chosen from among the
superior γe individuals.

Step 4 : Mutation
Randomly choose γm individuals from among γc

individuals given by the crossover at random, and
replace them with randomly determined values
within the initial domain.

Step 5 : Update
The procedure from steps 1-4 is repeated for the
maximum generation number Gmax.

3.2 Non-search parameters set

The non-search parameters by the GA were set
based on the research data in biological field. The
membrane capacitance Cm included in Eq. (1) was
determined based on Reference [17] as Cm = 1 µF.
The equilibrium potentials ECa, EK and the resting
membrane potential V (0) were set as follow : ECa =
120 mV, EK = −40 mV, V (0) = −21.0 mV, on the
assumption that the standard solution environment.
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Figure 2: Evolution of the elite fitness.

The leak conductance was determined as gleak = 0.045
mS/cm2 based on the slope of the line in Figure 8 of
Reference [17]. The equilibrium potential of leak ion
was set as Eleak = −20.1 mV assuming that the value
is near the resting membrane potential.

4 Results

The proposed method was evaluated with the fol-
lowing conditions; M = 200, Gmax = 100, γe = 40,
γm = 40, N = 2, I1 = 0.4 nA, and I2 = 1.2 nA. The
data of actual organism in Figure 7 of Reference [18]
was used to calculate Fm. This section shows the es-
timated results of pn (n = 1, 2, . . ., 17), ḡCa and ḡK

by the proposed method.

4.1 Estimated parameters

Figure 2 shows the fitness values of the elite indi-
vidual, Fo, for 4 different trials. The initial values
of the parameters were changed for each trial. From
Figure 2, the evolution of the elite fitness was con-
firmed. Further, in order to confirm the effectiveness
of the proposed method in detail, we divided the time
variation of the membrane potential change into three
phases as shown in Figure 3(a), where Phase 1 (0 ≤ t <
T1) was the period of overshoot phenomenon, Phase
2 (T1 ≤ t < T2) the stable phase of the membrane
potential change, Phase 3 (T2 ≤ t < T3) the decay pe-
riod after disappearance of current stimuli. The root
mean square errors of the actual membrane potential
and the elite individual were calculated in each phase.
Figure 3(b) shows the results for current stimuli I2,
when the time threshold were T1= 40 ms, T2= 200 ms
and T3= 320 ms. From Figure 3(b), it was confirmed
that the error value in Phase 3 was most improved.
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Figure 3: Details of the elite fitness.

The average values and the standard deviations of
the estimated ḡCa and ḡK were 0.133 ± 0.011 mS/cm2

and 0.195 ± 0.0021 mS/cm2, respectively. In addition,
Figure 4 shows the average values and the standard
deviations of τx and x∞ (x ∈ m, h, n) based on the
estimated pn (n =1, 2, · · ·, 17) for 4 different trials. In
Figure 4, the black dots indicate the parameter value
estimated from the experimental results with the ac-
tual organisms [5]. Note that the value of h∞ was
unreported in Reference [5]. It is confirmed that the
estimated parameter values are close to that of the
actual organism except τn in Figure 4 (f).

Figure 5(a) shows the membrane potential changes
of actual organism for Is = 0.4, 1.2 nA [18], (b) the
simulation results using the estimated characteristics
shown in Figure 4. The overshoot phenomenon, where
the membrane potential temporarily drops below the
steady-state value after the peak of depolarization,
could not be observed for I2 = 1.2 nA as shown in
Figure 5(a). However, this phenomenon was observed
in other organisms data for the same current stim-
uli [19, 20]. Thus, the overshoot phenomenon in Fig-
ure 5(b) is considered to be reasonable. From these
results, it is confirmed that the model can realize the
membrane potential changes similar to that of the ac-
tual organism.
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Figure 4: Estimated values of x∞(V ) and τx(V ).

4.2 Prediction of the membrane potential
change for current stimuli

Finally, the current stimuli simulation was executed
using the estimated parameters to examine the predic-
tive ability of Virtual Paramecium for various current
stimuli not used in the evolutionary computation. Fig-
ure 6 shows the simulation results and the membrane
potential changes of actual Paramecium for I = ± 0.9
nA.

Figure 6(a) shows the membrane potential change
of actual Paramecium and the Virtual Paramecium for
I = 0.9 nA. It is confirmed that the Virtual Parame-
cium is capable of realizing the membrane potential
change similar to that of the actual organism. From
this result, it can be stated that the estimated param-
eters by the proposed method are able to realize the
membrane potential change is not only I = 0.4, 1.2
nA but also other current values.

Figure 6(b) shows the membrane potential change
of actual Paramecium and the proposed model for I =
– 0.9 nA. The proposed model could realize the mem-
brane potential change of actual Paramecium qual-
itatively, but could not realize the overshoot phe-
nomenon. In this paper, we assumed the leak conduc-

80 ms

(a) Actual Paramecium

10 mV

V

80 ms

10 mV

Is

(b) Simulation results

2 nA 2 nA

V

Is

V

Is

V
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I  = 0.4 nAs I  = 0.4 nAs

I  = 1.2 nAs I  = 1.2 nAs

Figure 5: Membrane potentials for current stimuli.
(The data of Actual Paramecium are revised the figure
written by Oami in 1996 [18].)

80 ms

(a) Depolarization
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80 ms
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(b) Hyperpolarization
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I

Vactual

Vmodel Vmodel

s Is

Figure 6: Simulation results for Is = ± 0.9 nA. (The
data of Actual Paramecium are revised the figure writ-
ten by Oami in 1996 [18].)

tance as a fixed value, but it was reported that its value
could be reduced to about 60 % by the hyperpolariza-
tion [11]. This detailed mechanism is still not clear,
however the hyperpolarization-sensitive K+ channel is
considered as an important factor. In the future works,
we plan to introduce the hyperpolarization-sensitive
K+ channel into the proposed model, and analyze the
case of Figure 6(b) in more details.

5 Summary

In this paper, we proposed an estimation method of
the model parameters included in the Virtual Parame-
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cium using a real-coded GA. It was confirmed that the
Virtual Paramecium can realize the membrane poten-
tial changes in the actual Paramecium using the es-
timated parameter values by the proposed method.
However, other parameter combinations of parameter
values could exist. In the future works, we plan to esti-
mate the parameter values by improving the proposed
method.
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Abstract: Pulmonary elastance provides an important basis for deciding air pressure parameters of 

mechanical ventilators, and airway resistance is an important parameter in the diagnosis of respiratory 

diseases. The authors have proposed two types of second order nonlinear differential equation model 

of respiratory system. In the first type of model, elastic coefficient is expressed as polynomial function 

of air-volume, while in the second type of model, elastic coefficient is expressed by RBF network. In 

this paper, the polynomial expression based model and the RBF network expression based model are 

compared firstly. Secondly, a unified estimation algorithm is derived based on numerical integration 

technique. According to the proposed algorithm, the pulmonary elastance and the airway resistance can 

be directly estimated from sampled measurement data of airway pressure, air-flow and air-volume. 

Then, the proposed algorithm is validated by some examples of application to practical clinical data. 

 

Keywords: Respiratory System, Nonlinear Differential Equation Model, Continuous-Time Model, 

Identification, Estimation, Numerical Integration 

 
1. INTRODUCTION 

 

Mechanical ventilation is generally used when 

spontaneous breathing is absent or insufficient. 

Characteristic of lung is very different in each 

patient. For setting appropriate ventilation 

conditions fitting to each patient, it is important 

to establish a mathematical model describing the 

mechanism of human respiratory system, and to 

know he pulmonary characteristic of each patient 

via identification of the model. 

 

For this purpose, two types of respiratory system 

models have been proposed by the authors. 

These models are expressed as second order 

nonlinear differential equations with air-volume 

variant elastic coefficient and air-volume variant 

resistive coefficient. In the first type of model, 

elastic coefficient is expressed as polynomial 

function of air-volume (Kanae et al., 2004a), 

while in the second type of model, elastic 

coefficient is expressed by RBF network (Kanae 

et al., 2004b). The proposal of these models 

makes it possible to estimate pulmonary 

elastance and airway resistance from the 

measurements of air pressure, flow and volume 

at ventilator side, no need for any sensor inserted 

into body inside.  

 

The above two types of models are continuous-

time model. Therefore, the continuous-time 

estimation approach is adopted for identifying 

the models. In this paper, the polynomial 

expression based model and the RBF network 

expression based model are compared firstly. 

Secondly, a unified estimation algorithm is 

derived based on numerical integration 

technique. Then, the proposed algorithm is 

validated by some examples of application to 

practical clinical data. Final section concludes 

this paper. 
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2. TWO TYPES OF RESPIRATORY 

SYSTEM MODELS 

 

In this paper, non-spontaneous-breathing cases 

of mechanical ventilation are considered. In the 

inspiration phase of mechanical ventilation, the 

air pressure of ventilator side is higher than the 

lung inside, so the fresh air is sent to lung by the 

different of air pressure, and the lung is 

expanded. In the expiration phase, the exhaust 

after gas exchange is excreted naturally by the 

shrinking force of lung. 

 

The expansion and the shrinkage depending on 

variation of air pressure are characterized by 

pulmonary elastance. The pulmonary elastance is 

an important factor in decision of respiratory 

dynamics. Usually the elastance is expressed by 

a pressure-volume curve (P-V curve) of air 

volume versus air pressure. This curve is not 

linear, and it becomes flat in the range of high 

pressure. The elastance can be described by 

equation of  

  (1) 

where,    is inside pressure of lung,  is 

air volume of lung, both of  and  are 

time-variant.  is the pulmonary elastance. 

It is not constant, but it is changed by volume of 

). 

 

On the other hand, the lung and the ventilator are 

connected by the air tube and a long rubber tube, 

therefore there is loss of pressure. Denoting the 

pressure loss as  , then it can be written as: 

    (2) 

where,  is air flow (mL/min). From the 

relation between flow  and volume : 

   (3) 

we have 

   (4) 

 is so-called airway resistance, and it is not 

constant too. Usually it varies by flow ( , 

namely ). Considering the effect of flow up 

to second order, the pressure loss can be 

described by the Rohrer equation as follows: 

   (5) 

Next, a human has two, right and left, parts of 

lung. Even if each part is modeled by a simple 

first order differential equation, the synthesized 

overall respiratory system model becomes to a 

second order differential equation (Similowski 

and Baters, 1991). 

 

Considering the above each factor, it is adequate 

to model the respiratory system as the following 

expression: 

 (6) 

where,  is the airway opening pressure, 

 is the end-expiratory alveolar pressure. 

 contains the modeling error and the 

measurement noise. 

 

As mentioned above, pulmonary elastance  

and airway resistance  are not 

constant, they are some nonlinear function of 

volume . The authors have proposed two 

types of respiratory system model in the previous 

works. In the first type of model, pulmonary 

elastance  is expressed by polynomial 

function of air-volume  (Kanae et al., 

2004a), and in the second type of model, 

pulmonary elastance  is expressed by RBF 

network with input of air-volume  (Kanae et 

al., 2004b). 

 

2.1 Polynomial expression based model 

 

Here, he elastance  is described as a 

polynomial of volume : 

 (7) 

Substituting this equation (7) for equation (1), 

inside pressure of lung  is written as 

 (8) 

It is an n-th degree polynomial. Consequently, 

overall model is obtained by substituting 

Equation (7) for Equation (6). 

 

         

       

    (9) 

In the case of polynomial expression, the 

structure is simple, and the degree of the 

polynomial can be relatively easily decided by 

priori knowledge such as shape of P-V curve. 

The static P-V curve is almost linear in the 

middle range, and it becomes flat in the range of 

low and high pressure. For expression of this 

shape of static P-V curve, it is necessary that the 

degree n is at least 3. On the other hand, the 

higher degree term is easily influenced by the 

measurement noise, and it may be numerically 

unstable in parameter estimation. Therefore, it is 

not preferable that the degree is excessively high. 

 

By definition of data vector  and parameter 

vector , 
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               (10)  

the model equation can be written in short form 

as follows: 

           (11) 

where the term of  and the term of 

 in the right of Equation (9) are replaced by 

 and , because of the relation 

between volume and flow  

 

2.2 RBF network expression based model 

 

Here, the elastance  is described by a RBF 

network with input of volume : 

   (12) 

where  is Radial Basis Function with 

center , deviation : 

  (13) 

 is weight of i-th node, and nE is the number of 

nodes of RBF network. 

 

Substituting Equation (12) for Equation (6), 

overall respiratory model become to  

 

     .  (14) 

Similarly as subsection 2.1, defining data vector 

 and parameter vector  as  

 

    (15) 

the model equation can also be written in short 

form as follows: 

  (16) 

When use is made of RBF network expression, 

numerical stability can be expected, because the 

output of each node is in range of [0, 1], the 

balance between each node is good. However, 

the problems how to decide the number of nodes 

and how to decide center and deviation of each 

node are remained. 

 

3 PARAMETER ESTIMATION 

 

Irrespective of the polynomial expression based 

model (9) or the RBF network expression based 

model (14), both of them are described by 

second order nonlinear differential equation. 

Equation (9) and Equation (14) are all 

continuous-time model. But, air pressure , 

flow , and volume  are usually sampled 

and measured in a fixed sampling period. 

 

Here, one may want to take an approach, this 

approach directly transform the model (9) or the 

model (14) into discrete-time model, and to 

estimate the parameters, then inversely calculate 

original parameters of continuous-time model 

from estimated parameters of discrete-time 

model. However, one parameter of continuous-

time model is usually appeared in many 

parameters of discrete-time model, and the 

transformation may be nuisance. Furthermore, 

the errors will be introduced by the 

transformation. 

 

On the other hand, there is a simple way to 

approximate the derivatives of continuous-time 

model by the difference of sampled 

measurements, but this way may make the noise 

effect worse. Therefore, it is not desirable to 

calculate derivatives directly from the 

measurements. 

 

In the next subsections, identification models are 

derived by applying the numerical integration 

technique which is known as an effective 

approach for continuous-time model 

identification, and then a unified estimation 

algorithm is given. 

 

3.1 Identification model 

 

In general, measurement data obtained from the 

mechanical ventilation system are sampled data 

of air pressure , flow , and 

volume , where k denotes sampling instance 

k = 1, 2,…, N, N is the data size. 
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Denote the sampling period of data collection as 

T. At time instant t = kT, integrate both sides of 

Equation (16) over the interval  

Let y(k) be the left hand side of the resultant 

equation. Then y(k) can be calculated as: 

  

            (17) 

where,  is a natural number that decides the 

window size of numerical integration. The 

coefficients  are determined by 

formulae of numerical integration. For example, 

when the trapezoidal rule is taken, they are given 

as follows: 

 (18) 

For the polynomial expression based model the 

integral  of data vector  can be 

calculated by 

                   

 (19) 

 

Here, analytical forms are taken for the terms 

where the integral can be calculated analytically. 

Get together the approximation error  caused 

by numerical integration and the integral of 

original error term  in . Namely, let  

be   

. (20) 

Consequently, an identification model 

corresponding to polynomial expression based 

respiratory system model is derived: 

   (21) 

For the RBF network expression based model, 

similar form of Equation (21) can be derived. For 

convenience, use equation of 

   (22) 

to indicate any case of polynomial expression or 

RBF network expression. 

 

3.2 Parameter estimation 

 

From the measurements of air pressure , 

flow  and volume , it is easy to 

calculate   by Equation (17) and  by 

Equation (19) at each time instant 

, then  regression equations 

can be derived as: 

    (23) 

where, 

 

and  respectively. 

 

The least squares estimate that minimizes the 

criterion function  defined as a sum of squared 

errors  

    (24) 

is given by 

   (25) 

provided the inverse exists. Then, the estimate of 

pulmonary elastance is obtained: 

   (26) 

or 

   (27) 

This approach is off-line in that the calculation is 

carried out after the data of length N are 

completely collected. But, in practical clinical 

cases, the data are recorded successively, and the 

state of lung may change, so on-line estimation 

algorithm is desired. The on-line algorithm for 

calculating the above LS estimate is as the 

follows (Ljung, 1987):  

     (28) 

where,  is the forgetting factor, and the 

initial values of  and S are taken as 

 (s is a sufficiently large 

real number). 
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(a)Time course of airway opening pressure  

     
(b) Time course of flow F. 

       
    (c)  Time course of volume V. 

Fig.1. A set of practical clinical data of artificial 

ventilation. 

 

4. VALIDATION 

 

In this section, the polynomial expression based 

model and the RBF network expression based 

model are compared through pulmonary 

elastance estimation results. The measurement 

data of mechanical ventilation are provided from 

a medical center. It is an example of a neonate 

who has 25 weeks of gestational age. The patient 

is diagnosed as respiratory distress syndrome 

(RDS), and is admitted to neonatal intensive care 

unit. The nature and aims of the investigation 

were explained to the nest of kin, and their 

informed consent was obtained. 

 

Measurement data of airway opening pressure  

 (Fig. 1(a)), flow F (Fig. 1(b)) and volume V 

(Fig. 1(c)) are shown in Fig.1. The sampling 

period Tsp is Tsp = 0.005 second, and the data size 

N is N = 229. These data corresponds to one 

cycle of breath. The dynamical P - V curve can 

be plotted from the data of airway opening 

pressure  and volume V (Fig.2). For 

verification of estimated results of pulmonary 

elastance, experimental static elastic recoil P –V 

points during inspiration  and expiration  

are also plotted in the Fig. 2. The results of 

estimation are evaluated by degrees how the 

calculated static elastic P – V curve based on 

estimated parameters fit to the static recoil P – V 

points.   

 
Fig. 2. Dynamical P – V curve (dotted line) and 

experimental static elastic recoil pressure volume 

points during inspiration  and expiration . 

 

The estimation results of static elastance by 

using polynomial expression model are shown in 

Table 1 and Fig. 3. In Table 1, J indicates the 

value of criterion function defined as Equation 

(24). Evl is sum of squared errors between 

experimentally measured pressure values  at 

each static P – V points and the estimated 

pressure value  corresponding to the points: 

   

where Nv is the number of static P – V points 

used in validation. The values of J and Evl when 

the elastic polynomial is taken as (1) 

;(2)

; (3) 

are 

recorded, respectively. The value of J decreases 

as the degree n increases from 2 to 3 and 4. On 

the other hand, although the value of Evl with n = 

3,4 is smaller than that with n = 2, there is almost 

no variation in the case of n = 3 and n = 4. The 

data used in these test were performed pre-

process such as correction of draft and 

integration previously. Without the pre-process, 

conspicuous bad influence of noise was appeared 

in the estimation results when the original 

measurement data is directly used. 

 

The estimation results of static elastance by 

using the RBF network expression model are 

shown in Table 2 and Fig. 4. The node numbers 

of RBF networks used to express elastance are 
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listed in the first column of Table 2. 

Corresponding values of J and Evl are shown in 

second and third column. 

 

Table 1. Evaluation of estimation results by 

using polynomial expression based model. 

 

 

Table 2. Evaluation of estimation results by 

using RBF network expression based model. 

        

 

The value of  Evl is smallest at nE = 5, though the 

value of J decreases as the number of nodes 

increases. It indicates that the number of nodes is 

insufficient for modeling in case of nE = 4, an 

over fitting is occurred in case of nE = 7. This 

phenomenon can also be observed in Fig. 4 

phenomenon can also be observed in Fig. 4. 

 

5. CONCLUSIONS 

 

For setting the ventilation conditions of 

mechanical ventilator or diagnose many disease 

of respiratory system, pulmonary elastance and 

airway resistance provide decisive information. 

Therefore, it is very important to identify 

respiratory system model which includes 

pulmonary elastance and airway resistance terms. 

In this paper, the polynomial expression based 

model and the RNF network expression based 

model are compared. The polynomial expression 

based model has the advantage that the structure 

is simple, namely, third degree or 4-th degree is 

sufficient to describe the elastic property, while 

this model is sensitive to measurement noise. On 

the other hand, the RBF network expression 

based model has good numerical stability though 

the problems how to decide the number of nodes 

and how to decide center and deviation of each 

node are remained. Also, the unified estimation 

algorithm is derived based on numerical 

integration technique in this paper. The proposed 

algorithm is validated by some examples of 

application to practical clinical data. 

 
Fig. 3. Pulmonary elastance estimation results by 

using polynomialexpression based model, in case 

(1) ; case (2) 

; and case (3) 

 

 
Fig. 4. Pulmonary elastance estimation results by 

using RBF network expression based model, in 

case (1) nE = 4, in case (2) nE = 5, and in case (3) 

nE = 7. 
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Abstract : A model of cellular automata (CA) is considered to be a non-linear model of complex systems in which
an infinite one-dimensional array of finite state machines (cells) updates itself in a synchronous manner according to
a uniform local rule. We study a sequence generation problem on the CA with small number of states and propose
several state-efficient real-time sequence generation algorithms for non-regular sequences. We show that a sequence
{2n |n = 1, 2, 3, . . .} can be generated in real-time by a CA with 3 states and a sequence {n2 |n = 1, 2, 3, . . .} can
be generated in real-time by a CA with 4 states. We also study infinite non-regular sequences generated on CA
with 2 states.

Keywords : cellular automata, real-time sequence generation problem

1 Introduction

A model of cellular automata (CA) was devised
originally for studying self-reproduction by John von
Neumann. It is now studied in many fields such
as complex systems. We study a sequence genera-
tion problem on the CA. Arisawa[1], Fischer[2] and
Korec[3] studied generation of a class of natural num-
bers on CA. In this paper, we show that a sequence
{2n |n = 1, 2, 3, . . .} can be generated in real-time by a
CA with 3 states and a sequence {n2 |n = 1, 2, 3, . . .}
can be generated in real-time by a CA with 4 states.
We also study infinite non-regular sequences generated
on the CA with 2 states.

2 Real-time sequence generation prob-
lem on CA

A cellular automaton consists of an infinite array
of identical finite state automata, each located at a
positive integer point (See Fig. 1).

C1 C2 C3 Cn-1C4 Cn

Figure 1: Cellular automaton.

Each automaton is referred to as a cell. A cell at
point i is denoted by Ci, where i ≥ 1. Each Ci, except
for C1, is connected to its left- and right-neighbor cells
via a communication link. Each cell can know state
of its left- and right-neighbor cells via communication
link. One distinguished leftmost cell C1, the commu-
nication cell, is connected to the outside world. A cel-

lular automaton (abbreviated by CA) consists of an
infinite array of finite state automata A = (Q, δ, F ),
where

1. Q is a finite set of internal states.

2. δ is a function defining the next state of a cell,
such that δ: Q× Q×Q → Q, where δ(p, q, r) = s,
p, q, r, s ∈ Q has the following meaning: We
assume that at step t the cell Ci is in state q, the
left cell Ci−1 is in state p and the right cell Ci+1 is
in state r. Then, at the next step t+1, Ci assumes
state s. The leftmost cell C1 is connected to the
outside world. The outside world is expressed by
*. A quiescent state q ∈ Q has a property such
that δ(q, q, q) = q.

3. F ⊆ Q is a special subset of Q. The set F is used
to specify a designated state of C1 in the definition
of sequence generation.

We now define the sequence generation prob-
lem on CA. Let M be a CA and {tn|n = 1, 2, 3, ...}
be an infinite monotonically increasing positive integer
sequence defined natural numbers, such that tn ≥ n
for any n ≥ 1. We then have a semi-infinite array of
cells, as shown in Fig. 1, and all cells, except for C1,
are in the quiescent state at time t = 0. The com-
munication cell C1 assumes a special state r in Q for
initiation of the sequence generator. We say that M
generates a sequence {tn|n = 1, 2, 3, ...} in k linear-
time if and only if the leftmost end cell of M falls into
a special state in F ⊆ Q at time t = k · tn, where k
is a positive integer. We call M a real-time generator
when k = 1.
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3 Real-time generation of non-regular
sequences

Arisawa[1], Fischer[2] and Korec[3] studied real-
time generation of non-regular sequences on CA.
Arisawa[1] shows that sequence {2n |n = 1, 2, 3, . . .}
can be generated in 2 linear-time by a CA with 7
states and sequence {n2 |n = 1, 2, 3, . . .} can be gener-
ated in 2 linear-time by a CA with 9 states. Korec[3]
shows that prime sequences can be generated in real-
time by a CA with 9 states. In this paper, we show
that sequence {2n |n = 1, 2, 3, . . .} can be generated
in real-time by a CA with 3 states and sequence
{n2 |n = 1, 2, 3, . . .} can be generated in real-time by
a CA with 4 states.

3.1 Sequence {2n |n = 1, 2, 3, . . .}

Sequence {2n |n = 1, 2, 3, . . .} can be generated in
real-time by a CA with 3 states that is given in Table
1. In Fig. 2, we show a time-space diagram for real-
time generation of sequence {2n |n = 1, 2, 3, . . .}.

Q
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Q Q N Q

Ac Q N

N N Q

* Q Ac
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Table 1: Transition rules for real-time generation of
sequence {2n |n = 1, 2, 3, . . .}.

C1t = 0

1/1

t = 2

a-wave

t = 4

t = 16

1/1
b-wave

C3 C5 C9

t = 8

C2

Figure 2: Time-space diagram for real-time generation
of sequence {2n |n = 1, 2, 3, . . .}.

Let i be any positive integer such that i ≥ 2. When
cell Ci is in state Q and Ci’s left- or right-neighbor
cell is in state N, δ(Q, N, Q) = N or δ(Q, Q, N) = N are
applied in Ci, then a state of Ci changes to N. Ci is
in state N and Ci’s left- and right-neighbor cells is in
state Q, δ(N, Q, Q) = Q is applied in Ci, then a state of Ci

changes to Q. As a result, the state N advances toward
the left or right at at speed 1-cell/1-step in cell space.

The state N which propagates right is called a-wave
and the state N which propagates left is called b-wave.
The a-wave generates the b-wave every one step. The
b-wave generates the a-wave every one step. When the
a-wave collides with the b-wave, the a- and b-waves
are deleted. Because, the a-wave collides with the b-
wave, namely Ci is in state Q and Ci’s left- and right-
neighbor cells is in state N, δ(Q, N, N) = Q is applied in
Ci, then a state of Ci changes to Q. We define Ac ∈ F .
When the b-wave reaches the leftmost cell C1, namely
C1 is in state Q and C1’s right-neighbor cell is in state
N, δ(Q, *, N) = Ac is applied in C1, then a state of C1

changes to Ac.
Let x, n and k be any natural number. Let y be

any positive integer. At time t = y, cell Cx takes state
N and other cells takes a state Q (See Fig. 3).

1/11/1

t = 0

t = y

T2 = T1+2x-2

T1 = y+x-1

a-waveb-wave

Cx C2x-1

t = y+1

t = y+2

C1

t = y+3

N

N N

N

N N

N

N N

N

N N
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N N
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NAc
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C4x-3C2

Figure 3: Time-space diagram for real-time generation
of sequence {2n |n = 1, 2, 3, . . .}.

The a- and b-waves are generated on cell Cx . When
the b-wave reaches C1, the cell C1 takes state Ac.
Time when C1 takes the state Ac is assumed to be
Tn. Because the b-wave’s speed is 1/1, it is approved
that T1 = y + x − 1. Next, the b-wave reached to
C1 is generated on C2x−1 at time t = T1. Because
the a-wave is not generated on C1 at time t = T1

and the b-wave generated on Cx exists in C2x−1 at
time t = T1. Therefore, it is approved that T2 =
T1 + 2(x − 1), T3 = T2 + 4(x − 1), T4 = T3 + 8(x − 1),
T5 = T4 + 16(x − 1),. . . ,Tn = Tn−1 + 2(x − 1) · 2k−1.
Tn’s difference sequence is assumed to be bk such that
bk = 2(x − 1) · 2k−1. Therefore, it is approved that
Tn = T1 +

∑n−1
k=1 bk = y + x − 1 + 2(x−1)(2n−1−1)

2−1 =
2(x − 1)(2n−1 − 1) + x + y − 1. We assume that
the initial configuration is the leftmost cell C1 takes
state N and other cell take a state Q. At time t = 1,
cell C1 takes state N and other cell take a state Q.
Therefore, it is approved that x = 2, y = 1 and
Tn = 2(x − 1)(2n−1 − 1) + x + y − 1 = 2n. C1

takes state Ac at time t = 2n (n = 1, 2, 3, . . .). It is
seen that the scheme given above can exactly gener-

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 48



ate sequence {2n |n = 1, 2, 3, . . .} in real-time. We
have implemented the algorithm on a computer. We
have tested the validity of the rule set from t = 0 to
t = 20000 steps. We obtain the following theorem.

[Theorem 1] Sequence {2n |n = 1, 2, 3, . . .} can be
generated by a CA with 3 states in real-time.

In Fig. 4, we show a number of snapshots of the
configuration from t = 0 to 16.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0 N Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

1 Q N Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

2 Ac Q N Q Q Q Q Q Q Q Q Q Q Q Q Q Q

3 Q N Q N Q Q Q Q Q Q Q Q Q Q Q Q Q

4 Ac Q Q Q N Q Q Q Q Q Q Q Q Q Q Q Q

5 Q Q Q N Q N Q Q Q Q Q Q Q Q Q Q Q

6 Q Q N Q Q Q N Q Q Q Q Q Q Q Q Q Q

7 Q N Q N Q N Q N Q Q Q Q Q Q Q Q Q

8 Ac Q Q Q Q Q Q Q N Q Q Q Q Q Q Q Q

9 Q Q Q Q Q Q Q N Q N Q Q Q Q Q Q Q

10 Q Q Q Q Q Q N Q Q Q N Q Q Q Q Q Q

11 Q Q Q Q Q N Q N Q N Q N Q Q Q Q Q

12 Q Q Q Q N Q Q Q Q Q Q Q N Q Q Q Q

13 Q Q Q N Q N Q Q Q Q Q N Q N Q Q Q

14 Q Q N Q Q Q N Q Q Q N Q Q Q N Q Q

15 Q N Q N Q N Q N Q N Q N Q N Q N Q

16 Ac Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q N

Figure 4: A configuration of real-time generation of
sequence {2n |n = 1, 2, 3, . . .}.

3.2 Sequence {n2 |n = 1, 2, 3, . . .}

Sequence {n2 |n = 1, 2, 3, . . .} can be generated in
real-time by a CA with 4 states that is given in Table
2. In Fig. 5, we show a time-space diagram for real-
time generation of sequence {n2 |n = 1, 2, 3, . . .}.

Q
Right State

Q N Ac R *

L
eft S

ta
te

Q Q Q

N Q

Ac N

R Q

* N Q Q

N
Right State

Q N Ac R *

L
eft S

ta
te

Q R R

N

Ac

R R R

* Ac Ac

Ac
Right State

Q N Ac R *

L
eft S

ta
te

Q R R

N

Ac

R R R

* Q Q

R
Right State

Q N Ac R *

L
eft S

ta
te

Q N R R

N R R

Ac Ac Ac

R R N R R

*

Table 2: Transition rules for real-time generation of
sequence {n2 |n = 1, 2, 3, . . .}.

Real-time generation of sequence {n2 |n =
1, 2, 3, . . .} is described in terms of two waves: a-wave
and b-wave. Let i be any positive integer such that
i ≥ 2. When cell Ci is in state R, Ci−1 is in state
Ac and Ci+1 is in state Q or R, δ(R, Ac, Q) = Ac or
δ(R, Ac, R) = Ac are applied in Ci, then a state of Ci

changes to Ac. The state Ac which propagates right
is called a-wave. When cell Ci is in state R, Ci−1 is
in state Q or R and Ci+1 is in state N, δ(R, R, N) = N
or δ(R, Q, N) = N are applied in Ci, then a state of
Ci changes to N. The state N which propagates left is
called b-wave. We assumes that Ac ∈ F . Let i, k and
l be any positive integer and let j be any positive nat-
ural number. At time t = j, it is assumed that the

C1

t = 0

1/1

t = 1

a-wave

t = 4

t = 3

t = 8

t = 9

t = 15

t = 16

t = 24

t = 25

1/1

b-wave

C2 C3 C4 C5

Figure 5: Time-
space diagram
for real-time
generation of se-
quence {n2 |n =
1, 2, 3, . . .}.

C1
t = 0

1/1

a-wave
t = j

t = j+2(i-1) 1/1

b-wave

Ci Ci+1

t = j+2(i-1)+1

t = j+2(i-1)+1

       +2(i+1-1)

t = j+2(i-1)+1

       +2(i+1-1)+1

1/1

a-wave

1/1

b-wave

Figure 6: Time-space
diagram for real-time
generation of sequence
{n2 |n = 1, 2, 3, . . .}.

leftmost cell C1 takes state Ac, cell Ck (2 ≤ k ≤ i − 1)
take a state R and cell Cl(l ≥ i) take a state Q (See
Fig. 6). The a-wave, generated by C1 at time t = j,
propagates in the right direction at 1/1 speed. The
a-wave reaches Ci at time t = j + i − 1. A state of
cell Ci changes to N. The a-wave reflects on Ci and the
b-wave is generated. The b-wave propagates in the
left direction at 1/1 speed. The b-wave reaches C1 at
time t = j + 2(i − 1). A state of C1 changes to N.
At the next step t = j + 2(i − 1) + 1 = j + 2i − 1,
a state of cell C1 changes to Ac. Next, it is t =
j +2i+1+2i+1 = 4i+2 that C1 takes state Ac. Be-
cause, the a-wave reflects on Ci+1 by the state of Ci+1

changed to R. Therefore, C1 takes state Ac at time
t = j + n2 + 2(i− 2)n− 2i + 3 (n = 1, 2, 3, . . .). Let m
be any positive integer. When the initial configuration
is the leftmost cell C1 takes state N and cell Cm(m ≥ 2)
take a state Q, it is approved that j = 1, i = 2. There-
fore, C1 takes state Q at time t = n2 (n = 1, 2, 3, . . .).
It is seen that the scheme given above can exactly gen-
erate sequence {n2|n = 1, 2, 3, . . .} in real-time. We
have implemented the algorithm on a computer. We
have tested the validity of the rule set from t = 0 to
t = 20000 steps. We obtain the following theorem.

[Theorem 2] Sequence {n2 |n = 1, 2, 3, . . .} can be
generated by a CA with 4 states in real-time.
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In Fig. 7, we show a number of snapshots of the
configuration from t = 0 to 25.

1 2 3 4 5 6 7 8

0 N Q Q Q Q Q Q Q

1 Ac Q Q Q Q Q Q Q

2 Q N Q Q Q Q Q Q

3 N R Q Q Q Q Q Q

4 Ac R Q Q Q Q Q Q

5 Q Ac Q Q Q Q Q Q

6 Q R N Q Q Q Q Q

7 Q N R Q Q Q Q Q

8 N R R Q Q Q Q Q

9 Ac R R Q Q Q Q Q

10 Q Ac R Q Q Q Q Q

11 Q R Ac Q Q Q Q Q

12 Q R R N Q Q Q Q

13 Q R N R Q Q Q Q

14 Q N R R Q Q Q Q

15 N R R R Q Q Q Q

16 Ac R R R Q Q Q Q

17 Q Ac R R Q Q Q Q

18 Q R Ac R Q Q Q Q

19 Q R R Ac Q Q Q Q

20 Q R R R N Q Q Q

21 Q R R N R Q Q Q

22 Q R N R R Q Q Q

23 Q N R R R Q Q Q

24 N R R R R Q Q Q

25 Ac R R R R Q Q Q

Figure 7: A configuration of real-time generation of
sequence {n2 |n = 1, 2, 3, . . .}.

4 Sequences which can be generated
on CA with 2 states

In this section, we study sequences which can be
generated on CA with 2 states. We show sequences
which can be generated on CA with 2 states by using
a personal computer. Let A be a CA with 2 state and
i, k be any natural number. A consists of an infinite
array of finite state automata A = (Q, δ, F ), where
Q = {Q, N}, F = {N}. The initial configuration is the
leftmost cell C1 takes state N and cell Ck (k ≥ 2) take
a quiescent state Q . The cell Ci can take 2 state such
that Q and N. The right Ci+1 can take 2 state such that
Q and N. The left Ci−1 can take 3 state such that Q, N
and *. Because, the leftmost cell C1 is connected to
the outside world. Moreover, the function δ is defined
by δ: Q× Q×Q → Q and a quiescent state Q ∈ Q has
a property such that δ(Q, Q, Q) = Q. Therefore, there
are 2{(2·2·3)−1} = 2048 transition rules. It simulates
by 2048 transition rules with a personal computer and
the generated sequences are examined. Table 3 shows
the class of sequences generated on CA with 2 states.

Class Example

non-regular sequences {2n+1 − 2|n = 1, 2, 3, ...}
arithmetical sequences {4n − 2 |n = 1, 2, 3, . . .}

finite sequences {2, 4}
union of more sequences {2} ∪ {2n+1 + 1|n = 1, 2, 3, ...}∪

{2n+2 − 1|n = 1, 2, 3, ...}
random sequences -

Table 3: The class of sequences generated on CA with
2 states.

Fig. 8 shows generation of sequence {2} ∪ {2n+1 +
1|n = 1, 2, 3, ...} ∪ {2n+2 − 1|n = 1, 2, 3, ...}.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

0 N Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

1 Q N Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

2 N N N Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

3 Q Q N N Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q

4 Q N N N N Q Q Q Q Q Q Q Q Q Q Q Q Q Q

5 N N Q Q N N Q Q Q Q Q Q Q Q Q Q Q Q Q

6 Q N N N N N N Q Q Q Q Q Q Q Q Q Q Q Q

7 N N Q Q Q Q N N Q Q Q Q Q Q Q Q Q Q Q

8 Q N N Q Q N N N N Q Q Q Q Q Q Q Q Q Q

9 N N N N N N Q Q N N Q Q Q Q Q Q Q Q Q

10 Q Q Q Q Q N N N N N N Q Q Q Q Q Q Q Q

11 Q Q Q Q N N Q Q Q Q N N Q Q Q Q Q Q Q

12 Q Q Q N N N N Q Q N N N N Q Q Q Q Q Q

13 Q Q N N Q Q N N N N Q Q N N Q Q Q Q Q

14 Q N N N N N N Q Q N N N N N N Q Q Q Q

15 N N Q Q Q Q N N N N Q Q Q Q N N Q Q Q

16 Q N N Q Q N N Q Q N N Q Q N N N N Q Q

17 N N N N N N N N N N N N N N Q Q N N Q

Figure 8: A configuration of real-time generation of
sequence {2}∪{2n+1+1|n = 1, 2, 3, ...}∪{2n+2−1|n =
1, 2, 3, ...}.

The state transition does not happen on CA with
1 state. Therefore, sequence generation algorithms on
CA with 2 states are lower bound. In addition, se-
quence {2n |n = 1, 2, 3, . . .} can not be generated by
a CA with 4 states in real-time. Therefore, the algo-
rithm shown in section 3.1 is lower bound.

5 Conclusions

We study a sequence generation problem on CA.
We showed that sequence {2n |n = 1, 2, 3, . . .} can be
generated in real-time by a CA with 3 states and
{n2 |n = 1, 2, 3, . . .} can be generated in real-time
by a CA with 4 states. Several state-efficient real-
time sequence generation algorithms for non-regular
sequences have been proposed.
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Abstract 

 

We have developed a system that allows a piano to 

perform automatically. To get the piano to play music in 

the manner of a live pianist, we must add expression to 

the piano’s performance. In the case of piano music, 

there are often 1000 or more notes in the score of even a 

short piece of music, and the automatic editor must 

spend a huge amount of time to accurately simulate the 

emotionally expressive performance of a highly skilled 

pianist. To shorten this editorial time, we have developed 

an interactive musical editing system to edit music more 

efficiently by utilizing a database. 

We have analyzed MIDI data regarding the 

performances of highly skilled pianists in order to 

observe the stylistic tendencies of their performances. 

We found that phrases having similar patterns in the 

same composition were performed in similar styles. 

Therefore, we developed a system that searches for 

similar phrases throughout the musical score and infers 

the style of their performance. Here, we propose a 

method using DP (Dynamic Programming) matching as 

a way to search for similar phrases and a method for 

inferring performance expression. 

Key words: automatic piano, knowledge database,  

computer music, DP matching 

 

1. Introduction 
 

We have developed a performance system for an 

automatic piano. In this system, 90 actuators are installed 

in the 88 keys and 2 pedals of a grand piano. Those 

actuators operate key strokes and pedaling to be executed 

on the piano. (See Figure 1) 

Reproducing music with the piano is similar in 

some ways to reproducing music on a computer. 

Essentially, variations in tempo, dynamics, and on the 

like are needed to arrange the respective tones in the 

desired way. However, in the case of piano music, there 

are 1000 or more notes in the score of even a short piece 

of music, and the automatic editor must spend an 

enormous amount of time working with the arrangement 

in order to simulate the expressions of an actual 

performance. To shorten this editorial time, we have 

developed an interactive musical editing system to edit 

music more efficiently
 [1]
. 

We have analyzed MIDI data regarding the 

performances of highly skilled pianists in order to 

observe the stylistic tendencies of their performances. 

We found that phrases having similar patterns in the 

same composition were performed in similar styles. 

Moreover, we found that the pattern of notes in the score 

sometimes influences the way the pianist expresses the 

music. 

We have developed a system that searches for 

similar phrases throughout a musical score and infers the 

style of the performance. We propose a method using DP 

matching as a way to search for similar phrases. This 

system converts notes into character strings, and it runs 

DP matching using character strings and calculates the 

degree of disagreement between these strings. We use 

these calculations as an index to determine whether the 

strings resemble each other. Moreover, we designed a 

method for inferring the performance expression of 

similar phrases found by DP matching. 

 In this paper, we describe the results of searching 

for similar phrases using DP matching and inferring 

performance expression.

Interactive musical editing system to support human errors and 

offer personal preferences for an automatic piano 

- Method of searching for similar phrases with DP matching and inferring performance expression- 
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Figure 1: View of the automatic piano 
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2. Musical Editing Support System 
 

2.1 System Architecture 

 

The structure of the system is shown in Figure 2. The 

user edits music via the user’s interface on the computer 

display. The user can also access a database that has 

musical grammar, the user’s preferences, and related 

topics. As a result, editorial work is reduced and efficient 

editing becomes possible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Format of Performance Information 

 

The parameters of performance information are 

shown in Tables 1 and 2. 

  The automatic piano that we have developed uses a 

music data structure that is similar to MIDI. We defined 

performance information, dividing it into two categories, 

the notes and the pedals.  

The note information is comprised of the six 

parameters involved in producing a tone: “Key (note)”, 

“Velo (velocity)”, “Gate”, “Step”, “Bar”, and “Time”. 

“Velo” is the dynamics, given by the value of 1～127. 

“Gate” is the duration of the note in milliseconds. “Step” 

is the interval of time until the next note, and it also 

exhibits tempo. “Bar” is the vertical line placed on the 

staff to divide the music into measures.  

The pedal information is comprised of four 

parameters: “Key (indicating the kind of pedal, 

“Damper” or “Shifting”)”, “Velo (the pedaling quantity)”, 

“Time (the duration for which the pedal is applied)”, and 

“Bar”. 

 

2.3 Editing Support Process with Databases 

 

Our system can automatically apply a rough version 

of performance expression using a Musical Rules 

Database and Score Database. (See Figure 2.2) 

In addition, this system has a Preference Database 

for storing away the editing characteristic of the user. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.1 Musical Rules Database 

 

  The Musical Rules Database contains the architecture 

of musical grammar necessary to interpret symbols in 

musical notation. This database is composed of five 

tables containing dynamics marks, articulation marks, 

symbols of changing dynamics or changing tempo 

(symbols that affect the speed of a note or the increase or 

decrease of the volume), time signature, and tempo 

marks. 

   Analyzing a music symbol according to its usage 

allows efficient information processing by the system. 

 

2.3.2 Score Database 

 

The Score Database has symbols including notes, 

time signatures, rests, and the like in standard musical 

notation. The symbols are pulled together in the order in 

which they occur within the bars, and the bar symbols 

are arranged in a time series. Performance expression in 

itself is only information such as pitch and strength, the 

length and is over only in the enumeration of the sound. 

Because the identification of each sound is difficult, 

editing of the performance expression is difficult. By 

adding information from the Score Database to 

performance expression, we can connect each note to the 

note(s) before and after it. In doing so it, it is easy to edit 

each phrase. 

This database consists of three tables, the element 

table (showing the position of the note and the 

composition of the chord), the symbol table (showing the 

position of the music symbol), and the “same” table 

(showing the position of the repetition of the phrase). 

The element table contains the field “Note Value”. 

Data in this field indicates the type of note, e.g., a quarter 

note, a triplet, and so on. “Note Value” is expressed by 

three hexadecimal numbers. The numbers of “Note 

Value” are shown in Figure 4.   

 

 

Figure 2.1 Structure of the editing system 

Figure 2.2: Automatic translation with database 
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3 Searching for Similar Phrases 
 

Through analysis, we found that phrases of the same 

pattern existing in the same tune are performed with 

similar expression. We used DP matching to search for 

similar phrases within a musical score.  

 

3.1 DP Matching 

 

DP matching is a technique that works well in the 

fields of speech recognition, bioinformatics, and other 

language fields. It has a feature that can calculate 

similarity between two words that are different in a 

number of characters from each other.  

In Figure 5, the route of minimum cost in each point 

is taken and the route with the lowest cost is assumed to 

be an optimal path finally. The cost at that time is defined 

as the distance between patterns. In this system, this 

distance is handled as a threshold to judge whether the 

phrases are similar to each other. For example, if the 

pointer moves up or to the right then the cost is increased 

by 1. If it moves to the upper right then the cost is not 

increased. And, if the characters do not correspond in 

each point then the cost is increased by 5. 

 

 

 

 

 

 

 

 

3.2 Searching with DP Matching 

 

To search with DP matching, we had to convert a 

musical score into character strings (with the series of 

strings known as a Note Pattern) before searching for 

similar phrases. This process is explained below. 
 

3.2.1 Note Pattern 

 

Our system converts a score into a Note Pattern 

using Note Value (see Figure 4) to perform DP matching. 

Of the three columns of Note Value, we used the two 

leftmost columns. The system replaces the second 

column with letters of the alphabet (from G) because a 

letter should not be the same as the first column with the 

second column since it expresses one note with two 

columns. An example of a Note Pattern conversion is 

shown in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

3.2.2 The Method of Searching 

 

The flow of the similar phrase search is shown in 

Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Essentially two rounds of search processing are 

performed. The first processing round narrows down the 

point that may be the point of resemblance in all search 

① Note or Rest (0: Note, 1: Rest) 
② Note Value (000: A whole note, 001: A half note …etc) 
③ Tie (If the note has a tie then this number is 1.) 
④ Ornament  

(If the note has an ornament then this number is 1.) 
⑤ The number of dots  

(Exceptionally, if it is “11” then the note is tuplet.） 
⑥ Additional Information 

The number of tuplets. (Triplets: 0011) 
The type of an ornament. (Trill: 0101）         etc… 

Figure 4: Note Value 

Figure 3.2 Example of a Note 

Figure3.1 DP matching 
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Figure 3.3 The flow of the similar phrase search 

(Search range and expand range are set beforehand.) 
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ranges. A pattern of the same number as the search 

phrase is pulled out, and the distance between two 

patterns is calculated using DP matching. If they are in 

complete accord (distance = 0), then the phrase is stored 

in the “same” table. If the distance is lower than the 

threshold then the phrase is stored in the temporary table. 

In the second round of processing, DP matching is 

performed again using the phrases in the temporary table 

while increasing the number of characters. In other 

words, the system looks for the most similar phrases in 

the surrounding phrase. The threshold of this system has 

been decided by trial and error. 

 

4 Inferring Phrase Expression System 
 

The performance expression of similar phrases 

identified by the method described in Section 3 is 

inferred using the expression of the performance of the 

search phrase.  

 
4.1 Method of inferring phrase expression 

 

The correspondence of the note patterns is revealed 

when the distance is minimized in DP matching. Next, 

the ratio of Velo to the previous sound is calculated in 

each sound of the searching phrase. Velo of the 

associated phrase is inferred using a ratio,
iR , as follows: 

 

   

 

V is the Velo of each search phrase. W, which is the 

Velo of a  similar phrase, is calculated in R as follows: 

 

 

 

Thus, the Velo of a similar phrase is inferred. The 

value of Time uses the value decided by Automatic 

translation (see Section 2.3).  

 

4.2 Searching & Inference Result 
 

The result of the searching and inference using this 

inference system is shown in Figure 4. The phrase of the 

seventh bar of Beethoven’s Sonata No. 8 was inferred 

from the first bar, which Gerhard Oppitz performed. The 

figure shows the reasoning result of the phrase that has 

distance = 0 , 20 from the search phrase. The inferred 

phrase was similar to the expression of the performance 

of the search phrase. 

In addition, even the phrase which distance leaves, 

we understand that the reasoning that resembled closely 

to some extent is made. 

 
 

 
 
 
 
 
 
 
 
 
 
 
                          Figure 4  Searching & Inference Result 
 
5 Conclusion 
 

We designed a method of searching for similar 

phrases and inferring the performance expression using 

DP matching and combined these into one system. 

In the similar phrase search, the system was able to 

search for similar phrases using DP matching in a short 

time, and it was even possible to search for phrases 

whose resemblance might not be immediately apparent. 

In the inference of the performance expression, the 

system was able to infer the performance by using the 

best association based on DP matching.  

The performance expression of some similar 

phrases that exist in the tune can be inferred at the same 

time using this system. The work efficiency increases by 

this automatic editing in contrast to editing the piece by 

hand from the beginning, without sacrificing quality. 

  In this study, We were able to perform only a similar 

phrase search and the reasoning of the performance 

expression in the same music. We will perform the 

reasoning with different music and will evaluate the 

existing system in the future. 
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Abstract

We consider how permselectivity as a function of
the membrane is related to the cell evolution with an
abstract proto-cell model. We construct an autopoi-
etic proto-cell model having primitive auto-catalytic
reaction cycle inside. In this model, several primi-
tive membrane substances are assumed to be produced
from the reaction cycle and the membrane is assumed
to have a permeability to specific chemical species.
We show that the permselectivity of the membrane
induces the diversification of the cell volume. We dis-
cuss how the diversification of the cells is related to
the Darwinian evolution.

1 Introduction

Recently there has been taken into account the pre-
biotic evolution based on membrane. In particular,
Ségre proposed ‘Lipid world hypothesis’ in 2001[3]. In
this hypothesis not one molecule but an aggregate of
amphiphilic molecules can reproduce itself without a
molecule which has genetic information and can evolve
on the prebiotic earth. It should be, however, consid-
ered what will happen after the reaction which can
produce membrane substances is separated from the
environment. In particular, it is important to make
sure whether the Darwinian evolution of the reaction
cycle can occur or not and to elucidate the relation
between the Darwinian evolution and the membrane
functions.

The following three conditions is necessary for the
Darwinian evolution[1].

1. Variation: There are differences among individu-
als.

2. Inheritance: The differences can be taken over to
the descendant.

3. Selection: The differences influence the reproduc-
tion rate and the survival rate of the individuals.

The livings which fit an environment remain if these
conditions above are met.

In the prebiotic condition, a proto-cell seems to be
able to satify the conditions for inheritance and selec-
ton. If a proto-cell is divided into two ones, the prop-
erties of the proto-cell can be inherited into the daugh-
ter proto-cells, and the proto-cells which have higher
reproduction rate can be selected. It is, however, dif-
ficult to consider how the variation of proto-cells is
generated and maintained without genetic molecules
in the prebiotic condition.

We claim that the variation of proto-cells can be
generated and maintained if a membrane function is
taken into account. The membrane permselectivity
which allows certain substances to permeate the proto-
cell membrane can construct a specific internal con-
dition and this effect may cause the variation of the
reproduction and survival rate.

The purpose of this study is to answer the following
question. How can the diversification of a proto-cell
occur by membrane permselectivity?

2 Proto-Cell Model

We consider a simple proto-cell model which satis-
fies the following conditions.

1. It has an auto-catalytic reaction system inside.

2. Membrane substances are produced from the
auto-catalytic reaction.

3. Membrane substances are self-assembled into a
semipermeable membrane which separates the in-
ternal auto-catalytic reaction from the external
environment.

The image of proto-cell model is shown in Figure 1. In
the reaction k kinds of chemical species, X1, . . . ,Xk,
react auto-catalytically and some membrane sub-
stances, Mi, are produced from some of cheical species
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Figure 1: The image of proto-cell model. k kinds
of chemical species react auto-catalytically and some
membrane substances are produced from some of
chemical species in the auto-catalytic reaction cycle.
The numbers in the figure are the chemical species re-
acting auto-catalytically and ‘M’ means a membrane
substance. The thick solid lines are the directions of
reaction, the dashed lines indicate the catalyzed reac-
tions, and the circular dotted line means the semiper-
meable membrane which separates internal and exter-
nal condition. The thin solid lines across the circular
dotted line indicate the permeation of the chemical
species.

in the auto-catalytic reaction cycle as follows.

Xi + Xi+1 → 2Xi+1 (i = 1, . . . , k; Xk+1 ≡ X1)(1)
Mj ↔ Xj (j ∈ {1, . . . , k}) (2)

In Figure 1, the number of reaction chemical species
is k = 4 and memrane substances are produced from
X3 and X4 (j = 3, 4).

We assume the following conditions.

• Inside of the cell is well-mixed and the concentra-
tions of all chemical species are even in the cell.

• The volume of the cell, V , is proportional to the
amount of membrane substances.

• The molecules permeate and diffuse through the
membrane with the diffusion coefficient Di for the
ith chemical species.

We use a stochastic method for calculating all
the reaction processes and consider the number of
molecules discretely. The effects of the discreteness

of molecules and the smallness of the number of
molecules should be considerd in the actual cell[4].

We use Gillespie’s Direct Method[2]. The Proba-
bility of each reaction is calculated as the following
equation,

PRi = rixixi+1V =
riNiNi+1

V
, (3)

where ri is the reaction rate constant, V is the volume
of the cell, and Ni is the number of chemical species.
The probability of reaction of producing membrane
substances is calculated from the Equation 4.

PCi = cixiV = ciNi, (4)

where ci is the reaction rate constant of producing
membrane substances. And the probability of reverse
reaction is caclulated from Equation 5.

PBi = bimiV = biZi, (5)

where bi is the rate constant of the reverse reaction,
mi and Zi are the concentration and the number of
membrane substances, Mi, respectively. The proba-
bility of efflux of chemical species from inside of the
cell into the external envronment is calculated from
Equation 6.

POi = DixiV = DiNi, (6)

where Di is the diffusion coefficient of efflux of chemi-
cal species, Xi. On the other hand, the probability of
influx of chemical species is calculated from

PIi = DisiV, (7)

where si is the concentration of the ith chemical
species in the external environment.

3 Results

The simulation parameters in all the simulations
are set up as follows.

• The number of chemical species k = 4.

• All the reaction rate constants ri = 0.1 (i =
1, . . . , 4).

• Membrane substances are only produced from X3

and X4. Namely, there are two membrane sub-
stances, M3, M4.

• The reaction rate constants of membrane produc-
ing and reverse are cj = bj = 0.01 (j = 3, 4).

• Every initial number of molecules are N1 = N2 =
N3 = N4 = Z3 = Z4 = 100.
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3.1 Basic properties

Firgure 2(a)(b) show examples of the typical phe-
nomena of each molecule without permselectivity in
this model. Figure 2(a) shows the time-series of the
number of chemical species when the diffusion coef-
ficient Di = 0.001 (i = 1, . . . , 4) in each molecule,
and Figure 2(b) when Di = 0.0001 (i = 1, . . . , 4). In
the case of higher diffusion coefficient, the number of
molecules oscillates. On the other hand, when the dif-
fusion coefficient is lower, only X1 and X3 oscillate and
X2 and X4 are mostly zero after Time = 20000. The
opposite case, namely X2 and X4 oscillate and X1 and
X3 are mostly zero, can occur with the same proba-
bility. The cell volume is almost constant all through
the time without permselectivity irrespective of the
diffusion coefficient.
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Figure 2: The time-series behavior of the number of
molecules in a cell without permselectivity. (a) Dif-
fusion coefficient Di = 0.001, (b) Di = 0.0001 for all
i.
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Figure 3: Examples of cell volume change as a function
of time with permselectivity pattern.

3.2 Diversification driven by permselec-
tivity

When each chemical species has a different per-
meability, the volume changes as a function of time.
The time-series of cell volume are exemplified in Fig-
ure 3. In this figure ‘Permselect:p1p2p3p4’ desig-
nates the permselectivity pattern of membrane for
each chemical species. pi = 1 means high permeabil-
ity Di = 0.001, and pi = 0 means low permeability
Di = 0.0001. For example, ‘Permselect:1000’ means
D1 = 0.001, D2 = D3 = D4 = 0.0001. As shown
in the previous subsection, in the case of no permse-
lectivity, ‘Permselect:0000’, the cell volume is almost
constant all through the time. This is shown by the
thin solid line in Figure 3. The cell volume is increas-
ing as shown by the thin dashed line in Figure 3 in the
case that only D1 and D2 are high value. The cell vol-
ume changes with big fluctuation when D1, D2, and
D3 are high(thick solid line in Figure 3). The low value
of only D1 makes the cell volume tend to decay and
terminate the reaction finally. This is shown by the
thick solid line in Figure 3. Note that these results
do not necessarily mean that the same trajectories are
realized every time, because these simulations are cal-
culated stochastically.

Figure 4 shows the standard deviation of cell vol-
ume as a function of time for some representative
permselectivity patterns. Note that the value is the
standard deviation of one hundred simulations with
different random seeds in each permselectivity pat-
tern. The patterns are classified into three groups.
First, the value of standard deviation is under 100 at
Time = 100, 000. Second, the value of standard de-
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Figure 4: Standard deviation of cell volume as a func-
tion of time for each permselectivity pattern.

Table 1: Class of permselectivity
Class Pattern

1 0000
2 1000, 0100, 0010, 0001
3 1010, 0101
4 1100, 0110, 0011, 1001
5 1110, 1101, 1011, 0111
6 1111

viation goes over 200 at Time = 100, 000. Last, the
value increases over 400 once but decreases drastically
at Time = 70, 000 around. The differences of cell vol-
umes can occur despite that the reaction and the other
conditions are totally the same.

We define the rate of standard deviation change of
cell volume as the rate of diversification, because we
can think that the reproduction rate and the survival
rate depend on the cell volume. The rate of diver-
sification in each permselectivity class are shown in
Figure 5. The class of permselectivity is summerized
in Table 1 from the view of symmetrical property of
permselectivity. The way to indicate permselectivity
in Table 1 is the same as ‘Permselect:p1p2p3p4’ in Fig-
ure 4. The class 1 and 6 show the rate of diversification
without permselectivity. The class 2 and 3 show much
higher value than the others, but the standard devia-
tions of cell volume decay halfway through the time in
these classes as shown in Figure 4(‘Permselect:0100’).
The class 5 has the next higher value. Averagely the
rates of diversification with permselectivity are higher
than without permselectivity.
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Figure 5: The rate of diversification in each class.The
‘Pattern’ in Table 1 means permselectivity pattern.

4 Conclusion

We construct a simple autopoietic proto-cell model
in which auto-catalytic reactions produce membrane
substances, and consider how the membrane permse-
lectivity influences the proto-cell diversification. The
simulation results of this model show that the permse-
lectivity of membrane can induce the diversification of
the proto-cell volume. This indicates that the repro-
duction and survival rate of proto-cells can also diver-
sify by the membrane permselectivity if the reproduc-
tion and survival rate are assumed to depend on the
cell volume even though the internal reaction system
does not change. It is, however, not directly simulated
how the diversification is related to the Darwinian evo-
lution yet. We should do the numerical experiment to
prove that the variation of proto-cells is generated and
maintained by the membrane permselectivity and the
proto-cells can evolve by the Darwinian evolution.
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Abstract 
 

  Recent advances in technologies such as DNA 

microarrays have provided a mass of gene 

expression data on the genomic scale. One of the 

most important projects in post-genome-era is the 

systemic identification of gene expression 

networks. However, inferring internal gene 

expression structure from experimentally 

observed time-series data is an inverse problem. 

We have therefore developed a system for 

inferring network candidates based on 

experimental observations. Moreover, we have 

proposed an analytical method for extracting 

common core binomial genetic interactions from 

among various network candidates. Common core 

binomial genetic interactions are reliable 

interactions and are important in understanding 

the dynamic behavior of gene expression network. 

Here, we discuss an efficient method for inferring 

genetic interactions that combines a Step-by-step 

strategy [1] with an analytical method for 

extracting common core binomial genetic 

interactions. 

 

keywords: inverse problem, S-system formalism, 

gene expression network, system identification. 

 

1   Introduction 
 
  The expression profiles of hundreds of 

thousands of genes can be measured 

simultaneously on a genomic scale using recent 

technologies such as DNA microarrays and DNA 

chips. These data depend on environmental 

conditions and are typically obtained as snapshots, 

but can be generated as dense time-series that 

indicate dynamic behavior. Experimentally 

observed time-course data contain enormous 

amounts of information regarding the regulation 

of genetic networks in vivo. However, as this 

information is entirely implicit, it requires 

adequate analytical and computational methods 

for retrieval and interpretation. This aspect of 

genetic networks based on the experimentally 

observed time-course data is generally referred to 

as an “inverse problem” and can be defined as 

function optimization of parameters involved in a 

suitable model-representation of the genetic 

network. In other words, system parameter values 
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must be estimated in a model that can realize the 

given experimentally observed time-course data. 

 The key points in solving such inverse 

problems are setting up canonical representations 

of mathematical modeling for genetic networks 

and exploring and exploiting parameter values 

within vast search space. We initially proposed a 

novel inferring method for genetic networks by 

combining a dynamic network model called 

S-system [2] with a computational technique for 

parameter estimation based on simple genetic 

algorithms [3][4]. S-system is suitable for 

conceptual modeling and describing 

organizationally complex systems involving 

looping or cyclic interactions between system 

components, such as metabolic pathways and 

gene expression networks. The value of 

interrelated coefficients in the above formalism is 

directly or indirectly related to the regulation 

mechanism in the modeled network, and the 

inferred network structure resulting from the 

estimation of parameters is one of the better 

candidates for genetic network structure. Genetic 

networks described by S-system formalism are 

suitable for systematic analysis because the 

dynamic behavior of the network can be obtained 

by numerical simulation. S-system formalism, 

however, has a major disadvantage in that this 

formalism includes a large number of parameters 

that must be estimated; the number of estimated 

parameters is 2n(n+1) (where n is the number of 

system components). 

 Simple genetic algorithm (SGA) is a 

well-known heuristic optimizer of such large 

numbers of parameters. However, SGA has two 

intrinsic problems; early convergence in the first 

stage of the search, and evolutionary stagnation in 

the last stage of the search. Real-coded genetic 

algorithms (RCGAs) have recently attracted 

attention as alternative numerical optimizing 

methods to SGA. One of the crossover operators 

for RCGAs, known as unimodal normal 

distribution crossover (UNDX), has shown good 

performance in optimizing various functions, 

including multi-modal functions, and benchmark 

functions with epistasis among the parameters [5]. 

Furthermore, Sato et al. proposed a new 

generation-alternation model, known as minimal 

generation gap (MGG), to avoid early 

convergence in the first stage and to suppress 

evolutionary stagnation in the last stage [6]. 

 Using S-system modeling and RCGAs, with a 

combination of UNDX and MGG, we proposed 

efficient procedures for inferring genetic 

interactions based on experimentally observed 

time-course data sets of system components 

(mRNA) [7][8][9]. We were able to obtain 

numerous network candidates for gene expression 

based on experimental observations; however, the 

structure of these candidate networks differs from 

one another. Therefore, we proposed an efficient 

analytical method for extracting useful and 

reliable information from various network 

candidates. Here, we describe an analysis method 

for extracting common core binomial genetic 

interactions, and the combination of this method 

with the efficient network inferring engine called 

Step-by-step strategy [1][10]. 

 

2     Method for System Identification 

 
2. 1   S-system formalism 

 
  S-system is suitable for dealing with gene 

expression network structures. It can sufficiently 

represent the structure of organizationally 

complex systems to capture the essence of 

experimentally observed response: 

( )niXX
dt

dX n

j

h

ji

n

j

g

ji
i ijij ,,2,1

11

K=−= ∏∏
==

βα   (1) 

where, n is the number of system components 

(genes) in the network, Xi is the gene expression 

quantity, αi and βi are apparent rate constants, and 

gij and hij are interrelated coefficients between Xis. 

The first term on the right hand side of Eq. (1) 

corresponds to the synthetic process of Xi, and the 

second term expresses the degradation process of 

Xi. The value of gij and hij determine the structure 

of interactions between Xi and Xj; gij(hij) express 

the interactive effects of Xj to the synthetic 

process (degradation process) of Xi. If gij(hij) is 

positive, gene Xj induces a synthetic process 

(degradation process) in gene Xi. On the other 

hand, if gij(hij) is negative, gene Xj suppresses the 

synthetic process (degradation process) of gene Xi. 

If the value of gij(hij) is zero, there are no effects 

of gene Xj on the synthetic process (degradation 

process) of gene Xi. The gene expression network 

can be inferred by estimating αi, βi, gij and hij in 

the S-system formula. The S-system formalism 

has, however, a major disadvantage in that this 

formula includes a large number of estimated 

parameters, 2n(n+1). To overcome this 

disadvantage, we used RCGAs to estimate these 

parameters. 

 

2. 2   Real-coded Genetic Algorithms 

 
 Because the S-system is a formalism of 

ordinary nonlinear differential equations, the 

system can easily be solved numerically by using 

numerical calculation programs customized 

specifically for this structure [11]. However, 

when an adequate time-course of relevant state 

variables is given, the set of parameter values αi, 

βi, gij, and hij, in many cases, will not be uniquely 

determined, as it is highly possible that other sets 

of parameter values will also show a similar 

time-course. Therefore, even if one set of 

parameter values that explain the observed 

time-course is obtained, this set is still one of the 

best candidates to explain the observed 

time-courses. Our strategy is to explore and 

exploit these candidates within the immense 

searching space of parameter values. In this 

problem, each set of parameter values to be 

estimated is evaluated using the following 

procedure: Suppose that 
cal

,, tidX  is the 
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numerically calculated time-course ant 
time t of state variable Xi in the d-th. data 

set and that 
exp

,, tidX  represents the 

experimentally observed time-course at 
time t of Xi in the d-th. data set. The sum of 
the square values of the relative error 

between 
cal

,, tidX  and 
exp

,, tidX  gives the total 

relative error E; 
2

1 1 1
exp

,,
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,,∑∑∑
= = =
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t tid
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where, D is the total number of data sets 
experimentally observed under different 
experimental conditions, such as gene 
disruption, N is the total number of 
experimentally observed state variables, 
and T is the total number of sampling 
points over time in one experimental 
condition. 
 The computational task is to determine 
a set of parameter values that minimizes 
the objective function E. We have developed 
an efficient computational technique based 
on RCGAs as a nonlinear numerical 
optimization method that is much less 
likely to be stranded in local minima. This 
technique is based on the combination of 
UNDX [5], with the alternation of the MGG 
model [6]. To find the skeletal structure 
(small-size system) of the S-system 
formalism that explain the experimentally 
observed response, some parameters (gij 
and hij), the absolute values of which are 
less than a given threshold value, are 
removed (reset to zero) during optimization 
procedure [9]. We also restricted the 
number of interactions to each synthesis or 
degradation process of each gene. We 
previously developed a genetic inferring 
system implementing RCGAs in a grid 
computing network [12]. 
 
2. 3   Step-by-step Strategy 

 
 System identification using S-system 

formalism is not suitable for large-scale genetic 

networks without an efficient numerical 

optimization method, as the number of estimated 

parameters increases with O(n
2
). To overcome 

this problem, we introduced the Step-by-step 

strategy. This strategy can be summarized as 

follows; 

1. Focuses on one temporal profile of gene 

expression (i), and other temporal profiles are 

treated as known and fixed data. 

2. Estimates the interrelated parameter values for 

gene (i). 

3. Repeats the above procedure (n-1) times. 

 

 

2. 4    Extracting Common Core 

Binomial Genetic Interactions 

 
 In the S-system model, interrelated 

coefficients show interactions such as activation, 

inhibition or no relationship. The common core 

binomial genetic interactions are defined by the 

corresponding binomial interactions, the sign of 

which are the same among all network candidates 

of inferred under the same parameter optimizing 

conditions. Contradicted interactions among 

inferred network candidates are extracted as 

having no relationship in common core binomial 

genetic interactions. The common core binomial 

genetic interactions represent relationships 

between two genes; however these interactions do 

not have information on strength. Therefore, in 

the collection of common core binomial genetic 

interactions obtained by the proposed method, we 

are not able to obtain dynamic behavior by 

numerical simulation. We previously confirmed 

that the sensitivities for common core binomial 

genetic interactions are significantly larger than 

those for other unique interactions [13]. As 

interactions having high sensitivity contributes to 

accurately identifying gene expression networks 

among experimental time-course data, these 

interactions appear to be rigid and essential to 

organizationally complex systems. 

 

2. 5   Evaluation of Extracted Common 

Core Binomial Genetic Interactions 

 
 We defined the correctness ratio (CR) and 

reproduction ratio (RR) for evaluating inferred 

gene expression network candidates and extracted 

common core binomial genetic interactions. The 

CR is defined as follows: 
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∑
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where, TPi is the number of true-positive 

interactions in i-th network candidate, FPi is the 

number of false-positive interactions in i-th 

network candidate, and n is the number of 

inferred network candidates. The value of CR 

shows the inferring accuracy of gene expression 

network candidates or extracted common core 

binomial genetic interactions under investigation. 

We also defined RR, which indicates the inferring 

efficiency of network candidates or common core 

binomial genetic interactions as follows; 
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where, FNi is the number of false-negative 

interactions in i-th network candidate. Both CR 
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and RR values are between 0.0 and 1.0, and the 

best values of CR and RR are 1.0. 

 

3     Case Study 

 
 We prepared an artificial gene expression 

network model containing 30 genes, as shown in 

Fig. 1. Subsequently, we calculated time-course 

data sets, which were considered to be 

experimental observations. We prepared 31 

time-course data sets for wild-type and one 

gene-disrupted strains under the following 

conditions; the number of sampling points in each 

time-course data set is 70, the initial value for all 

genes is 0.25. We applied the Step-by-step 

strategy to infer genetic interactions based on the 

31 time-course data sets. The optimizing 

conditions were follows: 

� Crossover Operator: UNDX 

� Generation-alternation model: MGG 

� Error allowance on RCGAs: 3%, 5%, 7%, 

10%, 20%, and 30% 

� Threshold for obtaining skeletal structure of 

gene expression network: 0.05 

� Restricted number of interactions to synthesis 

or degradation process of each gene: 3 

 

  We initially inferred 30 network candidates 

(30 trials) in each step of the Step-by-step strategy. 

As shown in procedure 1 and 2 in Fig. 2, we 

extracted common core binomial genetic 

interactions for each step from the 30 inferred 

network candidates. In the next step, combining 

and determining the totals for all common core 

binomial genetic interactions in each step, we 

obtained a collection of interactions that included 

all genes in the model network (procedure 3 in 

Fig. 1 Network model containing 30 genes. We 

set hii which represents the interrelated coefficient 

for self-degradation, at 1.0 and set hij at 0. The 

values accompanying arrows show the value of gij. 

The number of estimated interactions is 38. 

…

time-course data sets

Extracted common core binomial 

genetic interactions for gene i

…

Repeat this procedure related to 

gene 1 to gene 30

…

3. Combine and sum up all common 

core binomial interactions.
Extracted common core binomial 

genetic interactions

…

1 2 3 4

5 6 7 8

9 10 11 12 13

14 15 16 17

19 20 21 2218 23

24 25 26

27 28 29

30

1. Infer network candidates for 

gene i by using Step-by-step 

strategy.

2. Extract common core binomial 

genetic interactions for gene i

from network candidates.

Fig. 2 Combination of Step-by-step strategy and analysis procedure for extracting common core 

binomial genetic interactions. 
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Fig. 2). As the number of trials for each step in 

the Step-by-step strategy was 30, the total 

inferring frequency in 30 steps is 900.  
 

4     Results 
 
  The results of inference and extraction of 

common core binomial genetic interactions are 

shown in Table 1. With 3% and 5% error 

allowance on RCGAs, as the numbers of 

true-positive interactions are the same as that of 

inferred interactions, we were able to extract all 

interactions in the model network shown in Fig. 1 
as common core binomial genetic interactions 

without including false-positive interactions. 

Under these optimizing conditions, both the CR 

and RR are 1.0. When the error allowance on 

RCGAs was 5% or more, we obtained some 

false-positive interactions, which are shown in 

parenthesis in Table 1. All of these false-positive 
interactions represent suppression of the own 

synthesis process (gii < 0). These interactions play 

the same role as activation of self-degradation (hii 

> 0), which was set to all genes in the model 

network (see Fig. 1 : hii = 1, hij = 0 (i ≠ 0)). 

Therefore, we ignored these interactions in 

subsequent analysis. The RR, which indicates 

inferring efficiency, decreased with error 

allowance on RCGAs; however, the CR, which 

indicates inferring accuracy, was extremely high 

(there were no false-positive interactions) under 

all parameter optimizing conditions. 

 

4.1   Changing the number of given 

time-series 

 
  Subsequently, in order to study the accuracy 

and efficiency of our proposed network inferring 

method with experimentally observed time-course 

data sets, we attempted to infer gene expression 

network candidates by changing the number of 

time-series from 3 to 25. We then extracted 

common core binomial genetic interactions from 

the network candidates inferred from the same 

time-course data sets. We applied the Step-by-step 

strategy to infer network candidates with a less 

than 10% error allowance on RCGAs. The 

number of trials for each step in Step-by-step 

strategy was 30. We made 5 attempts to infer 

network candidates while changing the 

combination of randomly selected time-series in 

the one gene disrupted strain. The RR and CR of 

the extracted common core binomial genetic 

interactions for each step of the Step-by-step 

strategy are shown in Fig. 4. In Fig. 4, the RR 
increased with the number of given time-course 

data sets. We were able to extract correct 

interactions almost perfectly as common core 

binomial genetic interactions when we used more 

than 15 time-series, which is half the number of 

genes in the target network. 

 

5     Conclusion 
 
  We proposed a reliable analyzing procedure 

for extracting common core binomial genetic 

interactions from all inferred network candidates 

of gene expression. Using an artificial network 

Wild Type

…

30 time-series of 

1 gene disrupted strain

…

Randomly select 

2 to 24 time-series

Fig. Fig. Fig. Fig. 3333    Changing the number of timeChanging the number of timeChanging the number of timeChanging the number of time----seseseseries.ries.ries.ries.    

Error allowance on RCGAs 3% 5% 7% 10% 20% 30%
Number of inferred interactions 38 53 53 56 54 48
Number of true-positive interactions 38 38 35 34 25 20
Number of false-positive interactions 0 0(15)* 0(18)* 0(22)* 0(29)* 0(28)*
Number of false-negative interactions 0 0 3 4 13 18
Correctness Ratio 1.0 1.0 1.0 1.0 1.0 1.0
Reproduction Ratio 1.0 1.0 0.92 0.89 0.66 0.53
*The number in the parentheses shows the number of interactions which represents the suppression of self-
synthesis (negative value of g ii )

Table 1 Results for 30-gene network inference. 
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model including 30 genes, we examined the 

accuracy and efficiency of our proposed method, 

which combines the network inferred engine 

known as Step-by-step Strategy with analysis by 

extracting common core binomial genetic 

interactions. Efficiency decreases with error 

allowance on RCGAs; however, the accuracy is 

extremely high under all parameter optimizing 

conditions. To examine the inferring accuracy and 

efficiency of our proposed method with small 

numbers of experimental data, we attempted to 

extract common core binomial genetic 

interactions with a changing number of 

time-series. We were able to extract correct 

interactions almost perfectly when we used more 

than 15 time-series, including 14 time-series from 

the one gene disrupted strain; however, the 

inferring accuracy in cases with small numbers of 

experimental observations can sometimes be very 

low. 

  We obtained reliable, rigid and essential 

interactions by extracting common core binomial 

genetic interactions; however, we cannot simulate 

or systematically analyze the dynamic behavior of 

genetic networks because common core binomial 

genetic interactions contain only information on 

interactions between genes. In the future, we plan 

to discuss method to reproduce networks that can 

be simulated numerically by using common core 

binomial genetic interactions. Furthermore, we 

will revise our efficient and reliable analysis 

algorithms, as well as the experimental design. 
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Abstract 

 
  Functional Near-Infrared Spectroscope (fNIRs) is one 
of the latest technologies which utilize light in the 
near-infrared range to determine brain activities. 
Near-infrared technology allows design of safe, portable, 
wearable, non-invasive and wireless qualities monitoring 
systems. This indicates that fNIRs signal monitoring of 
brain hemodynamics can be value in helping to 
understand brain tasks. In this paper, we present results 
of fNIRs signal analysis to show that there exist distinct 
patterns of hemodynamic responses which recognize 
brain tasks toward developing a Brain-Computer 
interface. We applied Higuchi’s fractal dimension 
algorithms to analyse irregular and complex 
characteristics of fNIRs signals, and then Wavelets 
transform is used to analysis for preprocessing as signal 
filters and feature extractions and Neural networks is a 
module for cognition brain tasks. Throughout two 
experiments, we have demonstrated the feasibility of 
fNIRs analysis to recognize human brain activities. 
 
Keywords: functional near infrared spectroscope (fNIRs), 
brain-computer interface (BCI), wavelets, neural 
networks, brain activity, neuroimaging 

 
1   Introduction 
 

  In recent years, functional near-infrared spectroscopy 
(fNIRs) has been introduced as a new neuroimaging 
modality with which to conduct functional brain-imaging 
studies. fNIRs technology uses specific wavelengths of 
light, introduced at the scalp, to enable the noninvasive 
measurement of changes in the relative ratios of 
deoxygenated hemoglobin (deoxy-Hb) and oxygenated 
hemoglobin (oxy-Hb) during brain activity. Wireless 
fNIRs system consists of personal digital assistant (PDA) 
software controlling the sensor circuitry, reading, saving, 
and sending the data via a wireless network. This 
technology allows the design of portable, safe, affordable, 
noninvasive, and minimally intrusive monitoring systems 
[1]. 
For such advanced features, fNIRs signal processing 

really becomes an attractive field for computational 
science. In [3], M. Izzetoglu and et.al. investigated 
canceling motion artifact noise from fNISs signals by 
Wiener filter. The authors indicated that the noise 
including in fNIRs is an important limitation on the use 
of optical data in these applications. Motion artifact can 
cause the NIR detectors to shift and lose contact with the 
skin, exposing them to either ambient light or to light 
emitted directly from the NIR sources or reflected from 
the skin, rather than being reflected from tissue in 
regions of interest. Another noise can cause the blood to 
move toward (or away from) the area that is being 
monitored, increasing (or decreasing) the amount of 
oxygen, hence result in an increase (or decrease) in the 
measured data. Hence, canceling noise from fNIRs 
signals is one of necessary tasks in order to use fNIRs as 
a brain monitoring technology in its full potential to 
many real life application areas. In [4], M. Izzetoglu and 
el.al. presented statistical analysis of fNIRs signals for 
the purpose of cognitive state assessment while the user 
performs a complex task. The results indicated that the 
rate of change in blood oxygenation of fNIRs signals was 
significantly sensitive to task load changes and correlated 
fairly well with performance variables.  In [5] [6], S. 
Fantini and et.al. describe a specific frequency-domain 
instrument for near-infrared spectroscopy and imaging of 
tissues proven that the hemodynamic changes monitored 
with NIR spectroscopy correlate with the activation state 
of the  cortex in response to a stimulus. They 
investigated the possibility of combining phase and 
average intensity data in fNIRs frequency-domain 
imaging of the brain activation presenting different 
spatial/temporal features.   
In this work, we consider fNIRs signals and analyze 
irregular and complex characteristics by Higuchi fractal 
dimension algorithms. This method was successfully 
applied for EEG bio-signal processing in [8], [9]. Fractal 
dimension values along period of time sever as 
meaningful characteristics of studied bio-signals. With 
obtained experiment results, fractal dimensions of fNIRs 
signals can not clearly indicate information of brain 
activities. Therefore, we proposes Wavelet-Neuron 
model to recognize brain activities through fNIRs signals. 
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Wavelet transform became the foundation for the most 
popular techniques for signal analysis and representation 
in a wide range of applications. Wavelets processing play 
a role of extraction algorithm to draw features of fNIRs 
signals and to filter high frequency noises. Extracted 
features are inputs of neural networks to classify brain 
tasks. Neural networks are very powerful tools for 
pattern recognition. The neural network used wavelets 
coefficients as its inputs and brain activities are depicted 
by outputs. The paper is organized as follows: In section 
2, the mathematics basic models are set up including 
Higuchi’s fractal dimension algorithm, Wavelet 
transform, and Neural Network model. In section 3, 
fNIRs data acquisition is described including instruments 
and 2 experiments. Section 4 shows results and 
discussion. Section 5 is conclusion. 

 
2  Methods 
 

Higuchi’s algorithm shown in [10] performs fractal 
dimension of a time series directly in the time domain. 
Its principle is based on a measure of length, L(k), of the 
curve that represents the considered time series while 
using a segment of k samples as a unit. If L(k) scales like  

fDk)k(L −≈    (1) 
Fractal dimension, Df, equals 1 for a simple curve and 
equals 2 for a curve which nearly fills out the whole 
plane. Df measures complexity and irregular 
characteristics of time series signals. 
From [11], the wavelets transform of a signal s is the 
family C(a,b), which depends on two indices a and b. C 
represents how closely correlated the wavelet is with this 
section of the signal. The higher C is, the more the 
similarity. More precisely, if the signal energy and the 
wavelet energy are equal to one, C may be interpreted as 
a correlation coefficient. The set to which a and b 
belong: 

∫
−

ψ=
R

dt)
a

bt(
a

1)t(s)b,a(C
   (4) 

Where:  
a=2j , b=k.2j , (j,k) ∈ Z2  
ψ is wavelet functions 
a is scale of wavelets functions 
b is position of wavelets functions on the signal s. 
The main aim of this paper is recognition and 
classification fNIRs signals corresponding to brain 
activities.  After testing for non-linear in fNIRs signal 
by Higuchi fractal dimension and feature extracting by 
wavelet transforms, neural networks are very powerful 
tools for classification or pattern recognition shown in 
[11]. Informative features are extracted from the 
coefficients computed with the wavelets transform and 
used as inputs for classification.  
As usual, the back propagation training is based on the 
minimization of the following quadratic cost function: 

∑ −=
=

N

1n

2
nn )dy(

2
1E

   (12) 
Where: 
N is number of patterns. 
yn is output of network 
dn is desired output.  
 

3  fNIRs data acquisition 
 
We used a multichannel fNIRs instrument, OMM-3000 
from Shimadzu Corporation, Japan, for acquiring 
oxygenated hemoglobin and deoxygenated hemoglobin 
concentration changes. The system operated at three 
different wavelengths of 780 nm, 805 nm and 830 nm, 
emitting an average power of 3 mW.mm−2. The 
illuminator and detector optodes were placed on the 
scalp. The detector optodes were fixed at a distance of 3 
cm from the illuminator optodes. The optodes were 
arranged above the hemisphere on the subject's head. 
Near-infrared rays leave each illuminator, pass through 
the skull and the brain tissue of the cortex and are 
received by the detector optodes. The photomultiplier 
cycles through all the illuminator–detector pairings to 
acquire data at every sampling period. The data were 
digitized by the 16-bit analog to digital converter. 
Because oxygenated and deoxygenated hemoglobin have 
characteristic optical properties in the visible and 
near-infrared light range, the change in concentration of 
these molecules during neurovascular coupling can be 
measured using optical methods By measuring 
absorption changes at two (or more) wavelengths, one of 
which is more sensitive to oxy-Hb, the other to 
deoxy-Hb, changes in the relative concentrations of these 
chromophores can be calculated. Using these principles, 
researchers have demonstrated that it is possible to assess 
brain activity through the intact skull in adult humans 
The fNIRs instrument was capable of storing the raw 
signals for each of channels, one of which consists of the 
intensity values of 3 wavelengths, as well as the derived 
values of oxygenated hemoglobin [Ox-Hb], 
deoxygenated hemoglobin [Deox-Hb] and total 
hemoglobin [total-Hb]= [Ox-Hb] + [Deox-Hb] 
concentration changes for all time points in an output file 
in a pre-specified format. Under the view of recognition 
brain activities, we chose the total hemoglobin [total-Hb] 
concentration changes to analysis its functions. 
In this work, we investigate 2 tests to recognition brain 
activities. Test 1 is implemented with a 32 year old male 
doing three tasks, as follow: 
Task 1: controlling physical motion of right arm,    
Task 2: imaging the motion of right arm,    
Task 3: relaxing. 
Each of tasks is measured during 3 minutes, by 7 
channels, and sampling frequency 18Hz.  
Test 2 is implemented with a 28 year old male with 
mission imaging numerical push on a calculator. Each of 
imaging tasks corresponding to a number is measured 
during 1 minute, by 17 channels, and sampling frequency 
10Hz. 
 

4.  Results and Discussion 
 
The first test acquired 3275 points, in which each 100 
point is enough to calculate fractal dimension, Df, called 
window index runing along the signals. Computing 
results are shown in Fig. 1.  
Fig. 1  shown that fractal dimension mostly more over 
than 1.9 indicating high degree of complexity of fNIRs 
signals as well as complexity of brain dynamics 
generating the given bio-signals. However these results 
can not demonstrate difference in each task of human 
brain activities. Therefore, we use model combining 
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Wavelet Transform and Neural Networks to recognizing 
brain activities.  

 
Fig. 1. Fractal dimension of three fNIRs channels of 3 
tasks of the first test corresponding to circle-point line, 
square-point line, and triangle-point line 
  
In the first test, Wavelet mother is chosen discrete 
approximation of Meyer wavelet. Level of 
decomposition is 3. SNRgain are calculated for each 
channel and shown in Table 1. 

 
Table 1. Signal to noise ratio (SNR) gain of 7 

channels and 3 tasks. 
Total-Hb Ch-1 Ch-2 Ch-3 Ch-4 Ch-5 Ch-6 Ch-7 
Task 1 2.70 2.57 3.12 2.89 0.25 1.26 0.88 
Task 2 4.70 1.15 5.26 2.28 0.70 0.75 1.12 
Task 3 3.00 2.23 3.57 2.99 0.30 1.42 0.91 
 
From Table 1, SNG-gain average is calcutated as 
SNRgain-average = 2.10 

Multilayer neural network is built with 3 layers. 
Input layer consists of 7 neurons corresponding to 7 
fNIRs channels. 7 neurons are set for hidden layer and 1 
neuron for output layer. The transfer functions of the 
hidden layer are chosen tagsig-function while the transfer 
functions of output neurons are purelin-function, a linear 
function, for representation of many different classes, 
output equals to +1, 0, -1 corresponding to task 1, 2, 3. 
The error of Neural training processing shows in Fig. 2, 
with mean square error of classification is 9.82e-05 in 
200 epochs. The output of neural model indicates 
separately 3 distinguished tasks in Fig. 3.  

 
Fig. 2. The error of neural network training processing 
corresponding to 200 epochs of the first experiment.  

 
Fig. 3. Output of neural network recognizing 3 
distinguished tasks of brain activities 
  

 
Fig. 4. The error of neural network training processing 
corresponding to 1000 epochs of the second experiment 
 

 
Fig. 5. Output of neural network recognizing 10 
distinguished tasks of brain activities. 
 
In the second test, SNG-gain average is calcutated as 
SNRgain-average = 2.97. 

Multilayer neural network is built with 3 layers. 
Input layer consists of 17 neurons corresponding to 17 
channels of fNIRs signals. 17 neurons are set for hidden 
layer and 1 neuron for output layer. The transfer 
functions of the hidden layer are chosen tagsig-function 
while the transfer functions of output neurons are 
purelin-function, a linear function, for representation of 
many different classes, output values from 0 to 9 
correspondind to numerical imaging from 0 to 9. The 
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error of Neural training processing shows in Fig. 4, with 
mean square error of classification is 4.79e-04 in 1000 
epochs. The output of neural model indicates separately 
10 distinguished tasks in Fig. 5.  

All two experiments show that classified 
wavelet-neuron models obtain the high accuracy. The 
results determine advantages of wavelets analysis as 
preprocessing and neural networks as classified models.  

With many advantages of fNIRs, safe, portable, 
affordable and high accuracy of computing pattern 
recognition. A Brain-computer interface (BCI) using 
fNIRs signals will be developed as an alternate mode of 
communication and environmental control. Especially 
disable patients with cognitive ability to communicate 
with their social environment can live with a reasonable 
quality of life over extended period time.  
 

5  Conclusion 
 

In this study, we have demonstrated the feasibility of 
fNIRs analysis to recognize human brain activities. 
fNIRs opens many excellent opportunities to cognition 
brain activities and interface to computer as future BCIs. 
The limited paper contributes analyzing nonlinear 
characteristics of fNIRs by Higuchi’s fractal dimension, 
extracting signal features by wavelet transforms, and 
recognizing brain activities by neural network. In future, 
we will indicate the potential use of such techniques to 
online fNIRs-BCI systems.    
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in Hemophilia B 
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Abstract: Hemophilia B is caused by deficit or decreased activity of factor IX. Mutation in factor IX is made up of a ma
jority of amino acid substitution. We examined the relation between activation level of factor IX and category of amino 
acid substitution with a regression analysis. As parameters, we used four physical-
chemical parameters of amino acids and Dayhoff’s PAM matrix. In addition, average of activation level with the same a
mino acid substitution was used for the analysis. And we analyzed relationship between variation contains cystein
e or factor IX’s seven regions and activity level. 
 
Keywords: hemophilia B, factor IX, amino acid, PAM matrix, regression analysis. 

 
 

I. Introduction 

Hemophilia is a hereditary, X-linked, recessive 
hemorrhagic disorder[1-2]. About three-fourths of 
patients with hemophilia have the A type which is due 
to deficient factor VIII activity. The B type is less 
frequent than the A type and is due to deficient factor IX 
activity. Factor IX is a vitamin K dependent plasma 
protein that participates in the middle phase of blood 
coagulation. Factor IX is made up of seven regions: 
(1)Signal peptide, (2)Propeptide, (3)Gla, (4)EGF(1st), 
(5)EGF(2nd), (6)Activation, and (7)Catalytic. Activity 
of factor IX in a patient’s blood depends on a position of 
the substitution and combination of original and 
substituting amino acids. Mutation in factor IX is made 
up of a majority of point mutation. Substitution of 
amino acid sequence is the most common form of point 
mutation. In general, substitution in important site and 
substitution to different character from original amino 
acid are supposed to drastic decrease in activity of 
factor IX. The other way, variation in unimportant place 
and substitution to similar type of amino acid are 
supposed to be lightly affected. Cysteine, one of amino 
acids, has different properties from others. Cysteine 
contains sulfur, it makes S-S binding with another 
sulfur[3]. 

There have been reported a variety of defects in the 
factor IX gene from hemophilia B patients, and these 
are summarized in the hemophilia B database[4-5]. In 
this study, we analyzed missense mutations in the 
database described with factor IX activity values. 
Among them, the cases with more than single mutations 
and female patients were excluded from analysis, 

excluding 1431 cases. We adopted 1494 cases. We have 
introduced distances between 20 amino acids by using 
the following four physical-chemical properties: 
(1)Molecular volume, (2)Hydropathy, (3)Polar 
requirement, and (4)Isoelectric point. We also adopted 
two homology matrices. These matrices are symmetric 
and composed of 20 x 20 elements, corresponding to 
amino acid pairs. (1)Dayhoff’s 120PAM matrix, and 
(2)Dayhoff’s 250PAM matrix. We performed simple 
and multiple liner regression analysis for the estimation 
of factor IX activity by using four amino acid 
parameters and obtained a distance matrix. In addition, 
we searched relationship between variation contains 
cysteine or factor IX’s seven regions and activity level. 

 

II. Methods 

Distance of amino acid. About each four amino acid 
parameters, the distance between amino acid i and j is 
defined by the next expression. 

  jiij ffD −=  

PAM matrix. PAM is permutation matrix which 
Dayhoff(1978) obtained molecular evolution-wise, and 
evolutionary measure of time that single mutation per 
100 amino acids occurs in amino acid sequence[6]. The 
PAM score is calculated as follows.  

The number of which amino acid i is substituted for 
amino acid j during 1PAM is , appearance 

probability of amino acid i is . The number of 

mutation in amino acid i is . 

ijm
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∑
≠

=
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Regression analysis. Technique to analyze the 

relations between two or more parameters. Assume 
( ) ε+= pxxxfy ,,, 21 L . 

Correlation analysis. Technique for analyzing 
related strength between some variable quantities. 
Coefficient of correlation r is used as criterion of 
strength of the relation between variable x and y. r is 
defined by the next expression. 

yyxx

xy
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S

r =  

Simple liner regression analysis. 

ααααα εββεη ++=+= xy 10 . 
This model is called simple liner regression model. 

Estimate value of unknown constant number 10 ,ββ  

are . We use least-square method for obtaining 
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Multiple liner regression analysis. 
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This model is called multiple liner regression model. 
As in the case with simple liner regression, we find the 
solution with least-square method. 

 
 
  

III. Results 

Table 1 is the result of simple liner regression 
analysis between clotting and molecular volume. If p-
value < 0.05 is *. If p-value < 0.01 is **. 

Table 1. Correlative relationship 

 
This is significance on 1% STD. 
 
 
Table 2 is the result of simple liner regression 

analysis between clotting and hydropathy. 
Table 2. Correlative relationship 

 
This is significance on 1% STD. 
 
 
Table 3 is the result of simple liner regression 

analysis between clotting and polar requirement. 
Table 3. Correlative relationship 

 
This is significance on 1% STD. 
 
 
Table 4 is the result of simple liner regression 

analysis between clotting and isoelectric point. 
Table 4. Correlative relationship 

 
This is significance on 1% STD. 
 
Table 5 is the result of multiple liner regression 

analysis between clotting and four physical-chemical 
properties. 
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Table 5. Correlative relationship 

 
This is significance on 1% or 5% STD other than 

polar requirement. 
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Fig 1. Relations of mutation site and difference 

The x-axis is site of origin of amino acid variation. 
The y-axis is difference of measured value and 
expectancy of clotting with result of Table 5. The 
difference at end of factor IX is larger than the central 
portion. 

 
Table 6 is the result of simple liner regression 

analysis between clotting and 120PAM. 
Table 6. Correlative relationship 

 
This is significance on 1% STD. 
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Fig 2. Relations of mutation site and difference 

The x-axis is site of origin of amino acid variation. 
The y-axis is difference of measured value and 
expectancy of clotting with result of Table 6. The 
difference at end of factor IX is larger than the central 
portion. 

 
Table 7 is the result of simple liner regression 

analysis between clotting and 250PAM. 
Table 7. Correlative relationship 

 
This is significance on 1% STD. 
 
 
We divided data into variation contains cysteine and 

variation not contains cysteine. Then, we compared 
expectancy with measured value of clotting in each data. 
As a result, the ratio that clotting lowered than 
expectancy was high in variation contains cysteine. 

We divided data into boundary vicinity of factor 
IX’s seven regions and other data. Then, we compared 
expectancy with measured value of clotting in each data. 
As a result, the ratio that clotting lowered than 
expectancy was high in boundary vicinity of signal 
peptide and propeptide. 

 
 
We calculated average of clotting in each amino acid 

substitution that after variation is the same as before 
variation. Type1: we replaced calculated clotting with 
original clotting. Type2: if before and after of amino 
acid substitution are same, we made one data from those 
data. Therefore, the number of data decreased to 126. 

Table 8. Sample data 

 
In this instance, the clotting changes in 18.2 that 

data of before variation is G and after variation is S. 
 
Table 9 is the result of multiple liner regression 

analysis between average of clotting (type1) and four 
physical-chemical properties. 
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Table 9. Correlative relationship 

 
This is significance on 1% STD other than polar 

requirement. 
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Fig 3. Observed value and theoretical figure 

The x-axis is observed value that average with type1. 
The y-axis is theoretical figure of clotting with result of 
Table 9. 

 
Table 10 is the result of multiple liner regression 

analysis between average of clotting (type2) and four 
physical-chemical properties. 

Table 10. Correlative relationship 

 
Altogether and hydropathy are significance on 5% 

STD. 
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Fig 4. Observed value and theoretical figure 

The x-axis is observed value that average with type2. 
The y-axis is theoretical figure of clotting with result of 
Table 10. 

 

IV. Summary 

This analysis shows that the highest correlation with 
factor Ⅸ  activity is given by Dayhoff’s 120PAM 
matrix in the simple liner regression analysis. The 
multiple liner regression analysis, using four physical-
chemical properties of amino acids, gives higher 
correlation coefficient. We found that variation 
containing cysteine and mutation in a particular sphere 
of seven regions are more likely to have severe disease. 

The result of multiple liner regression analysis using 
average of same pair of before amino acid substitution 
and after the substitution, we got significant result and 
high correlation coefficient in the analysis with type1. 

 

REFERENCES 
 
[1] Furutani H (1995), A Method to Estimate Effect
s of Amino Acid Substitutions in Blood Coagulatio
n Factor IX from Hemophilia B Patients. Proceedin
gs of MEDINFO 95, 909 
[2] H Furutani (1993), Analysis of Correlation between 
Amino Acid Substitution and Factor IX Activity in 
Hemophilia B (in Japanese). Iryoujouhougaku Vol.13 
No.4, 211-220 
[3] S Yoshitake, Barbara G. Schach, Donald C. Foster, 
et al (1985), Nucleotide Sequence of the Gene for 
Human Factor IX. Biochemistry 1985, 24, 3736-3750 
[4] F.Giannelli, P.M.Green, K.A.High, et al (1991), 
Haemophilia B: database of point mutations and short 
additions – second edition. Nucleic Acids Research, 
Vol.19, Supplement, 2193-2196 
[5] fixhome : 
http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.html 
[6] BRUCE S. WEIR (1996), Genetic Data Analysis II. 
Sinauer Associates Inc. 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 84



Two-Way Factor Analysis for Missing Value Estimation of Matrix Data

Kazuhiro Sodebayashi, Shigeyuki Oba Shin Ishii
Graduate School of Information Science, Graduate School of Informatics,
Nara Institute of Science and Technology, Kyoto University,

8916-5 Takayama, Ikoma, Nara 630-0192, Japan Gokasho, Uji, Kyoto 611-0011, Japan

Abstract
Missing value estimation is usually an important

preprocess for analyzing gene expression matrices be-
cause subsequent statistical analyses and machine
learning algorithms usually require complete data ma-
trices. In this article, we propose a novel probabilistic
model, two-way factor analysis (2FA), which assumes
heterogeneous noise variances which are specific to
both samples and features simultaneously. We applied
this model to missing value estimation tasks of syn-
thetic and real gene expression data and compared the
performance with those of conventional models such
as probabilistic principal component analysis (PPCA)
and factor analysis (FA). The 2FA model showed supe-
rior estimation performance to those by other models.

Keywords
Missing value estimation, gene expression analysis,
linear-Gaussian latent variable model, low-rank ma-
trix approximation.

1 Introduction

Biological experiments often include missing obser-
vations due to troubles in the measurement process,
low qualities of samples or many other reasons. In
bioinformatics, such missing values should be imputed
in advance of the subsequent data analyses because
many analysis methods based on statistics and ma-
chine learning algorithms, such as clustering, classi-
fication and dimension reduction, require complete-
data matrices. In particular, DNA microarray, which
is a high-throughput measurement technology used in
a wide range of biological area, could include consid-
erable number of missing entries possibly due to in-
jury and dirt on arrays. Various estimation methods
are proposed in order to achieve high accuracy of the
missing value estimation [1, 2, 3].

When dealing with matrix data, there have been
matrix factorization techniques, such as singular value
decomposition (SVD), weighted low-rank matrix fac-

torization [7], probabilistic principal component anal-
ysis (PPCA) [4], and factor analysis (FA) [5]. PPCA
and FA are based on linear-Gaussian latent variable
models with different noise models, namely, PPCA
assumes that each component in an observed matrix
includes i.i.d. noise with an identical variance, and
FA assumes that each sample vector in an observed
matrix includes i.i.d. noise whose variance depends
on each gene [6]. The assumptions in PPCA and FA
are insufficient, however, when considering a microar-
ray dataset which may include both bad samples (i.e.,
certain experiments whose measurement qualities are
worse than the others) and bad features (i.e., certain
genes whose probe qualities are worse than the others)
simultaneously.

In this study, we consider to integrate two kinds of
noises; one is specific to each sample and the other to
each feature, which no longer allows i.i.d. assumption,
and therefore is called a two-way noise situation. In
this study, we first show a generalization of linear-
Gaussian latent variable models to handle weighted
low-rank matrix approximation and to obtain simpler
and more sophisticated treatment. Then, we propose
a probabilistic model to deal with the two-way noise
situation, called 2FA, and its estimation method are
derived based on the maximum-likelihood framework.
We apply the proposed model and some conventional
models to synthetic and real datasets and show the
advantage of the proposed model in terms of accuracies
of the missing value estimation.

2 Method

Low-Rank Matrix Approximation Low-rank
matrix approximation is a numerical method to ob-
tain compact representation of a matrix, by obtain-
ing a factored form which minimizes a pre-determined
cost function. This method is robust against observa-
tion noise and missing values, and is efficiently used for
noise filtering and missing value imputation. Srebro &
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Jaakkola [7] proposed a weighted low-rank matrix ap-
proximation (WLRA) which minimizes the weighted
Frobenius norm given by

J(U,V) =
M∑
i=1

N∑
j=1

wij

(
Yij −

K∑
k=1

UikVjk

)2

, (1)

where U ∈ RM×K and V ∈ RN×K are factorization
matrices of the target matrix Y ∈ RM×N , wij is a
weight that represents the approximation error of each
element. These authors also performed missing value
estimation by setting zero weight on missing elements
in the matrix.

A Linear-Gaussian latent variable model is repre-
sented as a special case of WLRA. The observed vari-
able y ∈ RM is obtained by applying a linear trans-
formation to a latent variable z ∈ RK(K < M) with
an additional Gaussian noise ε ∈ RM :

y = Uz + µ + ε, (2)

where U ∈ RM×K is a factor loading matrix, µ ∈ RM

is a mean parameter vector, and ε ∼ N (0,Ψ) is a
Gaussian noise vector. PPCA and FA are probabilis-
tic generative models which assume an isotropic co-
variance matrix Ψ = σ2I and a diagonal covariance
matrix Ψ = diag(σ2

1 , · · · , σ2
M ), respectively.

The model mentioned above can also be repre-
sented by a matrix, in which an observation matrix
Y ∈ RM×N whose columns are {yj}, j = 1, . . . , N , is
given by

Y = UVT + E, (3)

where V ∈ RN×K is a coefficient matrix. E is a
noise matrix whose components are Gaussian noises
Eij ∼ N (0, σ2

ij). Rows of the coefficient matrix V
correspond to {zj}, j = 1, . . . , N , and the latent vari-
ables are usually generated by Gaussian distribution in
a standard formulation. Consequently, the likelihood
function of the data matrix Y is given by

L = ln p
(
Y|U,V, {σ2

ij}
)

+ ln p(V)

=−1
2

M∑
i=1

N∑
j=1

ln 2πσ2
ij +

1
σ2

ij

(
Yij−

K∑
k=1

UikVjk

)2


− 1
2

N∑
j=1

K∑
k=1

{
ln 2π + V 2

jk

}
.

Comparing to the cost function (1) of the weighted
low-rank matrix approximation, it is obvious that the

estimated matrix UVT by the maximum likelihood
and that by the WLRA are equivalent if the WLRA
weights are set at the inverse variance of each compo-
nent.

Missing Value Estimation with 2FA Model
Based on the above-introduced view-point of the low-
rank matrix approximation, we propose a novel prob-
abilistic model which assumes that the noise levels in
elements of the matrix depend on both samples and
features simultaneously, while the i.i.d. assumption
of observation vectors no longer holds. Namely, we
assume Gaussian noise whose variance σ2

ij is a sum
of sample-wise variance σ2

ri and feature-wise variance
σ2

cj , called two-way noise;

p(Eij) = N (0, σ2
ij), (σ2

ij = σ2
ri + σ2

cj). (4)

We call the WLRA model incorporating the two-way
noise model above, the two-way factor analysis (2FA).

The likelihood of parameters based on observed
data Yo including missing values is then given by

L = ln p
(
Yo|U,V, {σ2

ij}
)

+ ln p(V)

=−1
2

M∑
i=1

N∑
j=1

wij

lnσ2
ij +

1
σ2

ij

(
Yij−

K∑
k=1

UikVjk

)2


− 1
2

N∑
j=1

K∑
k=1

V 2
jk + const., (5)

where wij = 0 if the observation Yij is missing or wij =
1 otherwise. Note that we can regard the negative
likelihood as the weighted norm of the low-rank matrix
approximation.

To perform matrix factorization and estimate the
parameters of the two-way noise model, we applied a
conjugate gradient procedure, as Srebro & Jaakkola
[7] recommended for WLRA. As Maeda & Ishii [8]
pointed out, convergence of the EM algorithm can be
slow if there are strong correlations between parame-
ters because the conventional EM updates are done in
a coordinate-descent manner.

3 Experiments

We applied our model to estimating low-rank ma-
trix representations of some matrix datasets including
missing values and compared its missing value estima-
tion performance with those by some conventional pro-
cedures. The SVD imputation applies singular value
decomposition to an observed matrix whose missing
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Figure 1: Color map of noise variance levels in an ar-
tificial two-way noise matrix E. Numbers in the figure
are indices of regions. The variance of the gray region
is given by a product of the original noise level σ2

X

and a noise ratio A. The variance of the black region
is twice as large as that of gray regions. The variance
of white region is almost zero, ln(1 + Aσ2

X) × 10−3.

values are simply imputed with 0, then matrix is re-
constructed by employing a certain number of singular
vectors with the largest singular values. PPCA, FA
and FAc procedures are almost equivalent to the pro-
posed 2FA procedure except that, the Gaussian noise
variances behind the noise matrix are assumed to be
same in all elements in the matrix, same for all fea-
tures (row vectors), and same for all samples (column
vectors), respectively.

We prepared a 1000 × 50 synthetic matrix of rank
3 and a 3170 × 22 gene expression matrix taken from
the breast cancer database, BRCA [9]. These are the
base matrices. We then added a two-way noise ma-
trix E to each of the base matrices X, so that one-
third rows and one-third columns of E have a higher
variance than the other rows and columns, and thus
E is constituted by four regions with different noise
variances (See illustration of Figure 1). This two-way
noise process simulates the existence of bad features
and bad samples. The variance levels in the two-way
noise are determined as Aσ2

X, where σ2
X is the variance

of the original base matrix and A is an artificially-
introduced noise ratio (A = 0, 1, 3, 5, 10). Although
the BRCA matrix already includes unknown noise, we
further added two-way noise to BRCA to simulate the
situation we assume.

After that, 10% entries of these matrices were ran-
domly masked as missing. From the observed part
of the matrix, the artificially-introduced missing en-
tries were estimated by 2FA and other conventional
models, where we set the rank of the estimated ma-
trix at consistently 3. The performance of the miss-
ing value prediction was evaluated by normalized root
mean squared error (NRMSE) in region 1 (in Figure
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Figure 2: Comparison of the NRMSEs of matrix ap-
proximation by SVD, PPCA, FA, FAc and 2FA mod-
els on the synthetic matrix added by a two-way noise.
The horizontal axis represents the noise ratio. The
NRMSEs were examined on region 1 with respect to
the artificially-introduced missing values. The mark-
ers and the errorbars denote means and standard de-
viations over ten simulations, respectively.

1):

NRMSE =
√

mean
[
(Xanswer−Xguess)

2
]/

sd [Xanswer] ,

where Xanswer and Xguess are sets of true and esti-
mated values, respectively. When 2FA is applied, it
is also important to estimate the noise variance ap-
propriately. We assessed the estimated variance on all
of the four regions when noise ratio was set at large,
A = 10. Figures 2 and 3 show the missing value pre-
diction errors for the synthetic matrix of rank 3 and
the BRCA data matrix, respectively. In each figure,
estimation errors for various noise ratios are shown.
We compared performances by 2FA, SVD, PPCA, FA
and FAc. In these figures, we see the 2FA exhibited
better performance than the others especially when
the noise ratio was large.

Figure 4 shows the estimated noise variance level in
each region, and Table 1 shows true variance in each
region. The variance was estimated well in each region.
The good estimation performance of the sample-wise
or feature(gene)-wise variances implies that we could
reject bad samples or bad features by applying a cer-
tain threshold to the estimated variances.

4 Conclusions

In this study, we first reformulated weighted low-
rank matrix approximation as a probabilistic model,
and gave a unified viewpoint of linear-Gaussian la-
tent variable models. Based on this framework, we
proposed the 2FA model which assumes noise pro-
cess depending of both features and samples. For the
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Figure 3: Comparison of the NRMSEs of matrix ap-
proximation by SVD, PPCA, FA, FAc and 2FA mod-
els on the gene expression matrix (BRCA) added by
an artificial two-way noise. The horizontal axis rep-
resents the noise ratio. The NRMSEs were examined
on region 1 with respect to the artificially-introduced
missing values. The markers and the errorbars denote
means and standard deviations over ten simulations,
respectively.

synthetic data and gene expression data, 2FA model
showed superior performance of missing value estima-
tion to the other models especially when there is a
large noise ratio between the high and low variance
parts in the two-way noise matrix. Since the 2FA could
also estimate the variances of the two-way noise with
high accuracy, such estimation could be a guide to
reject bad samples or bad features in a data matrix,
along with performing missing value estimation.

For practical applications, we will incorporate a
model selection framework into the 2FA model to se-
lect the appropriate rank, for example, by using au-
tomatic relevance determination. In addition, we will
improve the convergence speed and the computational
cost of the estimation algorithm. These are our near-
future works.
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Abstract

This paper proposes a personal authentication sys-
tem that uses tactile stimuli. Recently, scientists have
been conducting research in biometrics using biomed-
ical information. However, there is the problem that
biomedical information is unchangeable. For example,
if a thief steals another user’s biomedical information,
that person has no information to register. Due to
the problems of sight information and unchangeable
biomedical information, we propose a solution that
uses the sense of tactile stimuli. Tactile information is
difficult to steal and relies on human memory, which
is unchangeable.

This paper proposes a system that uses a pattern
formed by a tactile stimuli time series instead of a
password number as the identification key. We also
discuss the results of an identification experiment and
a memory property experiment.

1 Introduction

Recently, passwords and password numbers have
been used as non-facing personal identification. But,
in systems that use passwords and password numbers,
the identification key may be stolen by human sight.
For example, a user’s password can be stolen by cam-
eras in the ATM system of a bank. This situation
implies that general passwords and password numbers
are visual information, and an identification key con-
veyed by sight information can be a problem.

The biometric research using individual physical in-
formation (retina, face, pattern of blood vessels, etc.)
has recently been active. Biometrics has the advan-
tage that individual information cannot be stolen eas-
ily, but it has the disadvantage that if registration in-
formation is stolen once, it cannot be used again. In
other words, the biometrics system has a problem with
the changeability of information [1].

The human’s tactile sense can perceive information

Table 1: Comparison of identification systems

such as invisible stimulus. To develop a personal iden-
tification system based on using tactile stimulus, we
can prevent the visual leakage of intelligence informa-
tion and also realize the changeability of the registra-
tion information. This study proposes the develop-
ment of a personal identification system using tactile
stimuli as an identification key.

2 Identification System

2.1 The pattern of a tactile stimuli time
series

Table 1 shows a comparison of the system using
password numbers and that using the pattern of a tac-
tile stimuli time series. Users memorize the rhythmical
sense of the tactile stimuli time series and use it as an
identification key [2]. In the system using password
numbers, the numbers from 0 to 9 are elements of the
identification key. However, this system has the char-
acteristic that it uses tactile stimuli. Also, a system
that uses the a PIN uses four digits, but our system
consists of six patterns of tactile stimuli. Because the
frequency differential limen of tactile stimuli has limits

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 89



Figure 1: The pattern of the tactile stimuli time series

[3]-[5], in this research the elements of the identifica-
tion key must be decided based on human frequency
differential limen. According to this, we researched
the human frequency differential limen in tactile stim-
uli through a previous experiment [6][7]. We put a
mark (S0, S1, S2, S3 and S4) on five kinds of tactile
stimuli that were distinguished through the previous
experiment. It is assumed that S0 does not have any
tactile stimuli condition. S0 is usable as an element
of the identification key, because it is a condition of
no tactile stimuli. Six tactile stimuli are chosen from
five types of tactile stimuli elements; obviously, there
is some duplication. The chosen stimuli are arranged
in a time series, which is named ”the pattern of tactile
stimuli time series” and is used as the identification
key. S0 is excluded from the start and end of the
pattern in order to confirm the start and end of the
pattern of the tactile stimuli. In total, 4 × 5 × 5 × 5 ×

5 × 4 = 10,000 kinds of varieties can be created. This
variety corresponds to that for four figures in password
numbers. For convenience, we used six stimuli, labeled
I‘VI, in the time series. Also, the pattern of the tac-
tile stimuli time series was separated into a first group
and a last group, which was separated by a break of
τ seconds. Figure 1 shows the pattern of the tactile
stimuli time series. An element of the tactile stimuli is
presented in 512 ms, and the all of pattern of the tac-
tile stimuli time series is presented in 3,584 ms (This
includes the break time).

2.2 The proposed system

The proposed personal identification system is
shown in Figure 2. Information from a personal com-
puter (PC) is output to the users’ interface, which is
composed of a monitor and a tactile stimuli vibration
device. All information related to the identification
key is passed through a tactile stimuli vibration de-

Figure 2: Components of the system

vice. The process of identification is as follows. Users
touch a tactile stimuli vibration device with a part of
their body (for example, a finger, etc). Then, each user
forms his or her own ”pattern of tactile stimuli time se-
ries” by controlling the PC’s interface (keyboard and
mouse). After that, each user registers and memo-
rizes their chosen pattern of tactile stimuli time series,
which is usable as an identification key. In a situation
requiring personal identification, the users reproduce
the registered pattern of the tactile stimuli time series
in the same way as that used in the process of registra-
tion. At this time of identification, the system com-
pares the registered pattern of the tactile stimuli time
series with the reproduced pattern of the tactile stim-
uli time series. If the reproduced pattern corresponds
with the registered pattern, personal identification is
achieved; otherwise, identification is not achieved.

3 Experimental Methods

The experimental system is displayed in Figure 3.
The tactile stimuli vibration device in this experi-
ment is a piezoelectric transducer (PZT) vibrator (Mu-
rata Manufacturing Co., Ltd. 77B-21-19R7DM4AO),
which is a circular device 20 millimeters in diameter.
The waveform of the voltage is the pattern of the tac-
tile stimuli time series that was output through a D/A
transfer board (Interface Co., Ltd. CSI-340312) and
operational amplifier (OP AMP). Then, this is input
to the PZT vibrator.

The five kinds of tactile stimuli (S0, S1, S2, S3 and
S4) are differentiated as rectangular voltage, each of
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Figure 3: Experimental system

which corresponds to 0 kHz (no signal), 1/128 kHz,
1/64 kHz, 1/24 kHz, and 1/4 kHz, respectively. The
voltage is input to the PZT vibrator, which generates
the vibration stimuli.

Subjects wear earplugs and a headphone that elim-
inate the sound of extraneous vibrations during ten
experiments. Subjects gently pick up the PZT vibra-
tor by the thumb and forefinger of the left hand. Sub-
jects operate the input device corresponding to the
pattern of tactile stimuli time series output from the
PZT vibrator; we refer to this as tactile feel. This
practice is carried out for about an hour before the
experiment, because it familiarizes subjects to the ex-
perimental method, the experimental process, and the
PZT vibrator.

In the identification experiment, subjects feel tac-
tile stimuli in a random pattern of the tactile stim-
uli time series. Using an input device, they adjust
the pattern of the tactile stimuli time series to create
their own input, and register the pattern. Hereafter,
we just present a generic registered pattern instead
of the user’s registered pattern of tactile stimuli time
series. Subjects are instructed that they are prohib-
ited from choosing a pattern of tactile stimuli time
series that can be easy memorized (for example, 1111,
2222, 3333, 4444, in password numbers). After one
hour, subjects are asked to reproduce the register pat-
tern from the random patterns of tactile stimuli time
series. What is reproduced is the pattern of the tac-
tile stimuli time series, which appears at the personal
computer. Hereafter, we just use a presentation that
reproduces a pattern instead of the reproduced pat-
tern of tactile stimuli time series. We decided to use
that as one trial. Ten trials were then carried out over
two weeks. These trials represent the identification ex-
periment. Then, the subjects were tested again after
five months as a memory experiment. Subjects were
asked to reproduce the pattern of the 10th trial as the
registered pattern in the memory experiment. In this
paper, we separately report the results for the iden-

Figure 4: Result of the identification experiment

tification experiment and memory experiment. Then
we analyze the results of the identification by cluster
analysis and correlation analysis.

4 Experimental Results

4.1 Results of identification experiment

These experiments were carried out with 18 adults
(14 males, 4 females) who were from 20 years old to 43
years old. Figure 4 shows the result of the identifica-
tion experiment. This figure represents the patterns of
tactile stimuli time series chosen by the subjects. The
patterns are shown as color tones, and are arranged
from 1 to 4 in one record. The first column represents
the register pattern, the 2nd represents the reproduced
pattern of the first trial, and so on. The results of the
identification experiment are as follows.
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Figure 5: Results of the memory property experiment

Twelve subjects, ranging from A to L, correctly re-
produced the register pattern for all ten times trials.
Although five subjects (from J to L) incorrectly repro-
duced after ten enforcements, they began to reproduce
the pattern successively after having repeated a trial
after subordinate to one pattern while repeating the
enforcement. There is room for improvement since this
result implies that the practice beforehand was insuffi-
cient. Also, it is difficult to confirm the efficiency of the
technique because there were no successes for subject
R. From the above-mentioned results, it is possible to
verify that twelve subjects could remember a certain
pattern of tactile stimuli time series and reproduce it,
even though the method should still be improved.

4.2 Result of memory property experi-
ment

In this experiment, 12 adults (9 males, 3 females)
carried out the identification experiment. Figure 5
also represents the pattern of tactile stimuli time series
through color tones, arranged from 1 to 4 for one test.
Three subjects A, B, and C completely reproduced the
register pattern after five months had passed. Five
subjects (subjects E, F, G, H, and I) had shown an
uneven result in the first part of the trials. However,

they could reproduce the register pattern successively
while repeating the enforcement. Three subjects (J,
K and L) could not reproduce one pattern out of the
six that they chose as the register pattern. As for
subject M, he could not remember the register pat-
tern at all and reproduced an entirely different pat-
tern. These results imply that there was insufficient
practice in advance. Also, the results imply that sub-
jects felt insecure because they did not know their real
register patterns. From the result of the experiment
of the memory property, we could confirm that eight
subjects among twelve subjects could remember and
reproduce correct patterns over the long term of five
months. In addition, even though subjects J, K, L
and M could not reproduce all the patterns correctly
according to the register pattern, there is room for im-
provement because they showed a reproduction of the
regular pattern in reverse order.

5 Analysis

5.1 Cluster analysis

By interpreting the tendency of reproduced pat-
terns of 10 enforcements of 17 subjects, it is possi-
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Figure 6: The norm of 3-dimensions

ble to presume that some subjects chose easier tactile
stimuli. We divided the pattern of tactile stimuli time
series into a first group (I, II and III) and a second
group (IV, V and VI). Then, considering three tac-
tile stimuli as three changeable regular numbers, we
obtained each norm after transforming each number
into a three-dimensional vector. The tendency for the
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Figure 7: Result of cluster analysis

frequency of the subject may come from the fact that
the proportion of subjects choosing the low frequency
tactile stimuli is large if the norm is low. Taking the
calculated norm as a variable, we estimated the simi-

larity of the reproduced pattern by the median method
of cluster analysis.

Figure 7 is the dendrogram from the cluster analy-
sis. The left part is the result of the former half and
the right is the result of the latter half. It shows the
square of the norm on the horizontal axis and the 17
subjects on the vertical axis in ascending order.

It does not recognize the difference of the prescrip-
tion from the fact that the norm which subjects chose
was around from 1 to 1.5 on the vertical axis. It can
be recognized that 1 cluster is formed at 0.9 for the
second group while the square of the norm is formed
on the horizontal axis, and 1 cluster is formed at 0.3
for the first group. These results show that subjects
were thinking that they were going to correctly iden-
tify the pattern in the second group more so than did
the first group.

5.2 Correlation analysis

For this research, we needed to clear up the relation
of the strength and weakness of the tactile stimuli el-
ement. Therefore, we carried out another experiment
to clear up the relation of the strength and weakness.

We confirmed that the tactile stimuli elements have
a relation which is S0 < S1 < S2 < S3 < S4, as
given in another experiment[11]. We calculated the

Figure 8: Correlation of coefficient

quantity of change for each element of the pattern. For
convenience, we just use the expressions ∆I-II, ∆II-III,
∆IV-V and ∆V-VI instead of the quantity of change
from I to II, from II to III, from IV to V and from V to
VI. And then, each quantity of change was calculated.

Figure 8 shows the result of the calculations. The
correlation of the coefficient of ∆I-II and ∆II-III is
0.81. This is a strong correlation for ∆I-II and ∆II-
III. However, the other correlations of the coefficient
are weak at 0.12, −0.02, and −0.34. Specifically, this
shows us a high significance in the quantity of change
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of the first group (I, II, III). These results authenti-
cate that subjects choose easy perception of the tactile
stimuli in first group.

6 Conclusion

This paper proposes a system that uses the pattern
of a tactile stimuli time series instead of a password
number as an identification key. To verify the pro-
posed system, we carried out an identification experi-
ment and a memory property experiment.

The results of the identification experiment con-
firmed that 18 subjects could remember the pattern
of the tactile stimuli time series that was chosen by
each subject. The results of the memory property ex-
periment confirmed that the some subjects could re-
member the pattern of tactile stimuli time series for a
long period (5 months). Also, through cluster analysis
and the correlation analysis of two groups of subjects,
we confirmed that subjects chose easy perceptions for
the pattern of tactile stimuli time series in the first
group, and subjects choose various patterns of tactile
stimuli time series in the second group.

In the future, we intend to research definite tac-
tile stimuli in humansf perception, including easy-to-
perceive tactile stimuli.
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Abstract: We are developing an autonomous robot that recognizes its surrounding environment based on visual 

information obtained by a monocular camera. In order for the robot to move autonomously, it is necessary that it 

recognize obstacles and avoid them without collision. Therefore, we developed system that allows the robot to 

recognize obstacles through the use of image processing. In this paper, we explain in detail the image processing 

algorithm used in the obstacle recognition system, and we experimentally evaluate the system and discuss its problems 

based on the results. 
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I. INTRODUCTION 

Industrial robots are extensively used in factories. 

Lately, however, robots intended for use by individuals, 

such as pet robots and cleaning robots, have been 

attracting attention. It is expected that robots that can 

perform work in human living environments such as the 

home or office will be developed in the near future. The 

capacity for autonomous movement is essential for such 

robots; they must be able to recognize the details of 

their surrounding environment. In light of this, we are 

developing an autonomous robot that recognizes its 

surrounding environment based on visual information 

obtained by a monocular camera. In this study, we 

developed system that allows the robot to recognize 

obstacles through the use of image processing. The 

robot’s response varies according to the kind of obstacle 

detected, with the system recognizing a static obstacle 

and a moving obstacle by means of different 

image-processing systems. 

 

II. System for Robot 

The appearance of a robot developed  in  our 

laboratory is shown in Fig. 1 left. This robot has a drive 

mechanism utilizing two front wheels and one back 

wheel. The front wheels are attached to a motor that 

operates the wheels on either side independently, while 

the back wheel is a castor wheel. DC servo motors are 

used for the robot’s drive mechanism, and position 

control and speed control are achieved by a control 

system governing the drive mechanism. In addition, the 

CCD camera used for environment recognition is 

installed on the head of the robot. All the devices are 

controlled with a PC inside the robot, and the robot’s 

power is supplied by lead batteries.  

Next, we explain the course determination program 

of the robot. The movement route to the destination is 

searched for with a "finite space map", and the robot 

moves along the route which is decided. A "finite space 

map" is a two-dimensional data map with information 

about the permanent environment of the robot (the size 

and position of arranged objects such as furniture, the 

size of the room, etc) written into it. The robot 

recognizes the environment by using the feedback 

values returned from the CCD camera and the motor 

encoders during movement. And the robot decides its 

course from the recognition results. We show the 

processing system configuration for course 

determination in Fig.1 right. 

 

 

 

 

 

 

 

 

 

Fig.1 System for robot 

 

III. Obstacle recognition system 

1. Outline   

This system assumes what is needed for the robot to 

recognize an obstacle during direct advance and avoid it. 
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Because what's necessary for this navigation is 

information to move a robot safely, the system does not 

recognize the detailed shape of the obstacle. The system 

only seeks to recognize the relevant information of the 

obstacle (position, width, height, and depth, etc). In 

addition, the position and the size of the detected 

obstacle are recorded in the finite space map. 

 

2. Static obstacle recognition 

In the recognition of static obstacles, the system 

extracts pixel groups whose shapes are much different 

from the main background pixels and interprets them as 

obstacles. The position and the width of the obstacle are 

estimated by extraction. In addition, the height and 

depth of the obstacle are estimated by using “motion 

stereo”. 

 

2.1 Method of extracting obstacle 

First of all, the system converts 24-bit RGB image 

data into HSV data. HSV data include the image 

elements of hue, saturation, and value. The processing 

of the image data can be simplified by using HSV. The 

system samples a group of image pixels in a rectangular 

region at the bottom center of an image. The system 

uses the group of image data inside this region as its 

sample image data an then uses the deflection calculated 

by the sample data. The system extracts the floor region 

in terms of the difference of all pixels in the image. Fig.

2 shows an extracted obstacle.  

 

   
Fig.2 Extracted obstacle 

Labeling is used to make sets of image pixels extracted 

from an image. This is processed from the extraction 

result of the floor region. The group of image pixels that 

leads to the detection of an obstacle is distinguished by 

this process. Fig.3 shows an example of labeling. 

 

   
Fig.3 Example of labeling 

 

2.2 Calculation of obstacle region 

Next, the system analyzes the obstacle that has been 

determined to be an obstacle in terms of distance, width, 

height, and depth.  We define the distance to the 

obstacle based on the lower side of a group of image 

pixels, and the system presumes the width of the 

obstacle based on the width of the group of image pixels. 

Next, we define ),,( ZYX as the coordinate system 

of the three-dimensional space with its origin at the 

optical center and ),( yx  as the image coordinate 

with its origin at the image center. We can describe the 

relations of both by a perspective projection model as 

follows. 

 

 

From this expression and geometric relations shown 

in Fig.4, we can express X  and Z  as follows. 

 
Because the camera angle θ , camera height h  and 

focal length f  are known, when the width of a group 

of image pixels is substituted for x  of the expression 

(1), the width of the obstacle is found. Because 1Z  

and 2Z  of Fig.4 are found from expression (2), d  

is calculated by geometric relations with them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Geometric relation 

 

We define the height and depth in terms of the 

uppermost part of a group of image pixels. The robot 

runs along the floor, and calculates the height and the 

depth by a motion stereo basis on data from the motor 

encoders and the position of the change in the image 

pixel group between the two images. 

 

(1) 

(2) 

(3) 
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3. Moving obstacle recognition 

In order for the robot to evade collision with the 

moving obstacle and to move safely, it is necessary that 

it learn motion information such as direction or speed in 

addition to position information. Therefore, the system 

is designed to detect moving obstacles with optical flow. 

First, a candidate moving obstacle region is roughly 

estimated using optical flow information. This region is 

then evaluated using its color information. The result 

recognized by this system is recorded on a map of the 

activity space given to the robot beforehand, as in the 

case of static obstacle recognition. 

 

3.1 The candidate flow extraction of the moving 

obstacle 

First, the system converts the RGB color image into 

grayscale image and smooths it. From the image, the 

system detects feature points (the corner and major 

contrasts in shade between adjacent pixels such as occur 

at edges). With KLT-Tracker, the system tracks a feature 

point between two pieces of images photographed at 

different times. Fig.5 shows the result of tracking 

feature points of images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 Tracking feature points of image 

 

Next, from the tracking of feature points, the system 

makes a histogram of the direction and the size of the 

flow. As a characteristic of this histogram, almost any 

image will tend to have high frequency to a particular 

direction and size as in Fig. 6. Therefore, the system 

supposes frequency in direction and size to be the flow 

that occurs by the movement of the robot in time. We 

compare all the flows in the tracking image of feature 

points with this flow. If any of the results exceed the 

threshold, the system assumes the flow that of a 

candidate moving obstacle. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Histogram of direction and size 

 

3.2 Moving obstacle extraction 

The system estimates a moving obstacle region from 

a detection position, and the direction and size of the 

featured quantity of the candidate moving obstacle flow. 

In addition, a flow in the floor aspect may have a bad 

influence on region splitting when it is detected as a 

moving obstacle candidate flow. Therefore, using floor 
extraction information by static obstacle recognition, the 

system can remove it. We show the result in fig.7. 

 

 

 

 

 

 

 

Fig.7 Extraction result 

 

3.2 Obstacle position calculation 

The position and width of the obstacle are calculated

 using an obstacle region extraction result. The calculati

on method is the same as the distance and width calculat

ion of the static obstacle recognition. 

 

4. Evaluation of the obstacle extraction 

We show the results of a test regarding the accuracy 

of the estimation of a static obstacle. When the system 

is actually used, processing will be repeated while the 

robot is moving. However, two images acquired to 

accurately measure the distance when the robot was in a 

fixed position were used to verify the accuracy of the 

data describing the obstacle (width, height, and depth). 

  
 

 

 

Direction 

Size 
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Table.1 shows an example of the verified obstacle data. 

Based on these results, it was judged that the system 

collects obstacle data at a sufficient level of accuracy to 

evade an obstacle. 

 

Table.1 Calculation result of object data (box) 

 

 

 

 

 

 

 

 

 

5. Recording on the map of the obstacle 

The robot evades an obstacle by using the results of 

obstacle estimation. In the case of a static obstacle, 

when the height of an obstacle is detected (if the height 

of the obstacle is 0, the system determines that the robot 

need not evade the obstacle), the obstacle’s data (width 

and depth) is written into the finite space map. In the 

case of a moving obstacle, information on the depth of 

the obstacle is not sufficient to reflect it to a map. 

Because an obstacle moves, it is difficult to get the 

depth of the obstacle with the motion stereo which we 

used for static obstacle detection. Therefore, in the case 

of a moving obstacle, a temporary depth of the obstacle 

is set equal to its width. Fig. 8 shows an example of a 

recording on the map of a static obstacle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8 Recording on the map of a static obstacle 

 

IV. Conclusion 

By this report, we suggested system that allows the 

robot to recognize obstacle through the use of image 

processing. We confirmed that the robot could recognize 

information of the obstacle space where the static 

obstacle exists only or the moving obstacle exists only. 

A future problem is for the robot to determine a 

movement plan. 
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Abstract: We are attempting to develop an autonomous personal robot that has the ability to perform practical tasks in a 
human living environment by using information derived from sensors. When a robot operates in a human environment, 

the issue of safety must be considered in regard to its autonomous movement. Thus, robots absolutely require systems 

that can recognize the external world and perform correct driving control. We have thus developed a navigation system 

for an autonomous robot. The system requires only image data captured by an ocellus CCD camera. In this system, we 

allow the robot to search for obstacles present on the floor. Then, the robot obtains distance recognition necessary for 

evasion of the object, including data of the obstacle’s width, height, and depth by calculating the angles of images 

taken by the CCD camera. We applied the system to a robot in an indoor environment and evaluated its performance, 

and we consider the resulting problems in the discussion of our experimental results. 

 

Keywords: Personal robot, Autonomous driving, Ocellus camera 

 

 

There is an increasing need for robots working in the 

fields of home assistance, medical care, and welfare of 

the aging. Such robotic technology is already seeing 

practical use in industry. However, such robots are less 

useful for tasks in the home. Therefore, in our 

laboratory, we are attempting to develop drive-type 

personal robots with working autonomy that are safe 

and reliable as well as useful to humans.  

Our robot has a drive mechanism of two front wheels 

and two back wheels. The two front wheels are attached 

to a motor, which operates them independently, while 

the back wheels are castors. DC servo motors are used 

for the robot’s drive mechanism, and position control 

and speed control are achieved by the control system of 

the drive mechanism. One CCD camera is installed on 

the head of the robot. It can be rotated to all sides by 

two DC motors. This camera is able to make an image 

of about 300,000 pixels. All devices are controlled by a 

personal computer, and lead batteries supply electric 

power. Fig.1 shows the appearance of our robot. 

In this research, we focus on the recognition of 

stationary obstacles, which is necessary for safe 

locomotion, and the acquisition of a sense of distance 

for the movement of the robot. Humans use sight for 

much of their object recognition, and we designed a 

robot to perform similar recognition with the use of an 

ocellus camera.  

In this system, after a stationary object is detected, the 

relative distance between the robot and an object is 

obtained by calculating the angle of the CCD camera. 

Then, the stationary object is evaded by the proposed 

method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Outline 

 In order to detect obstacles, first, the system 

transforms an RGB image to an HSV image. Next, the 

system extracts as obstacles those pixel groups that are 

much different from the main background pixels. The 

system obtains the distance to the extracted objects by 

calculating the angle of the object in relation to the 

CCD camera. This system consists of a system that 

extracting a stationary object and calculates its distance 

from the robot. 

I. Introduction 

II. Distance recognition system 

Fig.1. Robot appearance 
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2.2.2.2.    Image Acquisition  

  The image obtained by the CCD camera is read into a

PC in the robot. This visual processing system uses 24-

bit color images sized at 320×240 pixels.  

 

3.3.3.3.    Extraction of a stationary object 

To extract a stationary object, we sample the floor 

region under a certain environment and we set any 

region other than the floor area to be recognized as an 

obstacle region. 

 

3.1 Image conversion  

 For efficiency of processing, the system converts 24-

bit RGB image data into HSV data. 

 

3.2 Extraction of floor region 

 The system samples a group of image pixels in a 

rectangular region at the bottom center of an image. The 

system uses the group of image data inside this region 

as its sample image data, as well as the deflection 

calculated by the sample data. The system extracts the 

floor region in terms of the difference of all pixels in the 

image.   

 

3.3 Label processing 

Label processing is processing to acquire a number 

that is peculiar to each existing connection ingredient in 

an image, and can be used to classify pixels. In this 

system, we can recognize a region other than the floor 

as one lump based on the floor region image which we 

extracted. When areas of the pixel group labeled in this 

way are greater than a threshold amount, the robot 

recognizes it as an obstacle. 

 Fig. 2 shows the extraction of a stationary object by 

label processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Fig. 2. Extraction of a stationary object 

4. Distance recognition 

 In our past study, to obtain distance recognition we 

used parallax between two images. But, this method did 

not estimate the shape of objects; therefore, the 

precision of distance recognition was often poor. For 

this reason, we added a process to estimate the shape of 

objects. Below, we show both methods of distance 

recognition. 

 

4.1 Distance recognition using parallax between two 

images 

We define the lower side of a group of image pixels as 

the distance to an object, and the system presumes the 

width of the obstacle based on the width of an object 

group of image pixels. In addition, we define the 

uppermost part of the object group of image pixels as 

the height or a depth of an object. The robot runs on the 

floor, and presumes the height of an object based on the 

position of the change in the image pixel group. In Fig. 

3, we obtained images at position1 and position2. For 

the calculation of each value, we used the position of 

the camera, the focus distance, and angle of view.  

 

 

   

 

 

 

 

 

Fig. 3. The parallax method for obtaining distance 

recognition  

 

4.2 Distance recognition using estimation of the 

shape of objects 

To estimate the shape of objects, we apply a Hough 

transformation to an object image extracted with the 

parallax method. Then, we examine the characteristics 

of the object and judge its shape. Finally, we obtain the 

distance to the object. We describe each processing step 

below. 

 

(1) Hough transformation processing 

 The Hough transformation is an effective method to 

detect straight lines or circles from points lying 

scattered in an image. Before we apply the Hough 

transformation, we preprocess for reasons of 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 100



stabilization. First, an object extraction image is 

transformed into a gray-scale image. Then, we add 

edge-enhancement processing, binary-image processing, 

narrowing-line processing and noise-removal 

processing. Fig. 4 shows the Hough transformation 

processing. 

 

 

 

 

 

 

 

 Fig.4. Hough transformation processing 

 

(2) A shape estimate method  

 First, we apply the Hough transformation of straight 

lines. As a characteristic of rectangular parallelepipeds, 

there are three parallel straight lines unless we look at 

them from the front. When three parallel straight lines 

are provided by Hough transformation of the straight 

line, we recognize that it is a rectangular parallelepiped 

shape. In other cases, we apply the Hough 

transformation of circles. We recognize that it is a 

sphere when a circle is detected by Hough 

transformation of circles.  

 

(3) Calculating the distance for a stationary object 

After estimating the shape of an object, we calculate 

the distance according to its shape. In the case of a 

rectangular parallelepiped shape, we calculate the 

distance to an object, and its width, height and depth. 

We calculate points of intersection from the straight line 

that we got by Hough transformation and we use the 

coordinates of their points that are necessary for 

calculation, as we show Fig. 5. In the case of a sphere, 

we calculate the distance to the object and its width 

using a central coordinate and the radius provided by 

Hough transformation of circles.  

 

 

 

 

 

 

 

 

            Fig.5. Calculation point 

 

5. Experiment 

5.1 Method of experiment 

 To evaluate this system, we tested whether the system 

could recognize the shape of an object and obtain the 

distance from it. We tested it by the two methods 

explained above. Because this system aims at stationary 

object avoidance, we evaluated the distance recognition 

in terms of whether it was sufficiently price to avoid the 

object. 

 The environment of the experiment uses the same floor 

pattern as on 3F of Kyushu Institute of Technology. We 

put a box on the floor and the robot adapted to this 

environment. 

 

5.2 Result of experiment 

  The results of the experiments are shown below. 

Table 1 is the result using parallax between two images 

and Table 2 is the result using estimation of the shape of 

an object. 

 

Table 1. The result using parallax between two images 

 Measured data[cm] Output data[cm] 

Distance 120 117 

Height  20 25 

Width 65 69 

Depth 66 55 

 

Table 2. The result using estimation of the shape of 

objects 

 Measured data[cm] Output data[cm] 

Distance 120 119 

Height  20 21 

Width 65 64 

Depth 66 65 

 

Comparing the two results, the method using 

estimation of the shape of an object has better precision 

than the method using parallax between two images in 

obtaining the obstacle’s height and depth. We obtained 

similar results for other objects. This method has 

sufficient precision for stationary object avoidance. But, 

estimation of the shape of an object isn’t always 

successful because more straight lines than required are 

detected.  

 

 

 
A

B

C

D
E

Width 

Depth 

Heigh

Distance 

(a) Transforming
 to gray-
scale image 

(b)Extraction of
object 

(c) Hough trans-
formation 
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 The robot has the data which express a particular 

human living space, called a limited two-dimensional 

space map. The present position of the robot and a 

destination position are set on the limited two-

dimensional space map. The robot calculates the 

movement course to the destination and moves. When 

information about immovable obstacles is detected, it 

can calculate a movement route avoiding those 

obstacles by the movement path-finding system. 

In the system of evasion of stationary objects, we write 

the information provided by distance recognition into 

the limited two-dimensional space map. Then, it 

calculates the evasion course by the movement path-

finding system, and the robot evades the stationary 

obstacles and moves. 

 To evaluate this system, we adapted the same 

environment which is defined in the experiment of 

section II. Fig. 6 shows the result. 

 

 

 

 

 

 

 

 

 

              

     

     Fig.6. Robot’s path avoiding a detected object     

 

 We developed a recognition system for stationary 

obstacles, which is necessary for safe locomotion of a 

robot. The developed system has sufficient utility in an 

indoor environment. Our next object of study is to 

increase the number of kind of shapes recognized by the 

system. Then, we will store them in a knowledge 

database and make use them in the knowledge 

acquisition of the robot.  
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Abstract 
 

This paper proposes an adaptable sliding mode observer (SMO) which adds an estimation function of the stator 
resistance to the traditional sliding mode observer for the robust sensorless control of permanent magnet synchronous 
motor (PMSM) with variable parameters. Also a low-pass filter and additional position compensation of the rotor are 
used to reduce the chattering problem common in the conventional sliding mode observer. In this proposed observer, 
the chattering problem is eliminated by adopting a sigmoid function under the control of a switching function. By 
adding the estimation function of the stator resistance, the proposed observer can improve the estimation performance 
of the motor speed. It reduces the estimation error in the fast adjustment even in the situation that the stator resistance is 
varied in the sensorless operation environment. This control system has better efficiency than the traditional sliding 
mode observer as it reduces the number of integrators. The stability of proposed observer is verified by the Lyapunov 
method for the given observer gains, and the validity of the observer is demonstrated by simulations and experiments. 

 
Keywords : PMSM, Sensorless Control, Sliding Mode Control, Adaptive Sliding Mode Observer 

 
 

I. Introduction 

 
Recently for the industrial machines, robots, and 

automobile, the usage of AC(Alternating Current) motors 
instead of DC(Direct Current) motors has been increased 
rapidly. The AC motor has more complex control system 
than the DC motor. However since there is no brush in 
the AC motor, the size of the AC motor can be smaller 
with the same power and the lifetime is much longer the 
DC motor. There are two types of AC motors: IM 
(Induction Motor) and PMSM (Permanent Magnet 
Synchronous Motor). The PMSM is very popular in AC 
motor applications since it is useful for the various speed 
control. The IM has simple structure and easy to build. 
However it is not so efficient as PMSM in terms of 
dynamic performance and power density[1]. Since 
PMSM receives the magnetic flux from the permanent 
magnet of the rotor, the precise position data are 
necessary for the efficient vector control. Generally, the 
rotor position can be detected by a resolver or by an  

 
absolute encoder. However the sensors are expensive and 
very sensitive to the environmental constraints such as 
vibration and temperature[2]. To overcome these 
problems, in stead of using the position sensors, the 
sensorless control methos has been developed to control 
the motor suing the estimated values of the position and 
velocity of the rotor[3-6]. 

This paper proposes a new sensorless control 
algorithm of PMSM. The proposed observer is easy to 
design and has robustness against design parameters. To 
guarantee the stability, a Lyapunov function is defined 
and is utilized in designing the observer. A stator 
resistance is estimated by the intermediate equations of 
Lypunov functions to derive stable system, while in the 
conventional sliding mode observer, the position and 
velocity of the rotor and the resistance of stator have 
been observed in integral forms all together. The stator 
resistance can be changed while it is running, which 
deteriorate the control performance unless it is 
compensated in real time. 
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II. PMSM Model ,  .s i

 
In the case of sensorless control of the PMSM, the 

fixed frame model of stator needs to be developed 
regardless of the rotor position since the rotor position is 
estimated from the current values. 

The state equations where the stator current is a state 
variable in voltage equation in the fixed frame can be 
represented as 
 

1 1

1 1

s

s s s

Rd i i e
dt L L L

Rd s

s s s

v

i i e v
L Ldt L

α α α α

β β β β

= − − +

= − − +
        (1) 

 

where, and represent current, counter 

electro-motive force, and voltage, respectively, in the 

fixed frame. 

,   ,i e v

sR  and sL

( 0)

 represent stator resistance 

and inductance, respectively. 
Suppose that the speed of rotor changes slowly(), 
ω ≈&

re e

 counter electro-motive force is represented as 

re eα β

β α

ω

ω= −&

= −&
                (2) 

 
1. Sliding Mode Observer 

There are shortcomings of chattering and time delay 
for the compensation of rotor position in the 
conventional sliding mode observer[7,8]. 
However, a new sliding mode observer resolves the 
problems of conventional sliding mode observer using a 
sigmoid function as switching function. The sigmoid 
function is represented as. 

 

2 1
1 exp( )( )

( ) 2

aiH i
H i

αα

β

⎡⎛ ⎞
−⎢ ⎥⎜ ⎟+ −⎡ ⎤ ⎝ ⎠⎢ ⎥

=⎢ ⎥ ⎢ ⎥⎛ ⎞⎣ ⎦ ⎢ ⎥1
1 exp( )aiβ

⎤

−⎜ ⎟⎜ ⎟⎢ ⎥+ −⎝ ⎠⎣ ⎦

      (3) 

where, α  is a positive constant to regulate the slope of 
sigmoid function and estimation errors of stator current 

are defined as ˆ ˆ,   .i i i i i iα α α β β β= − = −  

Lyapunov function for existence condition of sliding 
mode is defined as  

 

2 2( )
2 2

TV s s s s1 1

where, sliding surface are s iα α β β= =

0,TV s s

 

=If <& &

[ ]0 0
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 , the sliding mode exists, and the 

sliding surface is represented as  
 

   (5) 

 
From Eq. (5), the new terms are derived as 
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 Fig. 1 Improved sliding mode observer 
 

Figure 1 represents the block diagram of improved 
sliding mode observer. To resolve the chattering 
problems, the sigmoid function is serially connected to 
the sliding mode control. The speed and position of the 
rotor have been calculated by Eq. (6). 

 

Ⅲ. Proposed Sliding Mode Observer 
 

Chattering problem in sliding mode control is solved 
applying proposed observer that used switching function 
by sigmoid function and estimated the stator resistance.  

 
 
1. Adaptive Sliding Mode Observer 

Sliding mode observer is composed by PMSM current 
equation in rest frame of (1) as following.  

ˆ 1 1ˆ ˆ ˆ( )

ˆ 1 1ˆ ˆ ˆ( )

s

s s s

s

s s s

Rd i i v kH i i
dt L L L

Rd i i v kH i i
dt L L L

α α α α α

β β β β

= − + − −
    (7) 

=β − + − −

k

 
2. Estimation of Stator Resistance and the Observer 

Gain  

For the PMSM sensorless control, the estimation of 
the stator resistance that is robust the change of 
parameter set the Lyapunov function as follows. 

21 1 ˆTV s= + +( )
2 2 s ss R R           (8) 
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It is supposed that the rotor speed is constant during 

the one period and then the differential equation of (8) 
and the sliding surface( ) are expressed the differential 
equation of the Lyapunov function as (9). 

s

ˆ ˆˆ ˆ( ) ( ) ( ( ))T
s s s s s sA A i A i i B e kH i R⎡ ⎤= − + − + − +⎣ ⎦

&
sV s R&  (9) 

where, ˆ 1ˆ ˆ,   ,  ,  s s
s s s

R RA I A I B I R R R= − = − = = −
s sL L sL

 

System of observer is stable from Lyapunov stability 

theory, must satisfy  and . Therefore, (9) 
is expressed as (10) and (11) 

0V > 0V <&

ˆ ˆˆ( ) 0T
s s ss A A i R R⎡ ⎤− + =⎣ ⎦

&
         (10) 

ˆ( ) ( ( )) 0T
s s s ss A i i B e kH i⎡ ⎤− + − <⎣ ⎦     (11) 

From Eq. (10), the estimation of the stator resistance 
can be done as follows: 

1ˆ ˆ ˆ( )s
s

R i i i i
L α α β β= +&

             (12)    

To keep the sliding mode observer proposed in this 
paper stable, the observer gains should satisfy the 
inequality condition (11). The condition (11) is described 

in more detain as follows:  

2 2 1(( ) ( ) ) ( ( ))
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                       ( ( )) 0
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where the observer gain can be derived as 

 ( )max ,k e eα β≥

ˆ ˆr

           (14) 

 

3. Improved Adaptive Sliding Mode Observer 
The conventional adaptive sliding mode observer uses 

Lyapunov function, and it is s method to estimate 
position and speed of rotor and stator resistance at the 
same time. To estimate the position and speed of rotor, 
the integral operations are performed as follows[9]. 

ˆ ˆr rω ω

θ ω= ∫

= ∫ &
                    (15) 

Digital low-pass filters are mainly used to do integral 
operations in an actual system. Notice that since the 
digital low-pass filter causes time-delay, the performance 
of system goes down. 

The proposed observer(16) in this paper, reduces the 
influence of estimation error caused by the parameter 
changes in the conventional adaptive control and 
calculates position and speed of rotor using the a new 

sliding mode observer. As the result, it improves the 
system performance. 
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Fig. 2 Proposed sliding mode observer 
 

Ⅳ. Experimental Results 
Figure 3 compares the results of velocity responses 

against a step input of 3000 rpm for conventional 
adaptive slide mode and for the proposed sliding mode 
observer. 

 

Fig. 3 Response property about step input 
 

The conventional method represents settling time of 
40 ms and overshoot of about 6.7%. The proposed 
method represents settling time of 18 ms and overshoot 
of about 15%. The proposed method is faster response 
than the conventional method. 

Figure 4 shows the estimated speed error against the 
reference speed when it is changed along the time. 

 
(a) RPM Change 

 
(b) conventional observer (c) proposed observer 

Fig. 4 Comparison the estimated speed error about speed 
change 
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Abstract
The development, deployment, and control of

groups of robots is a tedious process even for ex-
perienced roboticists. Particularly in heterogeneous
systems a high granularity of control and visibility
is difficult to achieve. The lack of standardized in-
terfaces and communication protocols to interconnect
robots from different manufacturers makes it very dif-
ficult to develop flexible robotic applications. We pro-
pose an efficient system suited to support heteroge-
neous robotic swarms that can be used as a toolkit
for fast prototyping of robust distributed applications.
This system offers a flexible interface allowing external
users to remotely control the swarm over the internet
by using standardized communication protocols such
as Web Services.

1 Introduction

Given the ubiquitous nature of the internet both
in private and industrial settings, more and more pro-
cesses are shifting from fully centralized to distributed
solutions. To attain the required degree of flexibil-
ity and interoperability, the Service-Oriented Archi-
tecture (SOA) paradigm has been introduced and has
become a common method for data exchange between
large industrial enterprises. The key idea behind SOA
is that different companies offer their services in the
form of modular, and loosely coupled software compo-
nents exchanging data over HTTP which can be con-
sumed by other companies through the internet with
no human intervention.

Telerobotics is no exception to this massive decen-
tralization of industrial processes, and several projects
where robots can be controlled over the internet have
emerged in the last decade, as for example the Robotic
Garden [4] and KhepOnTheWeb [9], among others.1

∗Corresponding author: vlad.trifa@ieee.org
1http://ranier.hq.nasa.gov/telerobotics page/realrobots.html

In the industrial sector, remote control of manufac-
turing processes can also be distributed, but in many
cases a reliable communication channel is required
to ensure functionality. Usually, industrial robotic
teams (e.g. a manufacturing production line) are pro-
grammed assuming no equipment failure, and the con-
trol process is centralized on a single machine which or-
chestrates the synchronization between different tasks
and robots. However, if a robot fails, it can take a lot
of time (and money) to reconfigure a new robot and
integrate it in the chain to resume the task. To avoid
such losses, a powerful and robust infrastructure that
offers full control over a group of heterogeneous robots
through the internet can be very efficient solution.

Unfortunately, most telerobotic projects have been
mainly focused on the control of a single robot. Our
approach is relatively novel in that we are interested
in providing a solid tool for experts working with dis-
tributed robotics. The metaphor of Swarm Intelligence
[2], offers several promising methods for creating ro-
bust distributed systems. Global a priori knowledge
of the system is not required, and coherent behav-
ior emerges from local interactions between robots.
Thus no centralized controller is needed, increasing
the robustness of the whole system. However, the dif-
ficulty of properly analyzing such systems often pre-
vents them from being implemented in industrial set-
tings, hence the lack of appropriate standards for the
associated tools and methods.

Specifically, when dealing with heterogeneous
groups of robots, the principal challenge is to seam-
lessly interconnect devices made by different manufac-
turers and having different capabilities. Several differ-
ent approaches have been proposed as potential stan-
dards; Web Services (WS), as a particular implemen-
tation of an SOA, have been selected here for their
flexibility and its demonstrated success in other do-
mains. Other SOA standards such as Universal Plug
and Play (UPnP) have also been used to interconnect
robots [1], but UPnP is not particularly well suited to
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this task as it requires specific libraries that are not
available on all operating systems.

To maximize compatibility, a fully open set of stan-
dards is preferable, as presented in WS, and demon-
strated in various research efforts. A remote monitor-
ing and control architecture based on the WS model
[6], a control platform for a robotic arm [7], and a
method to control several robots using WS in con-
junction with Manufacturing Messages Specifications
[10] have all been proposed. In addition, RoboLink
[8] is an attempt supported by several industrial part-
ners to standardize robust inter-robot communication
protocols. Unfortunately, it is mainly concerned with
the low-level communication specifics, and thus cannot
easily be extended to other devices.

We advocate the use of WS for communication be-
tween the different components of the system (in par-
ticular the hardware and the user interface). A key ad-
vantage of using WS to access and control the robots
is that they enable clients on diverse platforms (e.g.
web pages, mobile phones, etc.) to have the same
level of control over the network. In addition, WS
provide a reliable and secure communication channel,
automatic discovery of new devices, and an efficient
publish-subscribe event notification mechanism.

In this project, we have built a central server based
on Java Enterprise Edition (J2EE) that acts as a gate-
way between the end-user and the robot group. The
server implements a WS that allows users to retrieve
real-time information about the current status of the
system as a whole, or of an individual robot. An ad-
vantage of this approach is that a control application
can leverage both the centralized aspect of the server
(which has full control over the robots) and the fully
distributed nature of the robotic swarm.

2 Tools and Methods

The basic components of the system are shown in
Fig. 1, and this section will described each of these
parts more in detail.

2.1 Physical Device & Gateway Layers:
The e-puck Robot

In this case study, the physical devices used were
e-puck robots. The e-puck2 is a miniature open-
hardware robotic platform recently developed at the
École Polytechnique Fédérale de Lausanne (shown in

2http://www.e-puck.org

Figure 1: The general architecture of our system is com-
posed of four parts. From left to right: The Physical layer,
consisting of the actual robots; the Gateway layer, which is
the connection between the physical devices and the sys-
tem; the Logic layer, containing the server that logs the
data coming from the devices; and the Interface layer,
which includes any device or interface for an external user
or users.

Fig. 2). The standard e-puck has eight infrared prox-
imity and light sensors, a trinaural microphone array,
a speaker, a three-axis accelerometer, and a Bluetooth
interface for programming. It can also be fitted with
custom pluggable modules that stack in between the
two standard boards, such as the short-range radio
communication turret used here [3], which provides
a subset of the 802.15.4 and ZigBee protocols and is
fully interoperable with the MicaZ [5] nodes used here
as base stations in the physical gateway layer.

2.2 Logic Layer: Web Services

Web Services are a set of standards3 similar to Re-
mote Procedure Calls (RPCs), where the functional-
ity of different software components is exposed as an
API with different methods that can be invoked on
the service. These functional specifications allow dif-
ferent software modules to collaborate and exchange
data regardless of the underlying hardware and soft-
ware platforms.

From a functional point of view, our system is com-
posed of three disjoint components. As can be seen in
Fig. 1, the end-user is only involved at the Interface
Layer; the Human-Computer Interface to the robotic
swarm. The Interface Layer communicates directly
with the Logic Layer (the server), which contains the
main application and is responsible for the transport of

3http://www.w3c.org/2002/ws/
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Figure 2: LEFT: The e-puck, a small-scale experimen-
tal robotic platform. Shown here with the radio com-
munication board stacked between the basic module and
the jumper board, allowing the implementation of sensor
networks and other networked robotic systems. RIGHT:
Several e-pucks in a table-top arena (Shown with colored
markers attached to facilitate tracking by an overhead cam-
era).

commands and data between the user and the physical
devices. The Logic Layer is implemented using J2EE,
which is a powerful, industrial development and pro-
duction environment. The choice of J2EE was based
on its reputation as a robust environment that sup-
ports industrial applications, and Web Services in par-
ticular.

2.3 Control Layer: User Interface

The development of distributed robotic applications
often requires significant additional effort to design
custom user interfaces for the visualization, configura-
tion, and control of a robotic swarm. In addition, these
interfaces can frequently be very application-specific.
One feature of this system is that, using the WS stan-
dard, almost any physical device or piece of software
capable of implementing HTTP (e.g. a stand-alone
Java application, PDA, Tablet PC, mobile phone, etc.)
can be used to interact with the multi-robot system,
regardless of the operating system or programming
language on the device. The service provider needs
only to publish a list of the different functions that
can be called by the client, allowing any user to create
a personalized user interface.

For devices with limited computational power (e.g.
a GPRS-enabled mobile phone), an additional Repre-
sentational State Transfer (REST)4 interface has been
developed. REST allows clients to interact with the
system simply by accessing specific URLs that encode
function calls and their associated parameters.

4http://rest.blueoxen.net/

3 Experimental Case Study

As a proof of concept, we used a team of e-puck
robots capable of performing various actions (e.g., il-
luminating LEDs, setting motor speeds, reading prox-
imity sensors, azimuth estimation of incident sound,
etc.). If combinations of these actions are considered
‘tasks,’ the following scenario can be used to illustrate
one possible use case for the proposed architecture.

The e-pucks are able to perform three tasks (T1, T2,
and T3). Two e-pucks are executing T1, and a third is
executing T2.

1. A fourth e-puck is added to the swarm, and sends
an INIT message to the server.

2. The server acknowledges the robot by sending it
a command to execute T2.

3. The user changes the wheel speed of an e-puck
using the web interface.

4. All LEDs of another robot are turned on using a
Java application.

5. All e-pucks are ordered to execute T3 using a mo-
bile phone.

This sample sequence is a basic illustration of the
different commands that can be send to the robot
team. Of course, given the nature of our system, much
more elaborate sequences can be executed from remote
locations.

The server is responsible for keeping track of the
status of all connected devices, and logging all re-
ceived data into a database. Additionally, it also gen-
erates the actual commands that are sent to the robots
though different physical gateways. When a robot is
turned on, it broadcasts a message which specifies its
physical address and available capabilities. The server
will acknowledge the new arrival by sending a com-
mand specifying a behavior to execute based on the
current state of the system, and task priorities.

4 Conclusion and Future Work

We have presented an infrastructure for easy de-
velopment and control of distributed robotic applica-
tions. Our approach focuses on the runtime config-
uration (and reconfiguration) of the robots; different
devices can perform their tasks autonomously, accept
direction from a central entity, or some mixture of both
modes. Another novel aspect of the system is its use of
WS for communication between the end-user and the
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system, allowing personalized control interfaces (cre-
ated using any programming language on any hard-
ware platform, provided that HTTP is supported).

This simple case study also illustrates how the WS
standard can significantly increase the interoperabil-
ity of heterogeneous sensor and actuator networks. In
addition, integration of any of the available features
in WS standard is relatively straightforward. For ex-
ample, secure and reliable communication can be es-
tablished with minimal network overhead, and new
robots can be automatically discovered and integrated
into the system. As the WS standard is becoming in-
creasingly common in industrial enterprises, the merg-
ing of robotic and business applications—a growing
demand—is greatly facilitated.

For the current case study, the WS protocol was not
implemented directly on the robots, due to the limited
computational resources on the e-pucks (this formal-
ity was handled in the Physical Gateway layer), but
Moore’s law may soon make this relatively feasible.
However, it will nonetheless be essential to compare
the performance of WS-based communication with ex-
isting proprietary protocols, and carefully find the bal-
ance between performance and flexibility for each ap-
plication. A testbed composed of industrial robots will
also be needed to quantitatively evaluate the perfor-
mance of the architecture presented here.

Future work also includes efforts to adapt the au-
tomated service discovery mechanism to handle arbi-
trary device types. In particular, methods to encode
different capabilities of robots are to be explored (e.g.,
an XML description of a robot’s sensors, actuators, ca-
pabilities, etc.), and also automatically generated user
interfaces based on the specific nuances of each robot.

Clearly, the work presented here only serves as an
initial prototype for a robust and flexible infrastruc-
ture that can support the development of extremely
large distributed robotic systems. A fully functional
system (where performance issues can be systemati-
cally analyzed) will need careful design and optimiza-
tion based on the tasks the robots will perform, and
the trade-off between flexibility and reliability must be
carefully evaluated. However, the fundamental princi-
ples proposed here represent a scalable solution which
will be able to meet industrial standards.
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Abstract

For free floating space robots having manipula-
tors, we have proposed a discrete-time tracking control
method using the transpose of Generalized Jacobian
Matrix (GJM). Control inputs of the control method
are joint torques of the manipulator. In this paper, the
control method is augmented for angular velocity in-
puts of the joints. Computer simulations have shown
the effectiveness of the augmented method.

1 Introduction

For space robots having manipulators many control
methods of space robot manipulators have been pro-
posed [1]. Most of them, however, use the inverse of
Generalized Jacobian Matrix (GJM) which is a coef-
ficient matrix between the end-effector’s velocity and
the joint velocity of the manipulator. Therefore, if the
robot system becomes in a singular configuration, the
manipulator is out of control because the inverse of
GJM does not exist.

We have proposed discrete time control methods us-
ing the transpose of GJM [2, 3]. The control methods
using the transpose of GJM use position and orienta-
tion errors between the desired and actual values of
the end-tip of the manipulator. Namely, the control
methods belong to a class of constant value control
such as PID control. Therefore, the value of errors
depends on the desired linear and angular velocity of
the end-tip based on the desired trajectory.

To obtain higher control performance we have pro-
posed a digital trajectory tracking control method that
has variable feedback gains depending on the desired
linear and angular velocity [5]. Furthermore, the con-
trol method can be applied for cooperative manipula-
tions of a floating object by some space robots [6].

The tracking control method described above can
be utilized for manipulators with joint torque con-
troller. It is considered that joint velocity controllers
are also used for space robot manipulators. So, we
have been proposed a control method using the trans-
pose of GJM for joint velocity controller without tra-
jectory tracking. In this paper, we propose a track-
ing control method for joint velocity controller. Sim-
ulation results show the effectiveness of the control
method.

2 Tracking Control (Torque input)

Our proposed control method [5] has been designed
for a free-floating space robot manipulator as shown
in Fig. 1 [4]. It has an uncontrolled base and n-DOF
manipulator with revolute joints. The target of the
end-effector of the manipulator is stationary in an in-
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Fig. 1 Space robot model
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ertial coordinate frame. Symbols used in this paper
are defined as follows:

ΣI : inertial coordinate frame
ΣB : base coordinate frame
ΣE : end-effector coordinate frame
ΣT : target coordinate frame
rE : position vector of ΣE

rT : position vector of ΣT

vE : linear velocity vector of ΣE

ωE : angular velocity vector of ΣE

q : joint angle vector
φ∗ : angle vector representing the orientation of

Σ∗
IA∗ : rotation matrix from Σ∗ to ΣI

E : identity matrix
The tilde operator stands for a cross product such that
r̃a = r × a. All position and velocity vectors are
defined with respect to the inertial reference frame.

A discrete-time differential kinematic model of
Fig. 1 is given by the following equation [2, 3]:[

vE(k)
ωE(k)

]
=

[
JL(φB(k), q(k))
JA(φB(k), q(k))

]
q̇(k) (1)

where JL and JA are called the GJMs of the linear
and angular velocities, respectively.

For free-floating space robot manipulators we have
proposed the following control law using the transpose
of the GJM [5]:

τd(k) = JT
L(k)

[
k̂p(k)ePI(k) − K̂LV (k)vE(k)

]
+ JT

A(k)
[
k̂o(k)eOI(k) − K̂AV (k)ωE(k)

]
(2)

where τd(k) is the joint torque input vector and

ePI(k) = pT (k) − pE(k),

eOI(k) = −1
2
ET

X(k)EOI(k),

EOI(k) =

⎡⎣nT (k) − nE(k)
sT (k) − sE(k)
aT (k) − aE(k)

⎤⎦, EX(k) =

⎡⎣ñE(k)
s̃E(k)
ãE(k)

⎤⎦,

k̂p(k) = kp{1 + αLνL(k)}, k̂o(k) = ko{1 + αAνA(k)},
K̂LV (k) = KLV {1 − βLνL(k)},
K̂AV (k) = KAV {1 − βAνA(k)},

νL(k) =
||vEd

(k)||
vdmax

, νA(k) =
||ωEd

(k)||
ωdmax

.

The vectors n∗, s∗ and a∗ (∗ = T, E) are unit vec-
tors along the axes of Σ∗ with respect to ΣI , i. e.,
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Fig. 2 3-link space robot

Table 1 Physical parameters

Length Mass Moment of inertia
m kg kg·m2

Base 3.5 2000 3587.9
Link 1 2.5 50 26.2
Link 2 2.5 50 26.2
Link 3 0.5 5 0.23
Object 4.0 100 200.0

IA∗ = [n∗(k) s∗(k) a∗(k)]. vEd
(k) and ωEd

(k) are the
desired velocities of vE(k) and ωE(k), vdmax and ωdmax

are the maximum values of the norm of vEd
(k) and

ωEd
(k), α† (α† ≥ 0) and β† (0 ≤ β† ≤ 1) († = L, A)

are setting parameters. Furthermore, kp and ko are
positive scalar gains for position and orientation, and
KLV and KAV are symmetric and positive definite
gain matrices for linear and angular velocities of the
end-tip of the manipulator.

For a horizontal planar 3-DOF robot shown in
Fig. 2 and an object, computer simulation using
Eq. (2) has been done [5]. The simulation condition
is follows. Physical parameters of the robot and ob-
ject are shown in Table 1. A point of interest of the
object moves along a straight path from the initial
position to the target position and the object angle
is set up to the initial value. The sampling period
is T = 0.01s and setting parameters of the control
law are kp = ko = 50000, KLV = diag{5000, 5000},
KAV = 5000, αA = αL = 0.8 and βA = βL = 0.3.

Fig. 3 and 4 show the simulation result. And
Fig. 5 shows the relation between the actual joint in-
put torque and joint angular velocity. From Fig. 5 we
can see that the value of angular velocity is varying
with the constant torque input during the sampling
interval T . In other words, if the control inputs vary
roughly for manipulators with joint velocity controllers
the joint controllers give large torques to the robot.
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3 Tracking Control (Velocity input)

For manipulators with joint velocity controllers the
control law (2) cannot be applied directly. To obtain
similar control performance to the case of the joint
torque controllers, we use the dynamic equation of the
robot.

Equation of motion of the space robot shown in
Fig. 1 can be described as follows [1]:

H(q)q̈(t) + C(q, q̇) = τ (t) (3)

where H is the symmetric and positive definite inertia
matrix, and C is the vector of Coliolis and centrifugal
forces.

Discretizing Eq. (3) by the sampling period T1 (T =
nT1, n is positive integer) and applying the forward
Euler approximation to q̈(k1), we have

q̇(k1) = q̇(k1−1)−T1H
−1(k1) {C(k1) − τ (k1)} . (4)

Here, we assume that q is constant during the sam-
pling interval T . Then for Eq. (4) the actual joint
velocity control input q̇d(k1) is determined as

q̇d(k1) = q̇(k1−1)−T1H
−1(k) {C(k1) − τd(k)} . (5)

To verify the validity of the proposed control
law (2), with Eq. (5) simulation is performed. The
condition is same to the torque input case and the
sampling period for Eq. (5) is T1 = 0.001s (n = 10).

The simulation result is shown in Fig. 6 and 7. Fur-
thermore, Fig. 8 shows the difference of the joint an-
gular velocity between the case of torque input con-
trol and velocity input control. From these figures,
the both control performances are similar and good
control performance can be achieved using the control
law (2) with Eq. (5).
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4 Conclusion

In this paper, a digital tracking control method for
space robot manipulators with joint velocity controller
was proposed. The simulation result showed the effec-
tiveness of the proposed method.
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Abstract

We report on cooperative control of multiple neu-
ral networks for indoor blimp robot. In our laboratory,
the indoor blimp has been studied to achieve various
applications. Our objective of this paper is to propose
a robust controller that can adapt to mechanical acci-
dents such as breakdown of propellers. In our proposal
method, each propeller thrust is independently calcu-
lated by each small network. We confirm effectiveness
of the proposed method compared to the method of
calculating thrusts by a single large neural network on
the simulator.
key words - indoor blimp robot, neural network, coop-
erative control

1 Introduction

Indoor blimp robot is known as the aerial vehicle.
It can move safely in three dimensional space. The
advantage is that it consumes lower energy to move
than the other aerial vehicles such as helicopters and
air planes. Blimp robot can be applied to various
applications, for example, guidance in the buildings,
monitoring high attitudes and entertainment flight. It
has been studied on the speed control, self-charging
system and time constraint control[1, 2, 3]. The PID
control that is classified as the feedback controls is
used in these studies. In the methods, after the thrust
of entire robot is calculated, it is distributed to each
propeller. However, it is difficult for these meth-
ods to adapt to partial breakdowns or environmen-
tal changes without tuning by human. As other ap-

proaches, it has been studied that the robot movement
is emerged and self-organized from individual motor
controls through embodiment[4]. Self-organized con-
trol can be expected to have robustness against partial
breakdowns because the entire control is constructed
by interactions among them. The others could make
up for partial breakdowns. In this study, breakdowns
of propellers are our concern. It is thought that the
self-organized method can adapt to the breakdown of
the propellers. Therefore we propose a self-organized
neural controller implemented in the simulated indoor
blimp and compare the effectiveness of the proposed
method with the conventional neural network model.

This paper is organized as follows. First, a real
blimp robot that we have studied is introduced. In
the next section, our proposing method with multiple
neural networks is explained. Finally, the effectiveness
will be shown.

2 Blimp robot

2.1 Real robot

We designed a cylinder-shaped blimp robot. This
shape can greatly take the volume. This blimp robot
has three propulsion units, each of which has two pro-
pellers in the X, Y, and Z axis. Ch4 worked for vertical
movement, and ch0, ch1, ch2 and ch3 are for the X-Y
plane. Diameter(D[m]) and Height(H[m]) of the bal-
loon is decided to produce enough to buoyant force.
Total weight of blimp robot W [g] is calculated as fol-
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Figure 1: Blimp robot and overview

Figure 2: Propeller unit

lows.

W = πρheH(
D

2
)2 + πcD(H +

D

2
) + U (1)

where ρhe = 178.5[g/m3] is helium density and,
c[g/m2] is the unit weight of balloon material. Bal-
loon material is aluminum film, whose unit weight c
is 30.0[g/m2]. U is the weight of the propeller unit
that consist of the six propellers, the camera sensor,
and the controller. Weight U is about 480[g]. The
buoyant force Bu can be calculated by this equation.

Bu = πρairH(
D

2
)2 (2)

where ρair=1226.0[g/m3] at 0 ℃,1atm. Bu must be
larger than W . We set diameter D to 0.94[m], and
height H to 0.8[m].

The propellers can be driven by only ON/OFF sig-
nal.

2.2 Simulator

In our study, we test two types of the neural net-
works on a simulator that is constructed based on the
architecture of the real robot. The air resistance, the
buoyancy, and the thrust of the propeller is considered
in the equation of motion[5].

We set up the simplest task where the blimp must
approach a target in a trial time in order to compare
the performances of two neural networks. For the sim-
plicity, we consider only X-Y plane.

3 Neural network

In this section, we describe two types of neural net-
works to calculate the thrust. One is the method in
which each propeller thrust is independently calcu-
lated by a small neural network(NNI). Because the
characteristic of the propeller is the same, we use the
same structure of neural network[6]. Another is the
method in which a large neural network decides all
blimp thrusts(NNA)(See Fig.3).
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・・・

・・ ・
・・ ・

・
・
・

・
・
・

NNI

NNA
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・
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・
・
・

NNI

NNA

Figure 3: A schematic view of NNI(top) and
NNA(bottom)

Input X and the output Z of each small network in
NNI are represented as follows.

XNNI
i (t)={ Rxi, Ryi, Dxi, Dyi, zi(t − 1) }

ZNNI
i (t)={ zi(t) }

where Rxi and Ryi is relative positions to the target
from each propeller, i. Dxi and Dyi are the move-
ments during a time step. The thrust at the previous
time step, zi(t − 1) is fed back to the input. zi(t) is
the thrust for a propeller. The inputs for each network
are calculated based on the position of propeller 2 as
follows.

Rx0 = Ry1 = Ry3 = −Rx2

Ry0 = Rx1 = −Rx3 = Ry2
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Rx2 = tx ∗ cos(−θ) − ty ∗ sin(−θ)
Ry2 = tx ∗ sin(−θ) + ty ∗ cos(−θ)

tx = Tx − X

ty = Ty − Y

where θ is an angle around Z axis of the blimp. (Tx, Ty)
and (X,Y ) are positions of the target and the blimp,
respectively.

The inputs and outputs of large network in NNA
are represented as follows.

XNNA(t)={ Rx2, Ry2, Dx2, Dy2, z0(t − 1), z1(t −
1), z2(t − 1), z3(t − 1) }

ZNNA(t)={ z0(t), z1(t), z2(t), z3(t) }
The inputs of NNA is given by a relative position of
propeller number 2. The outputs of NNA are four
propeller’s thrust.

4 Genetic algorithm

The neural network parameters are evolved by ge-
netic algorithm. One gene consists of parameters of
neural networks such as weights and biases as shown
in Fig. 4. All genes are evaluated by the distance to
the target at the end of trials.

11w w
11v v・・・ ・・・

1θ midθ
1ϕ outϕ・・・ ・・・

11w w
11v v・・・ ・・・

1θ midθ
1ϕ outϕ・・・ ・・・

11w11w w
11v11v v・・・ ・・・

1θ1θ midθ
1ϕ1ϕ outϕ・・・ ・・・

Figure 4: The structure of genes

The fitness function is given as follows.

fitness =
1
T

∑
1 − dist/distinit (3)

where T represents the number of trials, and dist and
distinit represents distances to the target at the end
and at the beginning of the trial, respectively. The
fitness is averaged over T(=5) trials starting from dif-
ferent initial positions. These are modified by using
crossover and the mutation at every generation. One
point crossover was used for the crossover and tourna-
ment selection for the selection.

5 Experiment

In this experiment, we confirm the effectiveness of
our proposing NNI model compared to NNA. The pa-
rameters used by the experiment are shown in Table
1.

Table 1: Parameter of experiment

Parameter value
Generation 100
Population 100

Tournament size 5
Mutation probability 0.6

Trial time 2000
Target position(X,Y) (0.5,1)
Initial position of X [-1.5,1.5]
Initial position of Y [0,3]

5.1 Result

After being evolved under the all propellers can
drive, the both networks have been able to move to
the target. To compare robustness of networks ac-
quired in the evolution, we measure the performances
when the propellers break down. The average of the
fitness over 100 times from a different initial position is
shown in Table 2. The table includes the fitness when

Table 2: Fitness to each state

propeller
State number NNA NNI

all propeller drive 0.988 0.999
one propeller
breaks down ch0 0.906 0.961

ch1 -8.050 0.961
ch2 0.648 0.978
ch3 -1.072 0.989

two propellers
break down ch0,ch1 0.685 0.752

ch0,ch2 -2.370 0.521
ch0,ch3 0.713 0.966
ch1,ch2 0.515 0.965
ch1,ch3 -7.409 0.547
ch2,ch3 -4.591 0.670

the all propeller works, one propeller breaks down and
two propellers break down. When the propeller breaks
down, there is a clear difference of performances be-
tween NNI and NNA. Even when the propeller breaks,
NNI can mostly approach to the target position. Es-
pecially, NNI has a strong robustness to a breakdown
of a single propeller. In NNA, the breakdown of a sin-
gle propeller can cause a serious damage to the con-
troller. Trajectories of all patterns when starting from
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the same starting point(-1.0,2.2) are shown in Fig. 5,
Fig. 6, and Fig. 7. It should be noted that Fig. 5
has different scale from the others. NNI can keep a
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Figure 7: The trajectories of NNA(left) and
NNI(right) :two propellers breakdown

similar trajectory even if the propellers break down.
On the other hand, NNA cannot approach the target
when propellers break down. It can be said that NNI
is more robust than NNA in terms of performances
and trajectories from these results.

6 Conclusion

We proposed cooperative control of multiple neural
networks for indoor blimp control. In this paper, it
was shown that the proposed method was more robust
to the breakdown of propellers. In future work, task
could be more complex to confirm the effectiveness
and adaptivity of our proposed method. As another

direction, the proposed method will be tested with the
real blimp.
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Abstract 

 
This paper proposed the real-time tracking 

algorithm in the active camera system, which is 
based on the intelligent method. To separate the 
object from background, the similarity of the 
color is analyzed through the fuzzy inference 
engine. And after segmentation, the local 
difference method between the continuous images 
is used to track the moving object. The 
experiment is performed using the developed 
embedded camera system with an ARM 
processor. 
keywords: Color Image Segmentation, Fuzzy 
Method, ARM Processor 
 
1   Introduction 
 

These days, many researchers have studied 
about an intelligent robot. The robot is composed 
of three parts such as manipulation, navigation 
and human-robot-interaction (HRI). Most of 
navigation algorithms for robots, including 
mobile robot and humanoid, have generally 
performed by sonar, infrared and vision sensor. 

In order to embody navigation algorithms, 
researchers are interested to treat in object 
detection and tracking based on the image 
information from CCD camera [1]. 

To pursue the tracking of a moving object, the 
image segmentation among image processing 
stages is basic and important. Usually, the 
segmentation is the process of dividing the image 
into signification regions. The good performance 
of the segmentation can pass to the image 
recognition field of rather high level [2-5]. 

The image segmentation can be divided into 
two kinds of method. The first method is to 
separate a movement of the object from 
background and track the object. The second is 
that the tracking algorithm is fulfilled after the 
object separates from background based on the 

object detection. The key point of the first method 
is how to find movement information of the 
object. There are several algorithms [6,7]. For 
example, using the difference between two 
continuous images is very simple method. 
Another method is an optical flow which is a 
technique used to describe image motion. It is 
usually applied to a series of images that have a 
small time step between them, for example, video 
frames. The optical flow is calculates a velocity 
for points within the images, and provides an 
estimation of where points could be in the next 
image sequence. Those algorithms have the good 
point that can track the moving object, regardless 
of the size and the shape of objects. But the 
uncertainty of the tracking target makes it difficult 
to track a specific object among some moving 
objects. Especially, those algorithms should need 
some compensation algorithms in the active 
camera system, which it spends lots of time to 
track the object. 

But since in an active camera system the 
background movement always exists, the 
difference method cannot be applied. To 
compensate the above problem, Don Murray and 
Anup Basu have proposed the tracking algorithm 
using a geometrical structure of camera, a 
morphological filtering and edge information of 
the image [8]. The main idea of their algorithm is 
how to raise the rate and the speed of recognition. 

To embody the above methods, lots of 
memories and the fast microprocessors are needed. 
Therefore, most of tracking algorithms are 
fulfilled in the computer system in stead of 
embedded system. But, because main controller 
of the developed robot is composed of embedded 
system, the above algorithm is difficult to be 
applied to the robot system. 

This paper proposed the real-time tracking 
algorithm in the active camera system, which is 
based on the intelligent method. To separate the 
object from background, the similarity of the 
color is analyzed through the fuzzy inference 
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engine. And after segmentation, the local 
difference method between the continuous images 
is used to track the moving object. The 
experiment is performed using the developed 
embedded camera system with an ARM 
processor. 

 
2  Color Space 
 

The development of the hardware has been 
made it easy to process binary or gray images as 
well as color images. Color images have more 
information than the black-and-white images, and 
have been used in the lots of field such as cellular 
phone, digital TV and game. It is possible to 
reduce a time for image recognition because the 
color information of objects can easily separate 
the concern object from the complicated 
background. 

We can make some color by mixing the three 
primary colors properly, and the color model can 
be represented as three axes which is three 
primary colors. Many color spaces may be used in 
image processing: RGB, YIQ, HIS, HSV, etc. 
This paper used the HIS and RGB model. 

Fig. 1 shows the RGB distribution of object 
color.  

 

  
(a)                   (b) 

Fig. 1. RGB distribution of object color: (a)Object, 
(b) Distribution. 
 

In Fig. 1, the color distribution of the concern 
object shows nonlinear feature. But the color is 
spread of the center part of object, and the color 
of the edge parts can be easily affected by the 
background color. 
 
3  Segmentation 
 

This paper fulfilled segmentation using the 
fuzzy inference engine. To do segmentation, this 
paper assumed that there is no unexpected change 
of illumination. 

We extracted the concern object through two 
step process with real-time method. 

Fig. 1 shows that the color is spread of the 
center part of object, and the color of the edge 
parts can be easily affected by the background 
color. 

To extract the object from background, this 
paper normalized the value of RGB data using eq. 
(1). 
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This paper set the seed value which is 

calculated by averaging the normalized RGB data 
of concern object. 

Fig. 2 shows the block diagram for the 
proposed fuzzy inference engine. 

 

 
Fig. 2. Block diagram for the fuzzy inference 
engine. 

 
In order to search the object candidate, we used 

9 pixels (3X3 pixel on image) as inputs of the 
fuzzy inference engine. The fuzzy inference 
engine used in this paper is different from the 
general inference engine. In this paper, we add the 
decision part to the inference engine in order to 
send the binary image as the output of the fuzzy 
inference engine. Therefore, the computation time 
is reduced. 

 
4  Labeling 
 

Color images include candidate regions with 
similarity color. Therefore, the label algorithm is 
used to search the concern object region. Through 
the label algorithm, each region with similarity 
color is classified. 

The algorithm finds the region gathering 
vicinity pixels in the binary image. And the found 
regions were labeled. This algorithm can remove 
the noise. 

Fig. 3 shows the concept of label algorithm. Fig. 
3-(a) shows the binary image and after label 
algorithm, the labeled image is shown in fig. 3-(b). 
We can get the noise filtered image (fig. 3-(c)) 
through the process of size filtering. 

 

  
(a)           (b) 
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(c) 

Fig. 3. Labeling : (a)binary Image, (b)labeled 
Image, (c)Noise filtered Image. 

 
In this paper, the fuzzy inference engine 

converts the color image to the binary image 
based on fuzzy segmentation. The converted 
binary image is labeled by the label algorithm. 
Finally, though the process of size filtering, the 
labeled regions are compared with the size of the 
concern object. And the regions less or more than 
the size of object are removed. 

 
 
5  Tracking Object 
 

To track some moving objects is to separate 
objects from background. The tracking method 
can be divided into two methods. One of methods 
is to separate the motion of objects from 
background. Another is to track objects based on 
the continuous object recognition. 

This paper used the other that after recognition 
of the object color and of the object shape, some 
moving objects are tracked with on-line method. 
In order to track with on-line method, this paper 
used two steps. The first step is to search the 
object candidate in the global region. If a concern 
object found among some objects, the proposed 
algorithm search the concern object in the local 
region defined by a programmer. 

After the concern object is recognized, the 
algorithm is to define he center of the object and 
to search the object in local region. 

Fig. 4 shows the global and local search. 
 

Object Move

Global
Search

Predict Search Area

Local
Search

Target Object

 
Fig. 4. Global and local search. 
 

To calculate the averaging value of objects 
from the normalized RGB data, eq (2) and (3) is 
used in order to assign search region. 
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Where R is region, A is the total pixel number 
of the region, xc and yc is the center of the region. 
 
 
 

6  Experiment 
 
6. 1   Camera System 

 
To develop an active camera system, we used 

the ARM processor and the SAA7111AH video 
encoding chip. Fig. 5 shows the block diagram for 
the active camera system. In Fig. 5, to encoding 
the NTSC signal from the CCD camera, the 
saa7111ah coverts an analog NTSC signal to a 
digital signal. ARM board (EZ-X5, 
www.falinux.com) built in the PXA255 chip is 
used in order to fulfill the proposed algorithm.  

 

 

Fig. 5. Block Diagram for camera system based 
on ARM processor. 

 
Fig. 6 shows the developed active camera 

system. 
 

  
(a)                 (b) 

  
(c)                 (d) 

Fig. 6. Camera system based on ARM processor: 
(a) Camera Encoding Board, (b) ARM board, (c) 
and (d) Camera system. 

 
6. 2   Experimental Results 

 
We have done experiment with the three types 

of shapes such as circle, rectangle and cross. 
Fig. 7 shows the extracted result with off-line 

method. Because we have performed the 
experiment about the same color, the seed value 
of the circle is used in order to extract three 
candidate regions from background. 

 

 
Fig. 7. Extracted image of object candidate 
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Fig. 8 shows the extracted images of object 

candidate with on-line method using the 
developed camera system. Fig 8-(a), (b) and (c) 
shows the experimental results when we select 
three sorts of object candidates such as a circle, a 
rectangle and a cross. 

 

  
(a)                 (b) 

 
(c) 

Fig. 8. Extracted image of object candidate with 
on-line Method. 

 
7  Conclusion 
 

This paper proposed the algorithm for a 
microprocessor which has a limitation of a 
memory and computation ability. Usually, image 
processing algorithms proposed many researchers 
show the good performance when those 
algorithms are fulfilled on the computer. But 
because those algorithms should need lots of 
computation, the microprocessor applied to robot 
system can not calculate those algorithms as well 
as can not perform to control the robot system and 
to track objects at the same time. 

To solve the above problem, this paper used the 
fuzzy inference engine for extracting object 
candidate and tracking object. But the 
computation time for the proposed algorithm was 
about 300msec. Therefore, the development of the 
simple algorithm should need. 
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Abstract
We report on simulation and implement of Memory-

based PID control for indoor blimp robot. In the con-
trol of indoor blimp robot, it is known that the PID
control is effective. However, it is necessary to adjust
PID parameters dynamically, since the environment
changes dynamically. We use Memory-based PID con-
troller for PID parameter tuning. The method is that
a set of the PID parameters and input/output data of
the controlled object are stored in the data-base, and
are used to calculate the PID parameters to control
object. The results of experiments demonstrated the
effectiveness of Memory-based PID control for indoor
blimp robot.

key words - indoor blimp robot, Memory-based PID,
disturbance, controller

1 Introduction
Indoor blimp robot can float in the air by buoy-

ancy. Therefore, they have the advantages of free three
dimensional movement less influenced by geographi-
cal features than two dimensional mobile robots that
move on the ground. Their buoyancy also enable them
to move for long periods using low energy. Addition-
ally, even if they crash, they suffer less damage than
small air-crafts or helicopters because the balloon is
used for them. For these features, indoor blimp robots
have enormous potential for applications such as an
entertainment fright, security check, safety checks at
high attitudes, and overhead advertising. Researchers
have investigated the PID[2], fuzzy[3], and learning[1]
controllers for blimp robots. It has been shown that
the PID control is effective for the complex movement
control[4]. However, it is necessary to set parameters
manually in the PID control. To adjust the PID pa-

rameters autonomously, there are some researches to
adjust the PID parameters by neural network, fuzzy
theory, and genetic algorithm in the nonlinear con-
trol. However, these methods are difficult to adjust
the PID parameters in an on-line manner because
it takes long time to learn the parameters. In or-
der to overcome this problem, the Memory-based PID
controller[5] that is PID controller based on a mem-
ory based modeling are used for the rotation control of
blimp robot[6]. Memory-based PID controller is that
a set of the PID parameters and input/output data
of the controlled object are stored in the data-base,
and used to calculate the PID parameters to control
object. The controller has an ability to adapt to the
physical characteristics of the blimp by using reference
model. However, it is difficult to construct the refer-
ence model of the blimp robot. Therefore, in the blimp
robot control, instead of the data modification, two or
more parameters are prepared for initial data-base[6].

Our aim is to develop a method that can tune the
PID parameters in response to the environment that
changes dynamically. It is difficult to prepare two
or more appropriate PID parameters for initial data-
base in three dimensional. In this paper, we describe
a method to modify the PID parameters by using
the target value. Experiments in a real environment
showed the effectiveness of the parameter tuning using
the Memory-based PID controller that modifies PID
parameters ongoingly by the target value.

2 Indoor blimp robot
We use cylinder-shaped blimp robot. Compared to

ellipsoidal typed balloon, cylinder type balloon has
the advantages of uniform air resistance for directions,
moving precisely in the desired direction directly with-
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out rotation. These features might be necessary to
achieve the applications for indoor blimp robots.

Figure 1: Overview of indoor blimp robot: balloon
and control system.

Figure 1 shows the blimp robot that we have studied
and an overview of the control system. Blimp robot
consists of a balloon to float and driving parts for
moving. The driving parts consist of the controller,
thrusters, and a sensor. In the design of the bal-
loon, we decided on diameter as 94[cm] and height as
80[cm] to enable the blimp to float by buoyancy. The
controller consists of a T-Engine board and RBTMC
board. Image processing calculations and decisions on
outputs to control the blimp are run on the T-Engine
board and sent to the RBTMC board as control com-
mands for propellers on thrusters. Based on control
commands, the RBTMC board controls motors that
drive propellers at a sampling time ∆T = 0.3[s], which
is based on consumption time for image process and
control decision. The blimp recognizes positional in-
formation and environmental conditions through the
camera sensor, AR camera, which sends image data to
the controller via an internal bus and is fitted on thder
T-Engine board. The image resolution is 160×144 pix-
els, and color information is composed of 16bit data in
RGB color space. The blimp robot has six propellers,
ch0 and ch2 for x-axial movement, ch1 and ch3 for
y-axial movement, and ch4 and ch5 for z-axial move-
ment. We adjust thrust by switching On/Off signals
controlling motor rotation.

3 Control method
3.1 Memory-based PID controller

Memory-based PID controller designed by Takao[5]
and modifications in our proposing method are de-
scribed as follows.

An element accumulated in the data-base is defined
as follows.

φ(t) ≡ [r(t + 1), r(t), y(t), · · · , y(t − ny + 1),

u(t − 1), · · · , u(t − nu + 1)]

K(t) ≡ [KP (t),KI(t), KD(t)]

where t denotes the time when the input/output data
was acquired. r is the target value, y is controlled
variable, u is output, ny denotes degree of y, and nu is
degree of u. Memory-based PID controller generates
a suitable PID parameters by STEP1-5.

[STEP1] Making of initial data-base
Initial data-base consists of input/output data

and the PID parameters are decided by a con-
ventional method, i.e., the Zieglar&Nichols method,
Chein,Hrones&Reswick method, etc.

Φj ≡ [φj ,Kj ], j = 1, 2, · · · , N(0)

where N(0) denotes the number of initial data.

[STEP2] Calculation of distance, selection of
neighborhood

A distance d between φ(t) and φj that has been
stored in the data-base is calculated as follows.

d(φ(t), φj) =
ny+nu+1∑

l=1

∣∣∣∣ φl(t) − φj
l

maxmφm
l − minmφm

l

∣∣∣∣
（j = 1, 2, · · ·N(t)）

where N(t) is the number of data at time t. φl denote
the l − th element of data, and maxmφm

l denotes the
maximum element of l−th elements of all the data that
exists in the data-base. Similarly, minmφm

l denotes
the minimum element of l− th elements of all the data
that exists in the data-base.

The closest k elements on the data-base are selected
and defined as neighborhood.

[STEP3] Calculation of local model
A local model is calculated by linearly weighted av-

erage method using neighborhood in STEP2 as fol-
lows.

Kold(t) =
k∑

i=1

wiKi

where

wi =
ny+nu+1∑

l=1

(
1 − [φl(t) − φi

l]
2

[maxmφl(m) − minmφl(m)]2

)
After the weights are calculated, the weights are

normalized to satisfy the following equation.

k∑
i=1

wi = 1
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This Kold(t) is used as PID parameters to con-
trol(see Sect. 3.2).

[STEP4] Modification of data
PID parameters Kold calculated in STEP3 is mod-

ified in response to the size of the control error. And
the data Knew is stored in the data-base. The modi-
fication method is as follows.

Knew(t) = Kold(t) − η
∂J(t + 1)

∂K(t)

η ≡ [ηP , ηI , ηD]

where η denotes learning coefficient, J is evaluation
norm of error defined as follows.

J(t + 1) ≡ 1
2
ε(t + 1)2

ε(t) ≡ yr(t) − y(t)

where yr(t) is output of reference model. It is difficult
to construct the reference model of the blimp robot.
Therefore, we propose to replace above equation as
follows.

ε(t) ≡ r(t) − y(t)

PID parameters can be brought close to the target
value following PID parameters.

[STEP5] Deletion of the redundant data
Redundant data is deleted from the data-base to

reduce the calculation time. The procedure consists
of the following two stages.
Stage1

d(φ(t), φi) ≤ α1, i = 1, 2, · · · , N(t) − k

Stage2
3∑

l=1

{
Ki

l − Knew
l (t)

Knew
l (t)

}
≤ α2

If two or more deletion candidates exist, the data
with the lowest value of above equation is deleted.

3.2 PID controller for indoor blimp
robot

In our PID controller, the manipulated variables
m(t) is given as the ratio of the rotation time for each
propeller in sampling time ∆T . The manipulated vari-
ables mx(t), my(t), mz(t) are decided by the relative
velocity from the blimp robot to the target point. The
manipulated variable mθ(t) is calculated by the rela-
tive angular. These manipulated variables are defined
as follows.

mx(t) = KPx(t)ex(t)+KIx(t)
∑

ex(t)∆T+KDx(t)
Dex

∆T

my(t) = KPy(t)ey(t)+KIy(t)
∑

ey(t)∆T+KDy(t)
Dey

∆T

mz(t) = KPz(t)ez(t)+KIz(t)
∑

ez(t)∆T+KDz(t)
Dez

∆T

mθ(t) = KPθ(t)eθ(t)+KIθ(t)
∑

eθ(t)∆T+KDθ(t)
Deθ(t)

∆T

where KP (t) is proportional gain, KI(t) is integral
gain and KD(t) is derivative gain, and De(t) =
e(t) − e(t − ∆T ). Thrusts M0(t),...,M5(t) gener-
ated for propellers ch0,...,ch5 are determined by using
mx(t),my(t),mz(t),mθ(t) as follows.

M0(t) = my(t) + mθ(t), M1(t) = mx(t) + mθ(t),
M2(t) = my(t) − mθ(t), M3(t) = mx(t) − mθ(t),
M4(t), M5(t) = mz(t).

4 Experiment
4.1 Experimental setup

We show the effectiveness of the parameter tuning
using the Memory-based PID controller that modifies
PID parameters ongoingly by the target value.
Our experimental environment is shown in Fig. 2.
The experiment space is set over 300[cm] at width,
depth, and height. The blimp recognizes its position
information from landmarks placed on the ground (see
[2]). The blue and red circle are arranged with a di-
ameter of 50[cm] at intervals of 75[cm] to the floor at
the space for the experiment.

To confirm the effectiveness of our proposed
method, a simple task is set as follows. The blimp
robot is required to move 150[cm] and 250 [cm] high
for Z coordinate alternately. Initial data-base consists
of input/output data and the PID parameters made
by the Ziegler-Nichols step response method. Table1
shows parameters on Memory-based PID controller
that are used in this experiment. We compared the
Memory-based PID controller with the fixed PID con-
troller.

Figure 2: Experimental environment
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Table 1: Parameters on Memory-based PID controller

parameters values
Orders of the information vector ny = 2

nu = 2
Number of neighbors k =6

Coefficients to inhibit the data α1 =1000
α2 =1000

Initial number of data N(0) = 40

4.2 Result
Figure 3 shows Z coordinate transition of the blimp

robot. In Memory-based PID control, the time of the
overshoot and undershoot is less than the fixed PID
control. Figure 4 shows transition of PID parame-
ters corresponding to Fig. 3. The PID parameters are
changing in response to the environment and under-
shoot is suppressed. We conclude that the parameter
tuning using the Memory-based PID controller that
modifies PID parameters ongoingly by the target value
is effective.
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Figure 3: Z coordinate transition of the blimp robot
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Figure 4: Transition of PID parameters(solid line)
(The dotted line represents the fixed PID parameters
used in Fig. 3.)

5 Conclusion
In this paper, we reported the effectiveness of pa-

rameter tuning using the Memory-based PID con-
troller that modifies PID parameters ongoingly by the

target value. In the experiment, we showed the PID
parameters were tuned in an on-line manner. By using
this method, the blimp robot move more stably than
the one using fixed PID controller.

In the future work, we will use this technique to
bridge the gap between a simulation and a real world.
The initial data-base could be prepared in the simula-
tion first, and then it could be used for controllers of
the real blimp robot.
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Abstract : The paper presents the design and fabrication of each part and construction of a stepper motor driven three-axes 
stationary articulated robotic arm with indigenous components and to control it with a personal computer. The work was 
carried out as a sponsored project taken up by the students of PDA college of engineering under the guidance of the 
professors. The main objective of this work was to design a prototype of an intelligent educational stationary robotic model 
that can do pick and place of objects in its workspace from the source to the destination by avoiding the obstacles in its path 
of motion. 
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I. INTRODUCTION 

Robots have in a short span of time, became man’s 
most fascinating creations. The field of robotics has 
influenced almost every sphere of science. And the ever-
growing interest in robot technology ensures that this 
influence continues to grow. Keeping this in view, we 
have designed & fabricated a unique 3-axes robotic 
system with indigenous components.  The primary 
motive behind the work was to develop a modular 
educational robotic system with the help of locally 
available components and sub-systems as shown in Fig. 1. 
This paper deals with the design, fabrication and 
implementation of a 3-axes PC based stationary robotic 
system with a sensor interface for doing a manipulation 
task such as a pick and place task without human 
intervention, thus making a educational prototype model 
for the college laboratory.  

 
Fig. 1 A view of the designed & fabricated robot arm 

 

The main highlight of this system is, the entire system 
is made from light, junk, unused and scrap materials. A 
provision for sensing the limits of the joints, the hard 
home position of the robotic system was designed & 
developed in the college laboratory. The designed & 
fabricated robot has got 3-axes / 3 DOF. 3 actuators 
(stepper motors-Base Motor BM, Shoulder Motor SM, 
Elbow Motor) are used to control the 3 joints, while the 
gripper is controlled by another stepper (Gripper Motor 
GM) for opening and closing of the 2 jaws, inside which 2 
limit switches are used for sensing the object in between 
the fingers. The 3 joints are named as base, shoulder and 
the elbow. Sensors are used at the various joint positions 
to sense the position & orientation of the arm.  

The developed sensor system consists of limit switch 
sensing circuit, a reset detection circuitry for the 
stationary robotic system, thus making the system a 
closed loop control system. Sensors are feedback devices, 
which are used to sense the maximum limits of various 
actions like gripper close / open; sense the dead ends of 
the joints of a robot, thus making it very intelligent. They 
are used to sense the changes in the environment (detect 
the obstacles) and get adaptable to the environment 
(overcome the obstacle and proceed to the destination).  
At each and every joint, worm and worm gear 
mechanisms are used in order to prevent the arm from 
falling down due to gravity and also to act as a locking 
device.   
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A circuit is used to generate the control signals in 

order to control the CW / CCW movements of the motors 
and also the ON / OFF control of the steppers. The 
generated control signals are given as input to the driver 
circuits through the input - output card of the 8255 IC 
chip. The ports A, B, C of the 8255 are used to send and 
take the signals in & out of the microcontroller. A driver 
circuit mainly consisting of a sequence generator, 
switching circuit, a 555 timer IC and a power supply is 
also used for control purposes. The speed of the stepper 
motor is controlled by varying the potmeter by increasing 
the clock frequency & consequently reducing the torque. 
The entire robotic structure is divided into 3 parts, viz., 
the mechanical assembly, electronic assembly and the 
software unit.  

 

The entire mechanical assembly of the robotic system 
is being divided into 3 parts, viz., Base assembly, Arm 
assembly, End-effector (Gripper) assembly. The entire 
electronic assembly is divided into power supply unit, 
controller unit, the driver unit and the sensing unit. 
Controller unit, which consists of a IC circuitry to give 
proper control signals to the robotic system for 
satisfactory operation. The data to the control unit comes 
from computer through the port interface. A train of 
clockwise and anticlockwise switching pulses is generated 
by the controller, which in turn is given as input to the 
stepper motors.  

 

The software part is entire written in the assembly 
language. A truth table & K-map was also designed for 
the pulse sequence generator. Ultrasonic sensors are 
mounted at 4 points on the links to prevent the collision of 
the robot with the obstacles. These sensors give a signal to 
the computer through the computer port & the computer 
in turn processes this signal & in turn avoids the collision 
by turning the arm in another direction. Limit switches are 
used at the inner surfaces of the grippers to sense whether 
the gripper has held / picked up the object properly or not. 
A brief direct kinematics, inverse kinematics, work space 
analysis and trajectory planning was also performed on 
the designed and fabricated system.    

 

The paper is organized in the following sequence.  In 
the previous section, a brief review of the system was 
presented. Second, the overview of the work and thirdly, 
the specification followed by mechanical design, 
electronic design, software design is presented. The 
control scheme & logic is explained in section 5. Finally, 
the conclusions are drawn followed by the references. 

II OVERVIEW OF THE ROBOT SYSTEM  

The design, fabrication and implementation of the 
work was divided into four stages, viz., 
• Design and fabrication of the mechanical hardware of 

the robotic system (Base-Arm-Gripper assembly) : This 
comprises of the entire mechanical linkages with the 
rotating base, the up / down motion of the arm 
(shoulder), the up / down motion of the arm (elbow), 
which serve as the major axes and a gripping 
mechanism for picking and placing of the objects.  

• Design of the electrical / electronic hardware for the 
robot system : This comprises of the various electronic 
circuitries that are used to interface the mechanical 
system with the computer and to drive the motors.  

• Development of the control software and various 
algorithms in order to control the entire designed and 
fabricated stationary robotic system. 

• Integration of all the above three stages to perform an 
application such as grasping of objects from one place 
in one position and orientation and keeping it another 
place in another position and orientation.  

 

III.  SPECIFICATIONS 

The specifications of the robot designed and fabricated 
by us are 
• Degree of freedom(DOF) : 3-AXES. 
• Load caring capacity : 250 gms. 
• Overall weight of the system : 3 Kgs.  
• Length of link 1 (upper arm) = 50 cms. 
• Length of link 2 (fore arm) = 40 cms. 
• Height of the shoulder from the base = 40 cms. 
• Work space : Hemisphere. 
• Joint parameters : Joint angle (θ) = {θ1, θ2, θ3}. 
• Stepper motor : 12 V DC, 1.5 A / phase, 200 rpm. 

 

IV.  MECHANICAL DESIGN 

The entire robot arm consisting of base, shoulder, 
elbow and the gripper is mounted on a rotating base, 
which is fixed to the center of a shaft of the base motor 
and in turn to a bottom thick plate which is supported by 4 
legs as shown in the Fig. 1.  The base motor shaft can 
rotate about its central axis thus, providing the revolute 
motion for the base joint. The motion is actuated using a 
steppers.   
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On the rotating base plate, the shoulder motor, elbow 
motor is mounted and power is transmitted from the 
motors to the respective joints via the guide rails and the 
worms. Worm and worm wheel arrangement is used for 
the shoulder and elbow joints because even when the arm 
is in the intermediate position, it won’t fall down and thus 
acts a locking mechanism. This type of mechanism is 
used because of the inherent locking facility associated 
with the worm and worm wheel., i.e., when the motor 
shaft and hence the worm stops rotating, the shoulder and 
the elbow links gets locked in the positions they held 
before the motor was stopped. Links are made of light 
aluminum, so that the overall weight of the arm is less and 
hence, the MI is less. At the end of the arm is a parallel 
jaw gripper operated with a stepper motor connected to a 
2 jaw opening / closing arrangement as shown in the Fig. 
1. Two limit switches are provided in the inner faces and 
outer surfaces (extreme ends) of the gripper to prevent the 
further motion of the fingers / jaws of the end-effector in 
order to see that the object does not get crushed.  

V.  ELECTRONIC DESIGN 
The mechanical set-up forms the skeleton of the robot 

and what adds intelligence to it is the electronics and the 
software module. Electronics and software go hand in 
hand. Without the electronics system in place, the 
software has no scope and without software the 
electronics system is a waste. The electronic system 
involves many electronic and logic circuits to take care of 
functions like control, drive, interface, display and 
feedback. Electronic system consists of various cards like 
the power supply card, controller card, driver card, 
interfacing card, display card, sensing and the feedback 
cards, timers, sequence generators, switching devices such 
as the MOSFET’s, etc.,.  

 
 

Fig. 2  Overall block-diagram of the robot system 
 

The block-diagram shows the closed loop control 
system of the robotic arm control system.  PC is used to 
generate the control signals in order to control the CW 
and CCW movements of the stepper motor and also the 
ON / OFF actions of the stepper motors. The generated 

control signals are given as the inputs to the driver circuits 
through the input-output card of the 8255.   

In order to send the control signals, we are using the 
port addresses (Port B) as the output ports and the output 
ports draw 2.5 mA current.  The driver circuit mainly 
consists of the sequence generator, switching circuit, 
timer (555 timer), power supply. The speed of the stepper 
motor can be controlled by varying the pot-meter by 
increasing the clock frequency, thus consequently 
reducing the torque. As per the requirement to lift the 
object and place it somewhere as desired, the program 
will be changed, i.e., increasing or decreasing the 
movement of the arm or ON / OFF signals, thus 
performing a specified task repeatedly.  

In order to control the stepper, we require a 
sequence, according to the sequence, motor will rotate if 
the sequence is in one direction and if the sequence is 
reversed, motor will rotate in the anticlockwise direction.  
The driver unit has been designed according to the motors 
specifications. The timer is designed to generate the clock 
signals that drives D F / F, the output of the timer will be 
given to the sequence generator which includes DF / F 
Ex-OR gate and NOT gate.  By using these gates, we 
generate the stepper motor control sequence according to 
the design.   

MOSFET’s are used because of high switching speed 
upto 1 MHz.  These MOSFET’s can be controlled by 
varying the voltage at the gate.  The stepper motor 
specification is 12 V DC, but the sequence generator will 
produce 3.5 V, which is insufficient to turn on the stepper 
motors, so in order to increase the voltage at the gate, a 
470 Ω resistor is connected to the Vcc, which will enhance 
the gate voltage, so that in turn, the drain current increases 
which is sufficient to drive the load.  A diode IN 5402 
(FWD) is connected across each winding to protect the 
back emf induced in each winding.  AND gate is used to 
control the turn ON / OFF of the stepper motors.  

The 555 timer IC is used in the astable mode, such 
that it will trigger itself and free run as a multivibrator.  
The external capacitor charges through RA and RB and 
discharges through RB.  Thus, the duty cycle may be 
precisely set by the ratio of these two resistors.  In this 
mode of operation, the capacitor charges & discharges 
between 1/3 Vcc and 2/3 Vcc. As in the triggered mode, the 
charge & discharge times & therefore the frequency are 
independent of the supply voltage.  The specifications 
being Vcc = 5 V, Time = 20 μS / Div, RA = 3.9 KΩ, RB = 3 
KΩ, C = 0.01 μF.  The charging & the discharging time 
is given by t1 = 0.693 (RA + RB) & t2 = 0.693 RBC.  The 
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duty cycle of the designed circuit is given by D = RB / (RA 
+ RB).  A regulated power supply is designed as shown 
in Fig. 3 to give a 5 V / 12V output at 5A and used to 
supply the power to all the electronic circuits used in the 
robot control.   

 

 
 

Fig. 3  RPS unit 

VI. CONTROL SCHEME & LOGIC 
The excitation sequence is generated by the control 

logic from the PC. For the designed RPS, we have used R 
= 600 Ω and C = 1000 μF, current ratio of (Irms / IDC) = 
1.11.  The sequence generator is designed as shown in 
Fig. 4 along with the truth table and the K-map 
simplification. The PCI-01 card which provides the bridge 
between the PCI bus and the peripheral bus is used as the 
interfacing medium. It enables the 8255 in the PCI-01 
card to interact with the host system and provides the 
control, address and data interface for the 8255 to work as 
a PCI compliant peripheral. The I/O ports of 8255 are 
brought between the PCI bus and the peripheral bus. 
Three basic modes of operation is used for controlling the 
system, i.e., mode 0, mode 1 and mode 2. 

 

 
Fig. 4  Design of the sequence generator for motors 

 

     Inputs Motor 
cs QB QA QB + 1 QA + 1 DB DA Status 
0 1 0 0 1 0 0 BM CW 
0 0 1 1 1 1 1 BM CCW 
0 1 1 0 0 0 0 SM UP 
0 0 0 1 0 1 0 SM DOWN 
1 0 1 1 0 1 0 EM UP 
1 1 0 0 0 0 0 EM DOWN 
1 0 0 1 1 1 1 GM OPEN 
1 1 1 0 1 0 1 GM CLOSE 

AD  = C B +CB = C B⊕ ; BD  = C A +C A = C  A⊕  
 

Table 1 : Truth table 
 

VII. Software 
The robotic system designed, developed & controlled by 
the computer uses C++ language as the GUI. A code is 
written & is used to control the steppers and the control 
signals are generated by interfacing the I/O card to the PC.  
Input-output card consists of the 8255 PPI & we have 
used the PORT B to generate the signals, which are given 
to the driver unit.  In the C++ code, initializing control 
word (CNTU_W080) is used to initialize all the ports (A, 
B, C). The algorithm for controlling the motors is 
developed as  

1 Start  
2 Initialize port address & control register address  
3 Initialize port B as output   
4 Rotate motors BM, SM, EM, GM in CW  
5 Rotate motors BM, SM, EM, GM in CCW 
6 If enter key is pressed, go to step no. 4, else 
7 Stop. 

VIII. CONCLUSION  
A typical prototype of an educational robotic system 

was designed and implemented successfully in the college 
laboratory.  Information about the work was gathered 
from various sources like libraries, web sites and project 
reports relating to robotics. The mechanical assembly (i.e., 
the base assembly, the arm assembly and the gripper 
assembly) was fully designed and fabricated indigenously 
in the workshop by us. The electronic driver interface 
between the computer and the robot was completed 
successfully and tested.  Overall integration of the 
various systems such as the mechanical assembly, the 
electronic hardware and the control software for the 
successful implementation of the system was performed. 
The entire control software to control the robot doing an 
assembly operation was fully designed and tested and the 
robot was controlled using the PC in various modes.  A 
brief kinematic analysis of the robot was also carried out. 
A number of pick and place operations were successfully 
performed by the developed robot by using teaching mode, 
manual mode and programming modes. 
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Abstract
Recommendation systems have recently been put into

practical uses in e-commerce web sites. In these systems,
collaborative filtering (CF) is often used. Recommenda-
tion by CF is based on only user’s ratings, and does not
use information of attributes with respect to items. On
the other hand, content-based filtering uses similarity of
content information of items, for recommendation, rather
than the user’s ratings. Recently several “hybrid” meth-
ods have been proposed; those methods make recommen-
dations by utilizing both the rating and content informa-
tion about items. For published datasets, we can often use
additional demographic information which typically rep-
resents status of users such as ages and occupations. In
this study, we combine two types of probabilistic models,
the aspect model and the naive Bayes model to deal with
the rating, content and demographic information in a uni-
fied manner. In our model, content and demographic infor-
mation given the rating is represented by the naive Bayes
model and a distribution of the rating is represented by the
aspect model. When applying the proposed method to the
“MovieLens” dataset, the proposed method improves the
prediction performance compared with the aspect model.

1 Introduction

Recommendation systems have recently been put into
practical uses in various application domains. Such appli-
cations include, for example, recommendation of books or
movies on some e-commerce web sites [1]. In these sys-
tems, collaborative filtering (CF) is used as a key technique
to realize effective recommendation of items for users. In
general, CF recommends an item for a target user by utiliz-
ing observed ratings given by other users whose rating pat-
tern is similar to that of the target user. Such an approach
to CF is contrastive to another popular approach for recom-
mendation, content-based filtering, which does not employ
other users’ ratings but use additional content information

about the items. While the original CF method utilizes only
ratings for items, recently several “hybrid” methods of col-
laborative filtering and content-based filtering, have also
been proposed; the hybrid methods incorporate additional
content information into the framework of CF.

While the CF methods cannot make appropriate recom-
mendation for a new item until the new item is rated by
a substantial number of users, the “hybrid” methods can
predict the rating by utilizing the content-related informa-
tion and hence make a recommendation. In many practical
situations, however, we can additionally use users’ demo-
graphic information, which represents user’s age, occupa-
tions and contextual situation such as seasons, day or night,
and locations. These additional demographic information,
if available, can also be useful for further improvement of
performance of CF. Currently, however, little has been re-
ported on such an attempt to incorporate such information
within a unified manner.

In this study, we investigate a way of combining such
additional information which is available in realistic con-
texts of recommendation applications, and develop a uni-
fied framework. For this purpose, we combine two types
of probabilistic generative models: the aspect model and
the naive Bayes model. The aspect model is a probabilistic
mixture model for CF, which has latent classes and asso-
ciates co-occurrences among users, items and ratings with
a set of latent variables. The naive Bayes is one of the
basic techniques for feature-based classification, assuming
a simple generative model in which each feature depends
only on a target variable to be estimated, i.e., the rating
variables in our context. By applying the aspect model
as a prior distribution of the rating variable in the naive
Bayes model, we then propose a novel model which can
incorporate additional information into the framework of
CF in a natural manner. In section 2, we briefly introduce
the related model: the aspect model [5] in which the col-
laborative filtering is extended with a probabilistic model,
and the naive Bayes model. In section 3, our novel model
is described, and then, an experiment with the MovieLens
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dataset is done in section 4.

2 Traditional Methods

First, we describe basic settings and notations. LetI be
a number of items andU be a number of users. We as-
sume that there is a rating matrixR which is anI ×U ma-
trix and whose component each represents a rating value
ri,u ∈ {1, · · · ,K} for an itemi ∈ {1, · · · , I} voted by
a useru ∈ {1, · · · , U}. In practical situations, a large
part of R is not observed and then a part ofR is avail-
able as a dataset. LetV = {(i, u)|ri,u is observed} be
a set of indexes of observed ratings inR. We denote
V = {ri,u|(i, u) ∈ V} andṼ = {ri,u|(i, u) /∈ V} as sets
of observed and unobserved ratings, respectively. In addi-
tion to the rating informationV , we assume that content in-
formationC = {ci}I

i=1 for items and demographic infor-
mationD = {du}U

u=1 for users are available. Here, letci,
a vector of lengthL, correspond to the content information
associated with the itemi andci,l ∈ {1, · · · , Sl} be thel-th
component ofci, and letdu, a vector of lengthH, corre-
spond to the demographics information associated with the
useru. Theh-th componentdu,h of du is in {1, · · · , Th}.

2.1 Aspect Model

Hofmannet al. [5] proposed a probabilistic generative
model for collaborative filtering, based on the probabilis-
tic latent semantic analysis, or the aspect model [4]. The
model basically assumes a mixture model for rating vari-
ablesri,u, and the mixing rate varies over users. While
being different from original formulation, the generative
model of rating variables can be given as follows. Letzu

be an indicator of the latent class associated with useru.
Then, the joint distribution ofri,u andzu is given as

p(ri,u, zu|θi, φu) = p(zu|φu)p(ri,u|zu,θi),

p(zu|φu) =
M∏

m=1

[φu,m]δ(zu,m),

p(ri,u|zu,θi) =
M∏

m=1

K∏
k=1

[
θ
(m)
i,k

]δ(ri,u,k)δ(zu,m)
,

whereθi = {θ(m)
i,k ; k = 1, · · · ,K,m = 1, . . . ,M} and

φu = {φu,m; m = 1, · · · , M} are sets of model param-
eters which define distributions. Note thatφu,m repre-
sents a probability that a useru belongs to a latent class
m, andθ

(m)
i,k is the probability of ratingri,u being equal to

k when the itemi under the latent classm. We thus as-
sume

∑M
m=1 φu,m = 1 and

∑K
k=1 θ

(m)
i,k = 1 are satisfied.

δ(a, b) is the Kronecker’s delta function, which takes one
for a = b, or zero otherwise.

Given a datasetV , this model can be trained by the
Expectation-Maximization (EM) algorithm [3].

2.2 Feature-based Rating Estimation

In the naive Bayes model for content-based filtering [2],
each component ofci is assumed to be independently gen-
erated given the ratingri,u. Given a prior distribution of
rating,p(ri,u), the joint distribution ofri,u andci is writ-
ten as

p(ri,u, ci) = p(ri,u)
L∏

l=1

p(ci,l|ri,u). (1)

Provided that no additional information is available, the
rating value is estimated simply by maximizing its poste-
rior distribution:

p(ri,u|ci) ∝ p(ri,u)
L∏

l=1

p(ci,l|ri,u),

which can be easily calculated.

3 Unified approach

In addition to the items’ content information, the users’
demographic information is sometimes available. We also
use the additional information to estimate the rating in the
same way as in the content-based filtering. Assuming a
naive Bayes model again, the joint distribution ofdu and
the ratingri,u can be written as

p(ri,u, du) = p(ri,u)
H∏

h=1

p(du,h|ri,u), (2)

with a specification of prior distribution,p(ri,u). Further-
more, we can integrate the two naive Bayes models to es-
timate the rating based on both of the content and demo-
graphic information. Unifying equations (1) and (2), we
can formulate the joint distribution over these variables as

p(ci, du, ri,u) = p(ri,u)
L∏

l=1

p(ci,l|ri,u)
H∏

h=1

p(du,h|ri,u).

(3)

The posterior distribution ofri,u can again be readily cal-
culated to estimate the rating based on the two kinds of
information. Equation (3) contains a prior distribution of
p(ri,u), which is usually assumed as non-informative in
the context of content-based (or demographic) filtering, by
reflecting the lack of knowledge about the distribution of
rating. When one consideres the use of collaborative filter-
ing, however, the rating distribution of each user is actually
modeled by utilizing the relationship to other users. Based
on this fact, we present our main idea of this study: in order
to integrate the collaborative and feature-based approaches
for rating estimation, we use the aspect model as the prior
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distribution of rating variables in the naive Bayes model.
The joint distribution of all the variables of interest, then,
is given as

p(ci, du, ri,u, zu|θi,φu, τ , ω)

= p(zu|φu)p(ri,u|zu, θi)
L∏

l=1

p(ci,l|ri,u, τl)
H∏

h=1

p(du,h|ri,u,ωh).

(4)

where τ = {τl}L
l=1 and ω = {ωh}H

h=1. Here τl =
{τ (k)

l,s ; s = 1, · · · , Sl, k = 1, . . . ,K} andωh = {ω(k)
h,t ; t =

1, · · ·Th, k = 1, · · · ,K} are sets of parameters describing
each component of (4) as

p(ci,l|ri,u, τl) =
K∏

k=1

Sl∏
s=1

·
τ

(k)
l,s

¸δ(ci,l,s)δ(ri,u,k)

,

p(du,h|ri,u, ωh) =
K∏

k=1

Th∏
t=1

·
ω

(k)
h,t

¸δ(du,h,t)δ(ri,u,k)

.

Note thatτ (k)
l,s represents a probability that the contentci,l

becomess when the itemi is rated ask, and ω
(k)
h,t is a

probability that the demographicsdu,h becomest when the

useru votes the ratingk. Then, we have
∑Sl

s=1 τ
(k)
l,s = 1

and
∑Th

t=1 ω
(k)
h,t = 1. According to the EM algorithm, we

can estimate these parameters by maximizing the following
free energy.

F [q(Ṽ ,z), θ,φ, τ,ω] =
〈

log
p(R,z,C,D|θ,φ, τ,ω)

q(Ṽ , z)

〉
q(Ṽ ,z)

,

(5)

wherep(R,z,C,D|θ,φ, τ,ω) is the likelihood for com-
plete data. We assumeq(Ṽ ,z) =

∏U
u=1 q(Ṽu, zu) where

Ṽu is a set of unobserved ratings of the useru. The E-step
and M-step are written as follows.

[E-step]: Let θ̂, φ̂, τ̂ and ω̂ be the estimated param-
eters in the previous step. We maximize theF with re-
spect toq(Ṽ ,z) with the fixed parameterŝθ, φ̂, τ̂ and
ω̂. Consequently, forri,u ∈ Ṽu, we obtainq̂(ri,u, zu) =

q̂(ri,u|zu)q̂(zu) where

q̂(ri,u = k|zu) ∝ exp(β(k,m, ci, du)),
q̂(zu = m) ∝ exp(α(m, ci, du)),

β(k,m, ci,du) = log θ̂
(m)
i,k

+
L∑

l=1

Sl∑
s=1

δ(ci,l, s) log τ̂
(k)
l,s +

H∑
h=1

Th∑
t=1

δ(du,h, t) log ω̂
(k)
h,t ,

α(m, ci, du) = log φ̂u,m

+
∑
i∈Vu

K∑
k=1

δ(ri,u, k) log θ̂
(m)
i,k +

∑
i/∈V

γ(m, ci, du)),

γ(m, ci, du) = log
K∑

k=1

exp(β(k,m, ci, du)).

[M-step]: Update parametersφ, θ, τ andω as to maxi-
mize the free energyF for the fixedq̂(Ṽ ,z) as

φ̂u,m = q̂(zu),

θ̂
(m)
i,k ∝

U∑
u=1

〈
δ(ri,u, k)δ(zu,m)

〉
,

τ̂
(k)
l,s ∝

I∑
i=1

δ(ci,l, s)
U∑

u=1

〈
δ(ri,u, k)

〉
,

ω̂
(k)
h,t ∝

U∑
u=1

δ(du,h, t)
I∑

i=1

〈
δ(ri,u, k)

〉
,

where〈
δ(ri,u, k)δ(zu,m)

〉
=

{
q̂(zu)δ(ri,u, k) if (i, u) ∈ V
q̂(zu)q̂(ri,u|zu) if (i, u) /∈ V,

〈
δ(ri,u, k)

〉
=

{
δ(ri,u, k) if (i, u) ∈ V
q̂(ri,u) if (i, u) /∈ V.

By repeating above two steps until (5) converges, we ob-
tain the estimated parametersθ̂, φ̂, τ̂ andω̂. By plugging
those parameters into (4), we can calculate the posterior
distribution of ratingri,u for the itemi given content and
demographic information for the useru. The distribution
of the rating given additional information,ci and du, is
written as

p(ri,u|ci, du) ∝
M∑

m=1

p(zu|φ̂u)p(ri,u|zu, θ̂i)

×
L∏

l=1

p(ci,l|ri,u, τ̂l)
H∏

h=1

p(du,h|ri,u, ω̂h),

and we predict the rating̃ri,u as

r̃i,u = arg maxri,u
p(ri,u|ci,du).
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4 Experiments

4.1 Datasets

We examined prediction performance of the rating of
the proposed method by comparing with the traditional as-
pect model for collaborative filtering. In experiments, we
used a part of the MovieLens dataset which was collected
by the GroupLens project [6]. We selected a part of the
dataset for the rating matrixR which contains information
of 50 users and100 items, in which83% of ratings is miss-
ing. We randomly selected70% of rating data from the
rating matrixR and used it as a training datasetV , and
remained30% of rating data were used as a test dataset
Ṽ . Test performances were measured by the prediction ac-
curacy for the test dataset̃V . We setK = 5, I = 100,
U = 10, L = 19 andH = 3.

4.2 Evaluation Criteria

For performance evaluation, we culculated the mean ab-
solute error (MAE) of the predicted rating̃ri,u from the
actual ratingri,u:

1
n

∑
(i,u)∈W

∣∣r̃i,u − ri,u

∣∣,
whereW is a set of arbitary indexes andn is the number
of components included inW. The smaller MAE value
implies better performance.

4.3 result

Figure 1 shows the average of 10 trials of the MAE
scores for the training datasetV , against various values
of M , the number of latent classes. We observed that bet-
ter performance was attained at a largerM value by both
of the methods. Figure 2 shows the average of MAE for
the test dataset, and we observe that the proposed method
outperformed the aspect model. Note that the averaged test
MAE increases for a large value ofM , while the training
MAE decreases; this implies over-fitting of the proposed
method to the training dataset.

5 Conclusions

We proposed a probabilistic method for collaborative
filtering based on the aspect model and the naive Bayes
model. In our model, information of item-content and user-
demographic is integrated in a unified manner. In an exper-
iment with a synthetic dataset which was obtained from a
realistic benchmark one, we observed that such integration
of information effectively worked, and then the proposed
method outperformed the traditional method.
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Figure 1: MAE for the training data, The number of users and
items are 50 and 100, respectively
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Figure 2: MAE for the test data, The number of users and items
are 50 and 100, respectively
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Abstract

Confronting flood of visual inputs, examining all possi-
ble interpretations based on the given visual data is impos-
sible in principle. Despite of these computational prob-
lems, humans robustly perform visual processing accu-
rately. One of the most important keys in the human visual
processing would thus be attention control.

In this article, we first indicate that Particle Filter (PF)
is a major candidate for the model of multifocal visual at-
tention. PF is a method which approximates intractable in-
tegrations in incremental Bayesian computation by means
of stochastic sampling. One of the major drawbacks of
PFs is a trade-off between computational costs and track-
ing performance; a large number of particles are required
for accurate and robust estimation of state variables, which
is time-consuming. This study proposes a computational
model for multifocal visual attention which deals with the
cost-performance trade-off with the restricted computing
resource (the number of particles). Simulation experiments
of tracking two targets with only tens of particles demon-
strate the feasibility of the model.

1 Introduction

There exists inevitable ill-posedness in the visual infor-
mation provided by the environment. Confronting flood of
visual inputs, examining all possible interpretations based
on the given visual data is impossible in principle. Despite
of these computational problems, humans robustly perform
visual processing accurately. One of the most important
keys in the human visual processing would be attention
control. From the computational viewpoint, attention con-
trol is a mechanism to enable the human to perform real-
time acquisition of a meaningful solution (interpretation)
by combining somea priori knowledge, prediction, or hy-
pothesis of the target, and observed data, and by actively
ignoring irrelevant data. Classical theories of attention as-

sumed a single focus within the visual field, but previous
psychophysical studies have indeed demonstrated the hu-
man’s ability to simultaneously track four or more targets
in the visual field [1]. The mechanisms by which atten-
tion maintains focus and assigns its cognitive resource on
several targets are, however, not yet established.

In this study, we propose a computational (engineering)
model of multifocal visual attention based on Particle Fil-
ters (PFs). The rest of this article is organized as follows.
In the next section, we first explain why PFs can be a ma-
jor candidate for the model of multifocal visual attention.
Section 3 introduces our model. Section 4 describes sim-
ulation results. Some discussion including possible future
works are done in section 5.

2 Modeling Human Visual Attention by Par-
ticle Filters

There have been many behavioral and computational
studies reporting that the brain would compute Bayesian
statistics [2]. Performing Bayesian estimation of posterior
distributions is, however, intractable in general. Particle
filtering is an approach to performing Bayesian estimation
of intractable posterior distributions from time-series sig-
nals with non-Gaussian noise [3]. It has been studied in
various research areas, including real-time visual process-
ing, which deals with general cases in which images are
contaminated by non-Gaussian noise due not only to sig-
nal noise but also to the existence of obstacles and/or dis-
tracters [4]. Furthermore, PFs are easy to be implemented
and parallelizable. These attractive features seem to be
shared with neural computations in the brain.

We regard PF as a model of attention control because
(1) it employs sequential importance sampling (SIS), and
(2) it shares the same critical computational problem with
human visual processing. SIS is nothing but a recursive
version of importance sampling which is a generally used
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technique in Monte-Carlo integration. The importance
sampling distribution is used to determine the weight of
each partcile, and works like attention, e.g., if the distri-
bution is spatially localized, it attends the corresponding
region, whereas ignores other regions.

There are two major drawbacks of PFs, a naive resolu-
tion of each of them requires a large number of particles,
which is time-consuming. The first drawback occurs when
the importance sampling distribution does not match the
true distribution. In other words, errors in the prior knowl-
edge, or the model, make many particles have insignificant
weights, leading to misestimation. The second drawback
occurs when the dimension of the state variables is high,
i.e., curse of dimensionality. In this study, we focus on
dealing with the first drawback, while the second drawback
is just solved by assuming that the state variables are mu-
tually independent.

Here, we consider tracking a single target. At timet,
suppose the target statext is generated by Eq. (1) and ob-
served aszt according to Eq. (2), where A,B,C and D are
state transition matrix, standard deviation vector to con-
trol the strength of system noise, observation vector, stan-
dard deviation of the observation noise, respectively, and
the noisesut andvt follow one-dimensional normal Gaus-
sian distributions,

xt = Axt−1 + But, (1)

zt = Cxt + Dvt. (2)

In the simulation, we set the parameters of the true model
as

A =
(

2 −1
1 0

)
, B =

(
b
0

)
,

C =
(
1 0

)
, D = 0.1,

and b = 0.1. Fixing A means that the target velocity is
constant. Instead of using these true parameters, anA′ dif-
ferent fromA was used for particle filtering of the state
variablext, as to represent the prior knowledge of the tar-
get motion:

A′ =
(

cos(ωT ) 1
ω sin(ωT )

− sin(ωT ) cos(ωT )

)
, (3)

indicating that the target motion is assumed to be sinusoidal
with the angular velocity ofω = 2π [rad/s] and the sam-
pling period ofT = 0.05 [s].

We examined tracking accuracy when the number of
particlesN was varied, from 10 to 100 by 10, and 30 trials
were performed for eachN . Tracking errors were obtained
by absolute difference between the true value and the esti-
mated value, Fig. 1. In this figure, median of each tracking
error is shown. The blue line is for when PF knew the true
model. The green line is for when theA′ was used in PF.
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Figure 1: Effects of particle numbers for single tracking

The red and purple lines are for when theb was set to 0.9
and theD′ was set to 0.9, respectively.

This figure demonstrates that there is a trade-off be-
tween computational cost and tracking performance, which
also exists in the human visual processing, giving strong
motivation for modeling human visual attention by particle
filtering.

3 Adaptive Particle Allocation

As a solution to the trade-off problem described in
the last section, we propose an adaptive particle alloca-
tion (APA) method. The idea of APA is as follows. If
there are multiple targets which have comparable tracking
difficulties but have no priority for tracking, then the re-
stricted computational resource (the number of particles in
our study) should be allocated to them equally. In contrast,
if the targets have different tracking difficulties, the number
of particles can be differently allocated to each target. In
this study, we assume that each target has unreliability in-
dex of tracking, and APA allocates the number of particles
to the targets according to the index. The tracking difficulty
is represented by the model error described in the previous
section. The unreliabilityUi of the targeti(i = 1, ...,M)
is then defined by

Ui =
σ2

i∑M
k=1 σ2

k

, (4)

whereσ2
i is the estimated variance of the targeti. Since

the unreliability is expected to be low during successful
tracking, and vice versa, we use the following simple rule
for allocating the number of partilesNi for each targeti:

ri = αUi + β, (5)

Ni = riN. (6)
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That is, for targeti, Ni is allocated in proportional to its
tracking unreliability (cf. Fig. 2).

Because
∑M

i Ni = N , there is a constraint forri that∑M
i ri = 1. Then,α andβ have also a constraint as fol-

lows.
M∑
i=1

ri =
M∑
i=1

αUi + β = α + Mβ = 1. (7)

Here, we use the fact that
∑M

i Ui = 1.

375.0

625.0

1

1

500.0

i
a

0 5.0 i
U

Figure 2: Example allocation function

Fig. 3 summerizes the proposed PF algorithm with APA.
Fig. 2 depicts an example allocation function in a case
that α = 0.25 and β = 0.375. In this case, the parti-
cle allocation rateri can vary only within a narrow region
(0.375 ≤ ri ≤ 0.625). In the next section, we indeed use
this range of the particle allocation rate due to the following
reason. Because we focus on the case where the number of
particles is small, allowing the rate close to one or zero is
impractical. Namely, if we allow the wider range, the allo-
cated number of a target can be close to zero, e.g.,N = 10
andri=0.1 leads toNi = 1.

4 Simulation Experiments

4.1 Experimental Setup

Experiments of multi-target tracking were carried out to
investigate the feasbility of APA. We investigated the case
where there are two targets independently moving in a one-
dimensional space, and there is no interefere between their
motions. Their appearance is assumed to be completely
distinguishable, i.e., there is no interfere between their ob-
servations. Their motions are governed by linear-Gaussian
state-space representation shown as Eqs. (1)(2). The track-
ing performances were compared in the case APA was used
to the case APA was not used under the assumption that the
particle filter used wrong models of state-transition and ob-
servation for target 2.

In the experiments, the following parameter settings
were used for the two targetsi(i = 1, 2):

A1 =
(

2 −1
1 0

)
, A2 =

(
cos(ωT ) 1

ω sin(ωT )

− sin(ωT ) cos(ωT )

)
,

¶ ³
Perform the followings for each targeti(i = 1, ...,M)
and for time stept(t = 1, · · · , )

• predict by sampling fromp(xi,t|xi,t−1 = s
(n)
i,t )

• observe and weight the state in terms ofzt.

w
(n)
i,t = p(zt|xi,t = s

(n)
i,t ) (8)

• estimate mean and variance of the weighted state

x̄i,t =

∑N
n=1(w

(n)
i,t x

(n)
i,t )∑N

k=1 w
(k)
t

(9)

σ2
i =

(w(n)
i,t (x(n)

i,t − x̄
(n)
i,t )2)∑N

n=1 w
(n)
i,t

(10)

• APA: calculate unreliability and determineNi

for each targeti (i = 1, ...,M )

Ui =
σ2

i∑M
k=1 σ2

k

(11)

ri = αUi + β, (12)

Ni = riN (13)

• resampleNi particles{s(n)
i,t+1} from the sample-

set{s(n)
i,t , w

(n)
i,t } for each targetiµ ´

Figure 3: Particle Filtering with APA

B1 =
(

b1

0

)
, B2 =

(
b2

0

)
, D1 = D2 = 0.1,

and b1 = b2 = 0.1. The angular velocity wasω = 2π
[rad/s] and the sampling time wasT = 0.05 [s]. α = 0.25
andβ = 0.375 were used throught the experiments.

4.2 Results

Fig. 4 presents example tracking results withN = 70
in a case that the state transition model of the two targets
was assumed to be constant but was wrong for the target
2. The upper panel shows successful tracking of both the
targets. The observation and estimated values of the target1
/ 2 were illustrated respectively by red / green solid line and
blue / black dash line. The middle and lower panels show
that the high variance sometimes occured for tracking the
target 2, but it was eased by APA.

Fig. 5 shows tracking results for various numbers of par-
ticles, in a particular case that the state transition model of
the two targets was assumed to be constant but was wrong
for the target 2. The left panel (a) shows the tracking re-
sults of target 1, while the right panel (b) target 2. As
shown in this figure, tracking accuracy was worse without
APA, which is more evident when the number of particles
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is smaller.
Table 1 compares median tracking errors of target 2 with

APA and to those without APA for six different total num-
bers of particles and in three different cases. More specif-
ically, each value is a median tracking error without APA
divided by the one with APA. Therefore, when the value
is larger than one, the median tracking error with APA is
smaller than that without APA. In Case 1, the state transi-
tion model of the two targets was assumed to be constant
but was wrong for the target 2. In Case 2, the system noise
b2 was set to0.9 which was quite different from the true
system noiseb = 0.1. In Case 3, the observation noiseD2

was set to0.9 which was also quite different from the ac-
tual observation noiseD = 0.1. Each tracking error was a
median error of 30 trials. As shown in this table, tracking
accuracy was worse without APA, which is more evident
when the number of particles is smaller.
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Figure 4: Example tracking results

Table 1: Tracking errors with and without APA for various
total numbers of particles

20 30 40 50 60 70
Case 1 1.46 1.20 1.01 0.935 4.45 0.975
Case 2 1.07 0.947 1.00 1.03 1.03 1.04
Case 3 1.23 1.02 1.12 0.971 1.06 1.03

5 Conclusion

In this article, we proposed a computational model for
multifocal visual attention based on particle filtering. The
key of the model is adaptive particle allocation (APA) in
which the number of particles allocated for each target was
varied according to the unreliablity for each tracking. Al-
though simulation experiments demonstrated the feasibil-
ity of APA, a couple of problems remain. First, the pa-
rameters for the allocation function were heuristically de-
termined. Those parameters should be optimized as to best
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Figure 5: Tracking errors with and without APA.N was
varied from 20 to 70. For each number of particles, there
are two box plots; the left and green plot shows the result
with APA and the right and blue plot without APA.

match the environments, like humans do. In addition, tun-
ing those parameters in an on-line fashion would be impor-
tant [5]. Investigating the mechanisms of multifocal atten-
tion in human vision under the consideration of correspon-
dence to the model proposed in this study is in our future
study direction.
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Abstract
In this paper, a robust object recognition system is

proposed, where patch-based pyramid images and spa-
tial relationships among patches are utilized for our
object model. Specially, both color histogram (CH)
and color co-occurrence histogram (CCH) are applied
to obtain image features for each patch. Locations of
candidate regions to be tested are decided by a par-
ticle filter in our matching process. We show that the
performance of object recognition can be improved by
using spatial relationships among patches. To show the
validities of our proposed method, there are employed
input images from various environments as test im-
ages.

1 Introduction

The object recognition system has to be designed
to be dependable especially for a service robot. Object
recognition is not an easy task, since there are changes
of illumination, object size, orientation and viewpoint.
For these reasons, it is essential to devise both mod-
eling and matching processes in such a way that the
processes are robust to changes of environmemtal con-
ditions.

Many researchers have proposed novel models to
be robust to the changes of environmental conditions.
Chang proposed a model using a color co-occurrence
histogram. This model contains not only a color his-
togram but also geometric information as a feature. In
addition, the model was built by images taken by vari-
ous viewpoints to build a model to be invariant for ro-
tation. Although his method was somewhat invariant
to rotation, it was not reliable for scale changes [1]. Se-
lection of a color model is crucial for color-based object
recognition. Redfield utilized only 16 colors to describe
an object and implemented the matching process with
those colors. He assumed that illumination condition
was fixed. This might cause his method an reliable for

changes of environmental conditions [2]. Zhang pro-
posed object recognition system based on multi-scale
affine invariant image regions [11]. On the other hand,
part(patch)-based model has been applied to build the
model robust to partial occlusions, where relationships
among patches are utilized to solve partial occlusions.
It has been reported that the recognition performance
could be improved by using those patch-based mod-
els [3] [6] [8] [12] [13].

There are some research works focusing on devel-
oping robust matching methods, instead of propos-
ing novel models. They proposed learning-based object
recognition methods for better performance [4] [7] [9].
Learning from various environments can improve the
performance, but it needs lots of time to ensure reli-
able learning performances.

In this paper, we will propose processes of both ob-
ject modeling and object matching to be robust to
changes of environmental conditions as much as possi-
ble. The changes of illumination and rotation and par-
tial occlusions are examples for those environmental
changes. First, pyramid images are utilized to build a
robust model for scale-invariance. Pyramid images are
divided into patches to deal with partial occlusions.
The performance of object recognition is improved
by adding spatial relationships among patches to a
model. Both color histogram and color co-occurrence
histogram are used as features for each patch. And,
there are employed representative colors in HSV color
space. On the other hand, for the matching, locations
of candiate regions similar to reference image patches
are found by a prticle filter in the whole input im-
ages. Our system recognizes the object by comparing
condidate regions and patches. Moreover, spatial re-
lationships among patches and condidate regions are
also included for our matching process.

To show the validities of our proposed method,
there are employed input images from various envi-
ronments as test images.

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 231



2 Overview of proposed robust object
recognition system

Object recognition methods can be classified by a
top-down approach and a bottom-up approach. In a
top-down approach, we find a query object in the in-
put image. In a bottom-up approach, we examine what
objects are included in the input image. In this work,
object recognition is implemented by a top-down ap-
proach. We build object models first, and find out
whether the query object is in the input image or not.
Then, we finally identify the highly probable location
of regions similar to these models in the input image.

2.1 Process of object modeling

Fig. 1 shows the process of building an object
model. First, we take object images from each view-
point. Second, we transform an object image taken by
each viewpoint into image pyramid. In during quan-
tization, we transform RGB colors into quantized col-
ors in HSV color space. Fourth, we divide these im-
ages into regions which have the same sizes. Those
regions we take from this step are called patches. Con-
sequently, each scaled image is divided into a number
of patches. For each patch, the information of view-
point, scale level, position, color histogram (CH) and
color co-occurrence histogram (CCH) are contained.

2.2 Match Process

A matching process is started from taking a query
and an input image. The query is utilized to call a
model in our database. When a matching process is
finished, we can find out the exact location of the query
object in the input image.

Block diagram of our matching process is shown in
Fig. 2. First, we choose a specific queried model from

1. Object Image 3. Color Quantization2. Image Pyramid 

4. Image Patches5. Extract Features

- Feature -
Viewpoint : front
Scale level : 2
Position : (0,0)
Color histogram

Color CH

Level 1   level 2  level3Front View

Figure 1: Flow chart of object modeling process

Query

Test IMG

Result

Get 
candidate region

Calculate 
Matching Value

Spatial Relation

Apply SR

Color CH
Extractor

Classifier

DB
Query

Feature

-Patches-
Viewpoint
Scale Level
Position
Size

Color Histogram
Color CH

Feature

Figure 2: Block diagram of matching process

our database. After that, we have to select a candi-
date region in the input image. Candidate region is
a certain area in the input image, which has to be
closely matched with a patch of an object model. As
a whole input image cannot be matched with a sin-
gle patch, we should select a candidate region for the
patch in the input image. The important thing is that
locations of those candidate regions needs to be cor-
rectly estimated. For this, we utilize a particle filter.
Candidate regions in the input image are selected by a
particle filter. In the matching process, features from
those candidate regions are compared with the fea-
tures of the query object. Among those candidate re-
gions, the candidate regions which have similar feature
values with the specific patches are selected. For those
selected candidate regions, we examine the spatial re-
lationships among their neighboring candidate regions.
Consequently, the location of the query object in the
input image is finally determined by matching a fea-
ture value and by comparing the spatial relationships
among neighboring candidate regions.

3 Particle Filter

Particle Filter is used to search for highly propable
candidate regions where parts of the query object can
be found. As we use the spatial relationships among
candidate regions, we can get the highly propable can-
didate regions crucially.

Particle filter is a kind of Bayesian filter which com-
putes posterior distribution by using several weighted
samples. Bayesian filter consists of 2 steps: Prediction
and Update. In the prediction step, probabilistic sys-
tem transition model p(xt | z1:t−1) is used in given
observation z1:t−1 to predict the posterior at time t.
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p(xt | z1:t−1) =
∫

p(xt | xt−1)p(xt−1 | z1:t−1)dxt−1

(1)
If we measure zt at time t, the state can be updated

by applying Bayes’ Rule.

p(xt | z1:t) =
p(zt | xt)p(xt | z1:t−1)

p(zt | z1:t−1)
(2)

In a particle filter, the posterior p(xt | z1:t) is ap-
proximated by a finite set of N samples {xi

t}i=1,..,N

with importance weights wi
t. Sample xi

t are drawn from
the weight of the samples. The weights become the ob-
servation likelihood p(zt | xt).

The weight of a particle is obtained from comparing
the patch in object model with the color histogram of
the particle. As the computational burden for color
co-occurrence histogram is heavy, the color histogram
is applied instead. Observation zt stands for the color
histogram of a particle in the input image.

To reduce computational burden, sizes of all patches
are fixed to be the same. We can find candidate regions
efficiently through this method, because all particles
have the same sizes. If the sizes of patches are differ-
ent, the size of particles must be different according
to those of patches. In addition, the value of color his-
togram from each particle can be reusable.

The major issues for a particle filter are how to draw
initial particles and how to implement a re-sampling
process. In this paper, we draw initial particles uni-
formly and remove the particles which have low weight
values for a re-sampling process. The particles left in
the end will be chosen as candidate regions. A match-
ing process is implemented by color co-occurrence his-
togram for those candidate regions.

4 Color Co-occurrence Histogram

4.1 Color Model

There are various color models. Each color model
has its own characteristic. HSV color model consists
of three components, Hue, Saturation and Intensity.
The value of Hue is generally defined from 0 degree
to 360 degree. Both the value of Saturation and In-
tensity are defined from 0 to 1. The advantage of HSV
color space is that most meaningful color demarcations
(chromatic/achromatic; light/dark; dark/color/black;
light color/white) can be made with simple threshold
operations. Here, we adopt a tree quantization method
in HSV [2]. The color pixel C(R, G, B) which is defined

in RGB color space can be defined as a representative
color(C(red), C(black),etc.).

4.2 Color Co-occurrence Histogram

We use color co-occurrence histogram as the fea-
ture of a patch. The Color CH holds the number of
occurrences of pairs of color pixels C1= (red) and
C2= (black) separated by a vector in the image plane
(∆x, ∆y). We can write the color co-occurrence his-
togram symbolically as CCH(C1, C2,∆x, ∆y). In or-
der to make CCHs invariant to rotation in the image
plane, we ignore the direction of (∆x, ∆y) and keep
track of only the magnitude d given by

d =
√

∆x)2 + (∆y)2. (3)

We can rewrite the co-occurrence histogram symbol-
ically as CCH(C1, C2, d). In Color CH, we have to
define the set of distance (D) and the set of Color (C).
Here, as the set of color, C, fifteen representative col-
ors are employed, and distance, D is discretized as one
of twelve integer values as in [1].

4.2.1 Similarity

Similarity between a patch of query object and a can-
didate region in the input image can be computed as

S(r, q) = η

nc∑
c1=1

nc∑
c2=c1

nd∑

d=1

min(CCHr(c1, c2, d),

CCHq(c1, c2, d)), (4)

where r, q, nd, η are defined as follows;
S: similarity
r: candidate region of the input image
q: patch of query object
nc: number of color set
nd: number of distance set
η: normalization factor

5 Spatial Relation

5.1 Modeling Process

Object models are divided into patches in their dif-
ferent scale levels. Each patch has one feature inde-
pendently. Consequently, we have a multi-feature map.
However, a single patch cannot describe a single ob-
ject. A set of patches may be required to describe a sin-
gle object. Here, we consider the spatial relationships
among patches by using their geometry relations.
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Figure 3: Five viewpoints of object model (Top, Left,
Right, Front, Back)

To take out model patches from a reference ob-
ject image, five different viewpoints are considered
as shown in Fig. 3, where view from bottom is ex-
cluded. The five corresponding images are obtained
as in Fig. 3. Image for each view is transformed into
various scales. After scale transformation, those scaled
images are divided into patches of the same size. Con-
sequently, we can have many patches. By using ge-
ometric relationships among those patches, matching
performance can be efficiently enhanced.

5.2 Matching Process

Spatial relation in matching process is applied as
follows. First, Rmax is defined as the set of candidate
regions. Each element of this set has the highest sim-
ilarity for each patch of query object. Rmax can be
obtained by

Rmax = {rj | rj = arg max
r

(S(r, qj)), r ∈ Pj
can,

j = 1, 2, · · · , n}. (5)

Pj
can is the set of candidate regions which has higher

CH(ri, qj) than threshold, θ.

Pj
can = {r | CH(r, qj) > θ}, (6)

where CH(ri, qj) describes a similarity in color his-
togram between candidate region r and j th patch of
query object qj .

Second, Ri is defined as the set of candidate re-
gions which satisfies geometric relation based on each
element in Rmax. Ri can be obtained by

Ri = {rj | rj = arg max
r

(S(r, qj)G(r, i, j)),

r ∈ Pj
can, ri ∈ Rmax, j = 1, 2, · · · , n, j 6= i}. (7)

In Eq.(7), G(x, i, j) is given as

G(x, i, j) =
1√

2πσ2
e−

(position(x)−µ)2

2σ2 , (8)

Queried 
object

Queried 
object

Figure 4: Results of object recognition. The matched
candidate regions in input images are outlined

where

µ = position(qj)− position(qi) + position(ri). (9)

The mean, µ represents the location expected to be
matched with qj . By multiplying Gaussian function
G(x, i, j) to S(rk, qj), we can obtain a similarity with
geometric relation between rk and qi.

Finally, R∗ is chosen in Ri in such a way that
matching score is maximized as

R∗ = arg max
Ri

(V (Ri)). (10)

Here, V (Ri) is the matching score of Ri. V (Ri) is
obtained by

V (Ri) = S(ri, qi)+

S(ri, qi)
n∑

j=1,j 6=i

(S(rj , qj)G(rj , i, j)). (11)

Consequently, we can find the location of the query
object in a input image through R∗.

6 Experiment

We utilize 10 objects for object recognition. First,
we establish object models for each object. We adopt
front view point only. We took several images accord-
ing to the changes of illumination, occlusion and the
size of objects. The total number of test images was
600.
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Algorithm I           Algorithm II Algorithm I           Algorithm II

Algorithm I           Algorithm IIAlgorithm I           Algorithm II

Figure 5: The ROC curves for objects

Fig. 4 shows the results of our matching process.
The upper two images show the results for non oc-
culding cases. The lower two images show the results
for occlusion cases. Fig. 5 shows ROC curves for ob-
jects. Spatial relation is not applied in Algorithm I.
On the other hand, it is applied in Algorithm II. It is
observed from Fig. 5 that Algorithm II is better than
Algorithm I. For the occlusion case, 83 objects out of
120 are recognized.

7 Conclusion

We proposed the method for object recognition.
In our method, object models are divided into many
patches. And, Color CH are used as a feature for each
patch. In addition, we showed that a better perfor-
mance of object recognition can be obtained by using
the spatial relationships among patches. For one of
our future works, we are going to develop a rotation-
invariant method and a more efficient method in such
a way that less number of representative colors are
employed to reduce computational burden.
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Abstract: This paper describes the tactile sensing system using microbending fiber optic(MBFO) sensor. The 
microbending of the optical fiber drives the light transmission loss from the optical fiber. Using the light loss, this 
sensor can also detect the external force. To develop this system, at first, the tactile sensor element(taxel) is designed. 
The structure of this type tactile sensor with the crossed optical fibers embedded in the silicone rubber is very simple. 
When the external force is loaded on the contact mesa of this sensor, the crossed fibers causes microbending. The 
optical measuring system for this sensor consists of a small light emitted diode(LED) and a charge coupled 
device(CCD) which used as a single light source and a light detector for the bundle of optical fibers respectively. And 
based on the taxel, the tactile sensors is designed and fabricated as a fabric structure and the performance of the sensor 
is evaluated.  

 
Keywords: tactile sensor, optical fiber, microbending, optical measuring system 
 
 

I. INTORDUCTION 
 
Recently many researchers have studied to apply the 

five senses of human such as the sense of sight, hearing, 
smell, taste, and touch to the intelligent robot system. 
Among them, the tactile sensor for sense of touch is one 
of the essential means for interfacing between human 
and robots [1]. Several tactile sensors are introduced for 
intelligent robots and haptic interfaces to detect the 
contact force, the texture and the temperature, etc. Some 
tactile sensors using the MEMS (Micro Electro 
Mechanical System) technology have been introduced 
[2-5]. Even though these sensors have several merits 
such as their small size, good spatial resolution, and so 
on, they still have some problems to apply to the 
practical system such as low flexibility to apply the 
attach on the curved surface and complicated wires 
array. 

To solve these problems, in this paper, the fiber 
optic sensors are used for the tactile sensors. The optical 
fibers have attractive characteristics such as flexibility 
and relative immunity to many environmental 
disturbances, especially electromagnetic and 
electrostatic fields existing commonly near industrial 
machinery. And the fiber optic sensors are not affected 
by even humid environment. In this paper, we designed 
the tactile sensor using MBFO sensors with the structure 
of crossed fibers in the silicone rubber. This type of 
tactile sensor has simple wiring by using optical fiber 
bundle. And the optical measuring system for this 
sensor has compact design with a single light source and 
a detector. which are not expensive.  

  
 

II. TACTILE SENSOR ElEMENT 
 

1. The basic principle of the fiber optic sensor 
 
Generally, when the optical fiber is bended and the 

radius of curvature is large, there is little light loss in the 
optical fiber due to the flexibility of optical fiber. 
However, as shown in Fig.1, when the radius of 
curvature of the optical fiber is several millimeters, the 
conspicuous light loss is occurred in the optical fiber. 
Because, if there is microbending (bends on the order of 
millimeters) on the optical fiber, the transmitted light 
into the optical fiber is emitted through the cladding of 
the optical fiber [6]. In general case, this microbending 
effect of optical fiber is a problem for the optical 
communication because the microbending on the optical 
fiber causes light transmission loss. However, for the 
fiber optic sensor, this can be useful for sensing changes 
of external environment. If the amount of the 
microbending light loss is calculated, the external 
contact force can be simply measured. This kind of 
sensor is called the microbending fiber optic sensor 
which is a sort of the intensity based fiber optic sensor. 
As this intensity based fiber optic sensor uses the light i-      
 

 
 

Fig.1. Microbending effect of the optical fiber. 
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ntensity change at the light detector, the optical 
measurement system of this type of sensor is composed 
of a simple light source and a light detector which is 
small and not expensive. 
   
2. The structure of taxel and its fabrication 
 

At first, with this basic principle of fiber optic 
sensor, we designed the tactile sensor element. Instead 
of using other plates to cause microbending on the 
optical fiber, in this study, we propose the cross fiber 
structure which is embedded in the silicone rubber as 
shown in Fig 2.  
 

 
Fig. 2. (a) Structure of the taxel, (b) the 

microbending effect of the optical fibers in 
the silicon rubber. 

And the contact mesa is designed with same silicon 
rubber like Fig. 2 to concentrate the external contact 
force on the cross section of the optical fibers. When the 
contact force is applied to the contact mesa, the upper 
optical fiber and the lower optical fiber are 
simultaneously microbended by the change of the inner 
stress of the silicone rubber.  

 
 

 
Fig. 3. Dimension of the taxel and its fabrication. 

The fabrication process of this taxel is very simple 
as shown in Fig. 3. Before starting the fabrication of the 
tactile sensor element, the dimension of this flexible 
force sensor must be decided above all. Especially, the 
thickness of the sensor is important to apply this sensor 
to the artificial skin. The thinner sensor we fabricate, the 
better we can apply it to the artificial skin. In this study, 
we decide the thickness of this sensor to be 2mm by 
trial and error. 2mm thickness can fix the optical fiber 
without the exposure of the optical fiber from the 
silicone rubber.  

The fabrication starts with building a molding frame 
which can make the shape of the taxel. And the optical 
fiber is aligned on the contact mesa position. Next, 
liquid silicone rubber is poured to the molding frame. 
After cured the silicone rubber, the flexible taxel can be 
separated from the molding frame. The fabricated 
prototype taxel is shown in Fig. 4. As shown in Fig. 4, 
the prototype taxel is so flexible due to the silicone 
rubber transducer. Consequently, it can be easily applied 
for any shape like curved surface.  
 

 
 

Fig. 4. Fabricated prototype taxel.  
 
3. Optical measuring system  
 

For the tactile sensor using MBFO sensors, the 
optical measuring system is very simple due to using 
light instead of electric signal. As shown in Fig. 5, a 
power LED(Light emitted diode) is used as the light 
source of this sensor, and a CCD(charge coupled 
device) plays a role of the light detector of this sensor 
system. Using the CCD as the light intensity detector, 
the intensity changes of each optical fiber can be 
measured at once by CCD. This means that a CCD 
makes it possible to minimize the optical measurement 
system. And we use the gray scale value from the output 
signal of CCD to evaluate the light intensity of the 
optical fiber.  
 

 
Fig. 5. Optical measuring system of this tactile sensor 

system; (a) The interior, (b) The exterior 
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4. Evaluation of the taxel 

 
The fabricated prototype taxel is evaluated by the 

verified experimental equipments composed of a 
uniaxial load-cell and a fatigue test system for small 
load. As soon as the uniaxial load is given on the taxel 
by fatigue test system, the load-cell detects the amount 
of given load. And the optical measuring system also 
detects the output light signal of the taxel. Through 
comparing the light intensity change of the optical fiber 
with load-cell load signal, the load information which is 
applied on the taxel can be obtained.  
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Fig. 6. Experimental verification of the prototype 

taxel. 
 

The properties of the prototype taxel are obtained by 
the evaluation. The output signal of this prototype taxel 
is shown in Fig. 6. The light intensity of this taxel is 
decreased for its microbending light loss as the contact 
load is increased. The sensitivity of this sensor is -20 
gray scale value/N and the resolution of this prototype 
sensor is 0.05N. And the exact load amount which is 
applied on the taxel is obtained by calibrating the 
sensitivity of the taxel. The calibration process is very 
simple. By multiplying the inverse of sensitivity to the 
light intensity change, we can calculate the applied 
contact force. However, about 6.3% hysteresis error of 
this sensor is found. This hysteresis error is caused by 
the characteristic of the silicone rubber, which is the 
material of its transducer, because the characteristic of 
silicone rubber is nonlinear. And the error of 
repeatability is about 2%.  

The silicon rubber has also an effect on the capacity 
of the sensor. By the same experimental equipments, we 
verified the maximum capacity of the prototype taxel. 
The linearity between the light intensity change and the 
applied load is broken after 15N is applied. This 
phenomenon can be estimated as an abrupt stress 
change of the silicone rubber by the insertion of the 
contact mesa. Therefore, the maximum capacity of the 
sensor is 15N, up to which a linear light intensity 
response is guaranteed.  
 

 
III. DISTRIBUTED TACTILE SENSOR 

 
1. Distributed tactile sensor and its fabrication 
 

Based on this taxel, we designed the tactile sensor 
with the fabric structure of the optical fibers embedded 
in the silicone rubber as shown in Fig. 7. Each number 
of the optical fiber contains the position information of  
 

 
Fig. 7. Schematics of the tactile sensor using 

microbending fiber optic sensors with the fabric 
structure 

 
the contact area like a matrix, and the change of the 
light intensity informs the change of contact force. If the 
distributed force is applied on some area of the tactile 
sensor, the microbending is occurred on the optical 
fibers of that area. Hence, using this structure, the point 
contact load and distributed contact load can be 
measured.  

And the prototype tactile sensor using the MBOF 
sensors for distributed force is fabricated with the same 
fabrication process of the taxel. The increasing optical 
fibers are handled by optical fiber bundles as shown 
Fig.8. Fig. 9 shows the fabricated tactile sensor which 
has 5mm spatial resolution and its flexibility.  

  
Fig. 8. Schematic for the tactile sensing system 
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Fig. 9. Fabricated prototype tactile sensors and its 
flexibility 

 
2. Evaluation of the distributed tactile sensor 
 

Fabricated distributed tactile sensor is experim-
entally evaluated by applying point load and distributed 
load to the sensor respectively. At first, when about 2N 
is applied to cross point of 6th fiber in X axis and 3rd fi- 
 
 

1.8N 4.9N

(a) (b)  
Fig. 10. Experimental results of the tactile sensor; 

(a)point load detection, and (b)distributed load detection. 
 
ber in Y axis, the output is verified. As shown in Fig. 10. 
(a), the output is measured as about 1.8N. And when 
about 5N of distributed force is applied to 9 taxels of the 
sensor, the output is verified. As shown in Fig. 10. (b), 
the output is about 0.5~0.6N for each taxel. The error of 
point and distributed contact load are about 0.1% and 
5.0% respectively. The errors of each taxel for the 
distributed contact load are due to the differences of 
height of each taxel which contact to loading material.       
 
 
IV. CONCLUSION 
 

In this paper, the tactile sensing system using 
microbending fiber optic sensor is introduced. To 
develop this tactile sensing system, at first the taxel 
using microbending light loss is designed and 
experimentally verified. The structure of this sensor 
with the crossed optical fibers embedded in the flexible 
silicone rubber is very simple. The linear light intensity 
change by the applied load is verified by the 
experimental results. And the fabricated prototype taxel 
has a good performance. The sensitivity of this sensor is 
-20 gray scale value/N, the resolution of this sensor is 
0.05N, and its maximum capacity is 15N. However, a 
little hysteresis error exists due to the material of its 

transducer, silicone rubber. And then we designed the 
tactile sensor with the fabric structure of the optical 
fibers based on the taxel. The distributed tactile sensor 
shows relatively good performance. The error of point 
and distributed contact load are about 0.1% and 5.0% 
respectively. We also introduced the optical measuring 
system using a power LED and a CCD which are used 
as a light source and a light detector respectively. As a 
CCD can process hundreds of optical fibers’ light output, 
this type of tactile sensor can be easily expanded and 
applied to humanlike skin of intelligent robot to detect 
the sense of touch.  
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1. INTRODUCTION 

 
Unmanned vehicle have researched for a long time. One 

of unmanned vehicle is an automatic steering system. An 
automatic steering system controls the steering to keep the 
vehicle in the lane and follow the lane. There are several 
researches about an automatic system. Tesheng Hsiao and 
Masayoshi Tomizuka proposed position feedback 
controller for automatic steering.[1] J.R Lee, H.W. Kim, 

R. Kim, J.K. Lee and B.S. Kim proposed feed-forward 
and feedback controller for automatic steering.[2]  
Shinq-Jen Wu, Hsin-Han Chiang, Jau-Woei Perng, 
Tsu-Tian Lee and 'Chao-Jung Chen proposed an automatic 
steering controller with feedback controller and fuzzy 
controller. The fuzzy controller just compensates the 
feedback control to achieve satisfactory automatic 
steering.[3]  S.J. Ko and J.J. Lee proposed fully fuzzy logic 
based automated lane keeping system.[6] But this 
controller has too many rules. Rule reduction is needed. 
J.R. Zhang, A. Rachild and S. J. Xu considered lateral and 
longitudinal motion for automatic steering.[4]  But this 
research considers only lateral motion. 

This research designs fully fuzzy logic based automatic 
steering system. The number of rules of this controller is 
proper. Lateral error dynamics of a vehicle is derived for 
this research. For evaluation simulation is conducted by 

Simlink . 
 

2. VEHICLE LATERAL DYNAMICS 
 
1) Lateral Error Dynamics of Vehicle 
Lateral error dynamics of vehicle is derived for this 

research. The following figure is lateral vehicle 
dynamics. 

 

     
Fig. 1 Lateral Vehicle Dynamics 

 
The following figure is show variables related with 

tire, vehicle velocity, steering angle and tire slip-angle. 
 

 
Fig. 2 Variables related with tire 

Design of Fuzzy Controller for Automatic Steering 
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Abstract: Unmanned vehicle is future vehicle technology. Lateral control technology and longitudinal control 
technology are needed for unmanned vehicle. Automatic steering system is lateral control technology. A automatic 
steering system automatically controls the steering to keep the vehicle in its land and also to follow the lane as it curves 
around. This paper proposes automatic steering system based on fuzzy logic. If the fuzzy rules are set properly, the 
fuzzy controller can control the objective system nicely. To design an automatic steering system, lateral error dynamics 
of a vehicle is derived. The proposed automatic steering system is evaluated by SIMULINK in MATLAB. The 
simulation results show that the proposed automatic steering system works satisfactorily for keeping the vehicle in its 
land and following the lane. 
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Lateral acceleration is as follows. 
•••

+= ψxy Vya                                    (1) 

The equation for the lateral translational motion of the 
vehicle is obtained as 

yryfxy FFVymma −=+=
•••

)( ψ                      (2) 

Moment balance about z axis yields the equation for the 
yaw dynamics as 

yrryffz FlFlI −=
••

ψ                               (3) 

The lateral tire force for the front wheels and the rear 
wheels of the vehicle is written as 

)(2 Vfafyf CF θδ −=                             (4)  

)(2 Vraryr CF θ−=                                (5) 

To obtain Vfθ  and Vrθ , the following relations are used. 

x
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−
=

ψ
θ )tan(                                (7) 

The rate of change of the desired orientation of the vehicle 
is defined as follows. 

R
Vx

des =
•

ψ                                       (8) 

Then, the desired acceleration can be written as 

desx
x V

R
V •

= ψ
2

                                    (9) 

Therefore, lateral error is defined as follows. 

)()(
2

1 desx
x

x Vy
R

VVye
•••••••••

−+=−+= ψψψ               (10) 

Thus, derivative of lateral error is defined as follows. 

)(1 desxVye ψψ −+=
••

                           (11) 

Rotational error is defined as follows. 

dese ψψ −=2                                   (12) 

 
 

2) State Space Equation of Vehicle 
Substituting from equations (4), (5), (6), (7), (8), (9), 

(10), (11) and (12) into (2) and (3), following equations are 
obtained. 
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From equation (11) and (12), state space model can be 
obtained. The state space model in tracking error variables 
is therefore written 
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There are two inputs of the state space model, steering 
and desired yaw rate. The control input of the state space 
model is steering angle and the external input is the desired 
yaw rate. 

 
3. DESIGN OF AUTOMATIC  

STEERING SYSTEM 
 

1) Architecture of Automatic Steering System 
The proposed fuzzy rules based automatic steering 

controller consists of two controllers. One of these is lateral 
error controller and the other is rotational error controller. 
Gain tuning of automatic steering controller is conducted 
by try and error method. The architecture of automatic 
steering system is as follows. 
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Fig. 3 Architecture of Automatic Steering System 
 
 

2) Fuzzy Rules for Automatic Steering  
Inputs of fuzzy controller for lateral distance error are 

lateral distance error, derivative of lateral distance error. 
And inputs of fuzzy controller for rotational error are 
rotational error and derivative of rotational error. Output of 
each controller is steering angle.  

The rule base of lateral distance control is as follows. 
 
Table 1. Rule base of lateral distance error controller 
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The rule base of lateral distance control is as follows. 
 
Table 2. Rule base of rotational error controller 

 

2

•

e  (derivative of rotational error)  

  

2e

(r
ot

at
io

na
l e

rr
or

) 

 NB NM NS ZO PS PM PB

NB    NB NB   

NM    NB    

NS    NM NM  NS

ZO NB NB NM NS NM NS ZO

PS NB  NM NM    

PM    NS    

PB   NS ZO    
 

The inputs and the output of the fuzzy controller consist 
of seven membership functions and they are as follows. 
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Fig. 4 Membership function of lateral distance error 
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Fig. 5 Membership function of derivative  

of lateral distance error 
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Fig. 6 Membership function of output 
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Fig. 7 Membership function of rotational error 
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Fig. 8 Membership function of derivative  

of rotational error 
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Fig. 9 Membership function of output 

 
To reduce output error oscillation of vehicle, 

membership functions of inputs of each fuzzy controller 
are defined to be narrow to zero. But if membership 
functions of output of fuzzy controller were defined to be 
narrow to zero, output of vehicle oscillated more. So 
membership functions of output are defined to be different 

from membership functions of inputs. In the 
defuzzification strategy, the widely used center of area 
method (COA) is adopted. 
 
 

4. SIMULATION RESULTS 
 

Evaluation was conducted by SIMULIK in MATLAB. 
Two kinds of simulation are conducted. First, performance 
of proposed fuzzy logic based automatic steering system is 
evaluated through step input. Second, proposed automatic 
controller is compared to existing steering controller, such 
as feedback and feedback-feedforward controller through 
sinusoidal. 

 
1) Simulation of step input 
Simulation was executed under desired yaw rate which 

is the external input of the vehicle. Desired yaw rate is as 
follows. 
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Fig. 10 Desired yaw rate - step input 
 

Lateral distance error of the vehicle and its derivative are 
as follows. 
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Fig. 11 Lateral distance error 
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Fig. 12 Derivative of lateral distance error 
 

The lateral distance error converges to almost zero. It 
means that the vehicle follows the desired path. Derivative 
of the lateral distance error also converges to zero, 
although it has oscillations in the transient area. It means 
that there are no oscillations of the lateral error in the 
steady state. 

 
Rotational error of the vehicle and its derivative are as 

follows.  
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Fig. 13 Rotational error (Yaw error) 
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Fig. 14 Derivative of rotational error (Yaw-rate error) 

2) Simulation of sinusoidal for Comparison 
For evaluation of the proposed lane keeping system, 

simulation results of feedback controller, 
feedback-feedforward controller and fuzzy controller are 
compared under sinusoidal desired yaw rate. It is as 
follows. 
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Fig. 15 Desired yaw rate - sinusoidal 
 

Compared results are as follows. 
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Fig. 16 Lateral distance error 
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Fig. 17 Derivative of lateral distance error 
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Fig. 18 Rotational error (Yaw error) 
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Fig. 19 Derivative of rotational error (Yaw rate error) 
 

Simulation results show that lateral distance and 
derivative of lateral distance error of proposed automatic 
steering system are reduced remarkably compared to the 
others. Lateral distance and derivative of lateral distance 
error of proposed automatic steering system are holding 
near zero. But lateral distance error and derivative of lateral 
distance error of others oscillate. It means that the proposed 
automatic steering system follows the desired path better 
than others based on feedback control or 
feedback-feedforward control. But simulation results about 
rotational error and its derivative are similar with others. 

 

5. CONCLUSION 
 
Fully fuzzy logic based controller for automatic steering 

is proposed. Also vehicle lateral dynamics is derived for 
this research. Simulation was conducted by Simulink. The 
performance was evaluated by lateral distance error, 
derivative of lateral distance error, rotational error and 
derivative of rotational error (yaw rate). Simulation results 
show that performances of existing steering controller 
about lateral distance error and derivative of lateral 

distance error are improved. Proposed fuzzy steering 
controller controls the steering satisfactorily to keep the 
vehicle in its land and to follow the lane as it curves around. 
But, rotational error and its derivative are not improved. 
Researches about improvement of rotational error and its 
derivative will be needed and fuzzy parameter’s tuning 
using evolutionary computation, such as genetic algorithms, 
and considering both lateral and longitudinal motion, as a 
future works. 
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Abstract-Genetic algorithms use a tournament
selection or a roulette selection to choice better pop-
ulation. But these selections couldn’t use heuristic
information for specific problem. Fuzzy selection
system by heuristic rule base help to find optimal
solution efficiently. And adaptive crossover and
mutation probabilistic rate is faster than using fixed
value. In this paper, we want fuzzy selection system
for genetic algorithms and adaptive crossover and
mutation rate fuzzy system.

Index Terms-Genetic algorithms(GA), fuzzy logic system,

adaptive genetic algorithm.

1 Introduction

GENETIC ALGORITHMS(GA) are revolutionary
random guided search techniques based on a Dar-
winian survival-of-the fittest and genetic mechanism
[1]. In other words, we select genes which adapted
given environment, crossover each genes and some-
time mutate for new chromosome. Good gene charac-
teristic is reproducted new generation. After several
evolution their remain better adaptive gene to given
environment. GAs are parallel-search procedures and
stochastic less likely to get trapped in local minima.
This paper is organized as follows. In section 2, a
brief review to GA and explanation about important
parameter. In section 3, simulation about each adap-
tive experiments, and the conclusion is made in section
4.

2 A BRIEF REVIEW TO GA

GA have parameters and variables for control the
algorithms. There are evolution operation, genetic op-

Figure 1: Simple Genetic Algorithm

erations and parameter settings. Simple GA described
in fig. 1. [2]

First, evolution operation is selection. Typi-
cal method for selection are roulette, tournament,
stochastic uniform, remainder and Uniform selection.
Selection is only operation for evolution. So choosing
a selection method is quit important.

Second, genetic operations have three steps,
crossover operation, mutation operation and reproduc-
tion. If chromosomes presented bit strings, crossover
operator can be one point crossover or n point
crossover, also mutation operator can be one point
mutation or n point mutation. Real number lists
case scattered, intermediate, heuristic and arithmetic
crossover operator can be used, and gaussian, uniform
and adaptive feasible mutate operator can be used for
genetic operations. Reproduction method is used to
apply elitism.

Third parameter settings, there are two main pa-
rameter, crossover rate and mutation rate[3]. The
value rely on what kind problems given. In simple
problem, increasing crossover rate will reduce conver-
gence time, and decreasing crossover rate will some-
times have better solution. And increasing mutation
rate also effect convergence time, and accuracy about
solution. But each problem has their own’s character-
istic, and use different values for crossover and muta-
tion rate.[4]
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Figure 2: Adaptive Crossover, Mutation and Selection
Using Fuzzy system for Genetic Algorithms

Figure 3: Adaptive Parameter Genetic Algorithm

3 Adaptive Selection, Crossover and
Mutation

There exist trade-off with parameter values. For
example, at starting time their need big crossover rate
and small mutate rate, and when generation reach to
termination condition need small crossover rate and
big mutate rate for improve solution [5]. So using that
kind of heuristic information can be used fuzzy logic
system, in fig. 2. Algorithm is described in fig. 3.

3.1 Adaptive selection

Test function-Schaffer 2 problem (SF2)
(Michalewicz, 1996) [6]. Schaffer’s function used
for modeling several real-world problem like emerging
areas of wireless networks. The function defined in
(1) and two-dimension(2-D) case plotted in fig. 4.

f(x) =

(
n∑

i=1

x2
i

)1/4

·


sin2


50 ·

(
n∑

i=1

x2q
i

)1/10

 + 1.0




xi ∈ [−32.767 32.767] , n = 5, offset = 1000. (1)

Figure 4: Fuzzy membership functions and rule base for
adaptive tournament candidate’s number

Figure 5: Comparison of the number of tournament can-
didates change and adaptive number of tournament candi-
dates

The global optimum x*=(0,...,0) with f(x*)=1000, off-
set=1000. To find characteristic about given prob-
lem we use 300 population, 50 chromosomes, fixed
crossover rate 1.0, mutation rate 0.0 and repeat 100.
In fig 5. several number of tournament selection can-
didates bring about different result. Large number
of candidates raise fast convergence. But accuracy
wasn’t good. So using this heuristic information we
design fuzzy logic system. fig. 4.

3.2 Adaptive crossover rate

Test function-Rastrigin problem (RG) (Storn and
price, 1997) [6]. The function defined in (2) and two-

Figure 6: Fuzzy membership functions and rule base for
adaptive crossover rate
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Figure 7: Comparison of the different crossover rate

Figure 8: Comparison of the different crossover rate when
population size change

dimension(2-D) case plotted in fig. 6. The global op-
timum x*=(0,...,0) with f(x*)=1000, offset=1000.

f(x) = 10n +

n∑
i=1

(
x2

i − 10 cos (2πxi)
)

xi ∈ [−5.12 5.12] , n = 5. (2)

We use 300 population, 50 chromosomes, fixed mu-
tation rate 0.0, repeat 100, and change the crossover
rate from 0.7 to 1.0. In fig 7, crossover rate 1.0 is
faster than Crossover rate 0.9, but Crossover rate 0.9
is more accurate. So we can design to mix that kind of
performance in fig 7. After adding fuzzy logic system
there exist improve performance. And this fuzzy logic

Figure 9: Fuzzy membership functions and rule base for
adaptive mutation rate

Figure 10: Comparison of the different mutation rate

Figure 11: Comparison of the different mutation rate
when population size change

system also same influence when the population size
change from 10 to 300. In fig 8.

3.3 Adaptive mutate rate

Test function-Schaffer problem (SF) another ver-
sion [7]. The function defined in (3) and two-
dimension(2-D) case plotted in fig. 9. The global
optimum with x*=(near zero), f(x*)=0.99400693.

f(x) =
sin2

(√∑n

i=1
x2

i

)

1.0 + 10−3 ·
(∑n

i=1
x2

i

)2

xi ∈ [−16.383 16.383] , n = 5. (3)

We use 300 population, 50 chromosomes, fixed
crossover rate 1.0, repeat 100, and change the mu-
tation rate from 0.0 to 0.4. In fig 10, lower mutation
rate rapidly convergence, bigger mutation rate find ac-
curate solution, except mutation rate over 0.4. Using
these heuristic information we can design fuzzy logic
system like fig. 9. And this fuzzy logic system also
same influence when the population size change from
10 to 300, in fig. 11.

4 Conclusions

This paper has presented adaptive crossover, muta-
tion and selection using fuzzy system for GA. Three
different 5-dimensional problems used to implement
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each adaptive algorithms. The aim is better per-
formance by heuristic information implemented fuzzy
logic system. After finding characteristic given prob-
lem through changing major parameter, design infer-
ence engine to avoid trade off about parameter. So the
result is faster and more accurate than simple GA.
Furthermore studies showed the result after change
population size.
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Abstract
We show that universality in chaotic elements can

be lifted to that in complex systems. We construct
a globally coupled Flow lattice (GCFL), an analog of
GCML of Maps. We find that Duffing GCFL shows
the same behavior with GCML; population ratio be-
tween synchronizing clusters acts as a bifurcation pa-
rameter. Lorenz GCFL exhibits interesting two quasi-
clusters in an opposite phase motion. Each of them
looks like Will o’ the wisp; they dance around in op-
posite phase.
Keyword : synchronization, universality, globally cou-
pled maps and flows, Lorenz model, Duffing oscillator

1 Introduction

In studying chaotic systems we may consider two
facts as guiding principles. One is ‘Universality in
Chaos’[1]. Especially we here consider the universal-
ity between a map (e.g. a logistic map, a circle map
¢ ¢ ¢ ) and a flow, that is a system described by an ordi-
nary differential equation (a Duffing oscillator, Lorenz
flow ¢ ¢ ¢ ). The other is a self-organization of a certain
attractor by synchronization[2] in a complex system
under conflict between randomness and coherence.
One impressive model embodying this phenomenon
is Globally Coupled Map Lattice (GCML)[3],[4]. In
this paper we study Globally Coupled Flow Lattice
(GCFL)[5] and show that the universality at the level
of the constituents may be extended to the level of the
whole system, that is, our GCFL has much in common
with GCML.

2 Universality in Chaos

Let us first briefly recapitulate the universality in
chaos at the level of elements[1]. Perhaps the sim-
plest chaotic system is an iterated logistic map xn+1 =
fa(xn) with a quadratic map fa(x) = 1 ¡ ax2 and a
nonlinear parameter a in the range 0 < a · 2. An-
other simple system is an iterated circle map where the
map is replaced by gb(x) = b sin(πx). Both systems
share the same Feigenbaum ratio 4.699 ¢ ¢ ¢ and subject

to the same universality class. This is a piece of the
universality in chaos, which was beautifully explained
by Feigenbaum and by Cvitanović using renormaliza-
tion group[1], [6].

Next let us look at a system described by an or-
dinary differential equation (a flow for brevity). The
Lorenz model, for instance, is described by a three di-
mensional ODE

dx

dt
= σ(y ¡ x),

dy

dt
= ¡xz + rx ¡ y,

dz

dt
= xy ¡ bz. (1)

We here consider the range of r from 230 to 200
(σ = 10, b = 8

3 ), where the attractor bifurcates from
a limit cycle to chaos. As for the 2-dimensional flow,
we consider a Duffing oscillator,

dx

dt
= y,

dy

dt
= ¡ky ¡ x3 + A cos(t). (2)

With A = 0.75 and decreasing k, the final
attractor again bifurcates from a limit cycle to
chaos. Above three models exhibit the same bi-
furcation structure as well as periodic windows.
The reason why is essential for our study[1].

Figure 1.

The attractor of Lorenz model
reduces to two dimensional due
to dissipation. Then, the
Poincaré section of Lorenz flow
(that of Duffing oscillator) is
nothing but one-dimensional
iterated map, see Fig. 1. That
is, if the one-dimensional map
bifurcates, the corresponding
flow must also bifurcates. And
then, at the bifurcation limit, one-dimensional maps
(in the same class) are all governed by a universal
function. Therefore, we can amazingly understand the
route from convection to turbulence from a simple lo-
gistic map.

3 GCML

The GCML has N maps as elements and evolves
under all to all interaction via their mean field. Here
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we consider its simplest form, where the map is a lo-
gistic map with the same a and the coupling is also
common (homogeneous GCML)[3][4]. It evolves in an
iteration of two steps. The first is a parallel mapping

xmid
i ≡ fa (xi(n)) = 1 ¡ ax2

i (n), i = 1, ¢ ¢ ¢ , N (3)

where each map evolves with high nonlinearity and
randomness is introduced in the system. The mean
field is then calculated as h(n) ≡ ∑N

j=1 xmid
j /N . The

second step is interaction via the mean field

xi(n + 1) = (1 ¡ ε)xmid
i + εh(n), i = 1, ¢ ¢ ¢ , N (4)

with a coupling constant ε. In this step all the maps
are pulled to the mean field and coherence is in-
troduced in the system. Under the conflict of ran-

Figure 2.

domness and coherence GCML shows various inter-
esting phases. The phase diagram, explored first by
Kaneko[3] is shown in Fig. 3. We should note that
the region with a very small ε is called the turbulent
regime, but actually there occur drastic global periodic
motions of maps, if ε takes certain values for a given
a. The turbulent regime is controlled by the periodic
windows and their foliations[4].

4 Duffing GCFL

We transport the basic structure of GCML, the it-
eration of independent evolution and subsequent in-
teraction, to GCFL. We choose as elements N Duffing
oscillators that are discretized in time. The first step
is

xmid
(i) = x(i)(t) + y(i)(t)∆t

ymid
(i) = y(i)(t) +

(
¡ky(i)(t) ¡

(
x(i)(t)

)3 + 7.5 cos(t)
)

∆t

(5)
and the second is

x(i)(t + ∆t) = (1 ¡ ε)xmid
(i) +

εD

N

N∑
i=1

xmid
(i)

y(i)(t + ∆t) = (1 ¡ ε)ymid
(i) +

εD

N

N∑
i=1

ymid
(i) .

(6)

In order to investigate the phase structure of Duffing
GCFL, we need some rough estimate of the starting
point in the parameter space, since otherwise εD, for
instance, can be any value from 0 to 1. In GCML the
two clustered phase in opposite phase is the most re-
markable state formed by synchronization and realized
for ε ≈ 0.19 ¡ 0.27 at a ≈ 1.68. Let us start estimat-
ing corresponding values of Duffing parameters k and
εD. Whether corresponding cluster state is realized in
Duffing GCFL or not is of course highly nontrivial.

A natural way to estimate k is to use the univer-
sality at the element level and match the bifurcation
tree of the Duffing oscillator with that of the logistic
map by a scale transformation1. We find that Duffing
k ≈ 0.24 corresponds to logistic a ≈ 1.68.

As for εD, we should notice that the averaging in-
teraction is introduced at every ∆t in GCFL. Hence
,if the period is T , the estimate may be given by

(1 ¡ εD)
T

2∆t = 1 ¡ εmap. (7)

The inclusion of factor 2 in the denominator needs
short explanation. The two clusters in GCML are os-
cillating in opposite phase and at every two steps each
comes back to previous value.

(+ ¡ + ¡ + ¡ ¢ ¢ ¢ ) ¡→ +
(¡ + ¡ + ¡ + ¢ ¢ ¢ ) ¡→ ¡

Therefore two steps (one step) in GCML correspond
to one period (half period) in Duffing GCFL. With
T = 2π and ∆t = 10−3, we obtain

6.6 £ 10−5 . εflow . 9.7 £ 10−5. (8)

We should add that we have approxi-
mated the sequence of two steps, Eq.(5) and
Eq.(6), namely (evolution ¢ interaction)T/∆t by
(evolution)T/∆t ¢ (interaction)T/∆t in estimating εD.

4.1 Phase Structures

In Fig. 3 we show the phase structure of Duffing
GCFL with respect to ε at A = 7.5 and k = 0.24. Let
us explain the observed states in order.

(1) Turbulent phase. At very small ε, each flow
evolves almost independently in a chaotic orbit.

(2) Many clusters in chaos. Flows divide into many
clusters and each cluster evolves chaotically.

(3) Two chaotic clusters. The same as above but the
number of clusters is only two.

(4) Two periodic clusters. Flows divide into two clus-
ters and each cluster evolves periodically in ap-
proximately opposite phase to the other.

1Universality in bifurcation is strictly a valid concept at the
limit of sequential bifurcation, but in practice a simple scaling
makes the two trees overlap each other very well.
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Figure 3. Upper: Phase diagram Duffing GCFL with
respect to ε at A = 7.5, k = 0.24. Lower: attractors of
he model (N = 20) in three typical region; turbulent,
two clustered state, coherent chaos with increasing ε.

(5) Two periodic clusters or coherent chaos depend-
ing on the initial values of flows 2.

(6) Coherent chaos. All flows at strong coupling
bunch together and move in a chaotic orbit.

To our knowledge, this is the first time observation
of the fourth phase (dark shaded region in Fig. 3)—
periodic clusters of flows in opposite phase motion just
in accord with GCML [7]. We further study this phase
below. But not only this but also the global phase
structure is in agreement with GCML. This is a case
that universality between elements (a logistic map ∼ a
Duffing oscillator) also holds between systems (logistic
GCML ∼ Duffing GCFL). Note that the range for the
two clustered phase is

9.2 £ 10−5 . εD . 12.8 £ 10−5 (9)

as seen in Fig. 3. This overlaps with (8) but is shifted
to the larger. Considering that our estimate is rather
rough, this agreement is remarkable.

4.2 Two Clustered Phase

In GCML this phase is a consequence of reduction
of nonlinearity due to the averaging interaction[4, 9,
10] and the fluctuation of the mean field is minimized
for the stability of the system. Further interesting
property of the two clustered attractor in GCML is
that it may be controlled by changing the population
ratio of two clusters[3, 8]. Let us call N+ (N−) the
number of maps beyond the mean field at some itera-
tion step (say n = 1000) after random start. Then the
attractor of GCML is determined if we give not only
a and ε but also θ ≡ N+/N .

2This is because Duffing oscillator has two possible attractors
mutually symmetric with respect to the origin of the xy plane.
In the coherent chaos case, all flows are attracted to one of the
attractors, while in the 2 clusters case, flows divide themselves
into two groups, one for each attractor.

(b)

(c) (d)

0

y

4π 0 0.2 0.4 0.6 0.8 1
θ

−4
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0

2

4

y

2π
t

−4

−2

0

2

4

0.4 0.5 0.6

θ

0

−1

x

0 42

steps
−1

1

x0

(a)

Figure 4. Bifurcation of final attractors in two clus-
tered phase. Upper: Logistic GCML with a =
1.68, ε = 0.23 and N = 104. (a) Evolution of two
clusters (θ = 0.41). (b) bifurcation of cluster attrac-
tor with respect to θ. Maps are plotted for even n
(n = 1000, 1002, ¢ ¢ ¢ ). Lower: (c) Duffing GCFL with
A = 7.5, k = 0.24, ε = 1.1 £ 10−4 and N = 104.
(θ = 0.22) (d) The same with (b) but for GCFL.
Poincaré shot of flows are taken at every ∆t = 2π.

In Fig. 4(a) we show how the GCML two clusters
evolve when they are formed with fixed θ from random
start and in (b) how their orbits change with θ by
plotting all maps xi(n) at every even n in order to
separate the two clusters. Correspondingly we show
in (c) the evolution of GCFL clusters with fixed θ and
in (d) the bifurcation structure of the cluster orbits by
plotting the Poincaré shot of flows at every 2π. We see
clearly that both GCML and GCFL cluster attractors
share the same bifurcation structure with the variation
of θ. In more detail, GCML at even iteration steps
and Duffing GCFL at every ∆t = 2π are in one to one
correspondence.

5 Lorenz GCFL

The Lorenz GCFL is constructed just in the same
way with Duffing GCML (the iteration of two step pro-
cess, discretized evolution in ∆t and subsequent inter-
action via the mean field). The model parameters are
now r and εD with σ = 10 and b = 8/3 fixed. We are
interested in the self-formation of cluster structures so
we use large N , typically N = 104.

By matching the Lorenz tree with the logistic tree
we estimate that r = 208 for Lorenz flow corre-
sponds to logistic a = 1.68. At r = 208, the one
turn of Lorenz chaotic attractor is roughly T = 0.50.
With ∆t = 10−3, the correspondence (7) gives εL ≈
8.2 £ 10−4 ¡ 12.0 £ 10−4. It turns out that there
occur interesting quasi-periodic cluster attractors for
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εL both at about 50 percent and about twice of this
range, while at εL within this range there occurs tran-
sitive behavior between the two. For further small εL,
flows evolve almost randomly, while for further large
εL, all flows bunch together and show coherent chaos
with the high nonlinearity of the element at r = 208.
This is just the same way with the GCML and Duffing
GCFL. We stress that only with the help of our esti-
mate from universality, we can access these interesting
three regimes.

Let us investigate the strong coupling regime in de-
tail3. Here we find interesting behavior of quasi-spatio
clusters; each of them, if we may say, resembles will-
o’-the-wisp very much. In Fig. 5 we show the final
stages of their formation process (projecting into the
xy plane) from a random start at the central εL of this
regime (≈ 24 £ 10−4). At around (a) (t ≈ 3) most of

Figure 5. Formation of clusters in Lorenz GCFL with
ε = 24 £ 10−4, r = 208, N = 10000, ∆t = 10−3.
(a) t = 3, (b) t = 30.

flows divide themselves into two large spatial clusters
C and C and in addition two small clusters s and s
with high population density are formed. In the xy
projection C and C (s and s) locate oppositely each
other with respect to the origin reflecting the symme-
try of Lorenz flow. They circulate around periodically
in the first and third quadrant respectively (always op-
posite in phase). Hence, the fluctuation of the mean
field in the xy direction is suppressed. The clusters
C and C actually exchange some part of their mem-
bers at every time when they come close each other in
circulation. Always the spatial clusters C and C exist
but members are gradually mixed up. In this sense C
and C may be called as quasi-clusters. (On the other
hand cluster s and s do not mix.) Around t = 25 (after
about 100 circulations in the respective quadrant) the
smaller cluster s (and s) disappear. The quasi-clusters
C and C remain circulating opposite in phase.

3Other regimes will be discussed elsewhere.

6 Conclusion

We have constructed GCFL, matching the non-
linearity parameter and the coupling with those of
GCML. The matching is only a necessary condition
for the GCFL to inherit the properties of GCML. We
summarize below to what extent the intriguing fea-
tures of GCML are realized in the GCFL.

Duffing GCFL preserves all of features of GCML,
except some shift of the coupling εD to the larger side
than the prediction. The final attractor is remark-
ably controlled by the population ratio θ just in the
same way with GCML. On the other hand the flows of
Lorenz GCFL do move on a two dimensional surface
but they do not form a tightly bound clusters. They
form quasi-clusters (with mixing) in opposite phase
motion at the strong coupling regime.
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Orbit Systematics in Anisotropic Kepler Problem
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Abstract

We revisit the Anisotropic Kepler Problem (AKP),
which concerns with trajectories of an electron with
anisotropic mass term in a Coulomb field. This is one
of the most fundamental fields in Quantum Chaos.
Nowadays various quantum systems are challenging
us. Classical theories of these have chaos, while quan-
tum theories have developed from integrable cases and
may need to be reformulated. AKP then serves as a
suitable testing ground for quantum chaos. Here we
shed some light on the systematics of the trajectories
using ample figures from an extensive numerical anal-
ysis. In particular, the role of hyperbolic singularities
is illuminated. List of critical trajectories are given in
page 3. We comment on the validity of approximations
in an analytic formulation.

Keywords: quantum chaos, anisotropic Kepler
problem, collision trajectory, hyperbolic singularity.

1 Introduction

We revisit the AKP and shed some light on the
systematics of orbits from extensive numerical calcu-
lations. In this field the pioneering paper by Martin
Gutzwiller in 1977 is prominent [1]. By lucid analytic
consideration important features of orbits in the the-
ory are revealed. Especially it proves why there exists
an orbit which corresponds to a given Bernoulli code of
the Poincaré section. Unfortunately, however, the pa-
per has only one figure concerning orbits, namely the
vector field for the orbit. This vector field is based on
an approximation which is valid only when the point
particle is extremely near the origin (the Coulomb sin-
gularity point). However, important orbits, collision
orbits, pass nearby a hyperbolic singularity point and
there, at the very crucial point, the approximation be-
comes invalid. Therefore, one must be extremely care-
ful in deducing physical predictions from the vector
field. ([1] is collect.) We carefully check the approx-
imations adopted in various places in one hand and
on the other hand we describe the systematics of the
orbits in AKP which we have caught in an extensive
numerical study. In AKP our familiar picture for Kep-
lerian orbits must be abandoned - the first three orbits
in Fig. 1 are (a) a symmetric periodic, (b) an asymmet-
ric periodic, (c) a chaotic orbit in AKP respectively.

Nowadays various new quantum systems, electrons
in a nano size billiard [3], laser-trapped atoms [4]，
blight solitons in BE condensates [5] are challenging
us. As in Einstein’s criticism [6], present quantum
mechanics may have to be reformulated since they
have chaos in their classical regime. Feynman’s path
integral uses orbits in quantization, and comparison
with experiments are easy. A most remarkable is the
Gutzwiller’s trace formula [2], which may also offer a
key to solve the Riemann Hypothesis. Therefore the
classical orbits are important for the quantum physics.
AKP serves as a test bench of the theory – to some
extent tractable analytically and yet has a hard chaos
classically.
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Fig. 1. AKP orbits and the mechanism of Bernoulli code change.
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Region ϑ0 ϑ1 (U0, U1) (a0; a1)

1 0 < ϑ0 < ϑv ¡ϑh < ϑ1 < 0 (B, B) (++) a
ϑ0 ≈ ϑv Comming out into non-A via collision. a′,b′

2A ϑv < ϑ0 < π
2 π + ϑh < ϑ1 < 3

2π (B,¡B) b
ϑ0 exceeds π

2 Ã [U0 : B → 0 → ¡B] b→c→d
2A π

2 < ϑ0 < ϑ∗
c π + ϑh < ϑ1 < 3

2π (¡B,¡B) (+−) d
ϑ0 exceeds ϑ∗

c 7¡→ ϑ1 exceeds 3
2π Ã [U1 : ¡B → 0 → B] d→e→f

2B ϑ∗
c < ϑ0 < ϑ∗

h
3
2π < ϑ1 < 2π + ϑh (¡B, B) f

ϑ0 ≈ ϑ∗
h Going into the A region.

3 ϑ∗
h < ϑ0 < π π < ϑ1 < π + ϑv (¡B,¡B) (++) g

Table 1.

2 Kinematics and Orbits in AKP

The AKP Hamiltonian is

H =
u2

2¹
+

v2

2º
¡ 1

(x2 + y2)1/2
(1)

with ¹ > 1, º = 1/¹. On the Poincaré surface of sec-
tion (y = 0), H = ¡1/2 gives |x| · 2/(1+u2/¹), |u| <
∞.

By an area preserving transformation

X = x
(
1 + u2/¹

)
, U =

√
¹ arctan (u/

√
¹) , (2)

we can map it to a rectangular region |X| 6 2, |U | 6
B. Here B ≡ √

¹π/2 and this abbreviation will be
used throughout this paper. It is important to pay
attention to the trajectories around the origin in the
xy plane. We use polar coordinates for both posi-
tion and momentum; (u, v) =

√
¹eχ(cos ϑ, sinϑ) and

(x, y) = r(cos ψ, sinψ). H = e2χ/2¡1/r ≡ ¡1/2 gives

r = 2/(1 + e2χ), 0 < r < 2, ¡∞ < χ < ∞ (3)

The Hamilton equation is now

dϑ

dχ
=

√
¹ cos ϑ sinψ ¡√

º sinϑ cos ψ√
º cos ϑ cos ψ +

√
¹ sinϑ sinψ

,

dψ

dχ
=

2
1 + e−2χ

¢
√

º cos ϑ sin ψ ¡√
¹ sinϑ cos ψ√

º cos ϑ cos ψ +
√

¹ sin ϑ sinψ
,

(4)
where dχ/dt equation is used to trade t to χ. Very
close to the origin, χ → ∞, then (4) becomes au-
tonomous. Let us call this as A approximation and
the region r ≈ 0 (very large χ) as A region.

The points on the ϑψ plane where the vector field
in (4) has a zero component are called singular points.
There are two types of singularities; (a) sinϑ = sinψ =
0 (elliptic singularities), (b) cosϑ = cos ψ = 0 (hyper-
bolic singularities). In general, trajectory starting in
A remains in A in a finite time. But, if the trajec-
tory passes through the singularity, then χ may be
arbitrary small and the trajectory comes out from the
origin in the xy plane.

U1

U0

’b

e df

a’
U0

U1
c

a
b

h

g
U0

U0

U1

U1

Fig. 4. Type
(a0, a1)=(++),(−+),
(−−),(+−) arcs are
shown in |U0,1| ≤ B
in the 1st to the 4th
quadrant. Virial R
is maximum at four
points at the center.
Collision arcs locate
along the inner bound-
aries (e.g. a′, b′). Arcs
along the x locate
along curves in the 1st
and the 3rd quadrants
(e.g. h).

　
2.1 Classification of arcs

In the ergodicity analysis it is useful to introduce an
arc (U0, U1)(a0;a1), which start at a Poincaré section
with U0 and comes back to it with U1 and suffixes
(a0, a1) denote signs of x0 and x1 at the crossings. We
survey here which kind of an arc will follow when we
start it at various ϑ0 at a given large χ0 i.e. from A
region. (ψ0 = 0 is chosen for y0 = 0.) There are four
characteristic angles. Denoting ϑ∗ ≡ π ¡ ϑ, (i) the
arc with ϑ0 = ϑv passes through Hv, (ii) the arc with
ϑ0 = ϑ∗

s produces an arc symmetric wrt (π, π/2), (iii)
the arc with ϑ0 = ϑ∗

c reaches (3π/2, π), (iv) the arc
with ϑ0 = ϑ∗

h passes Hh
1．See Fig. 2.

Arcs starting from A region, so they stay in the A
region till the next crossing of x axis. As they are in
the A region we find

X ≈ 2 cos ψ cos2 ϑ (5)

U ≈ √
¹ sign (cos ϑ)

(
π

2
¡ 1

eχ |cos ϑ|
)

. (6)

Therefore, the arc is of type (a0, a1) = (+, §) depend-
ing whether ψ1 = 0 or π. The (U0, U1) ≈ (§B, §B),
depending on the signs of cos(ϑ0) and cos(ϑ1).

The vector field determines ϑ1 and ψ1 from ϑ0 (at
fixed χ0) in a way shown in Fig. 3 and Table 1. The
interval 0 < ϑ0 < π divides into three subintervals
ψ1 = (0, π, 0) and (R1, R2, R3). and, by (5), the

1These are named by Gutzwiller [1].
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arc is of type (++), (+¡), (++) respectively (See the
third column of Table 1). To find (U0, U1) by (6), we
must pay attention that ϑ0 = π/2 and ϑ1 = 3π/2
(that is ϑ0 = ϑ∗

c) give additional criticality. This issue
is accounted for in Fig. 3. When ϑ0 passes through
π/2, U0 changes as B → 0 → ¡B with U1 ≈ ¡B and
the arc moves rapidly on the boundary of the square
domain (for arc (+¡)) as denoted [b → c → d] in
Fig. 4. Now the map ϑ0 → (U0, U1)(a0;a1) is completed
analytically for the arcs in A region [1].

Above analysis in turn reveals the importance of
collision trajectories, which starts either with ϑ0 ≈ ϑv

or ϑ0 ≈ ϑ∗
h. Examples of these are a′ and b′ in Table 1.

Fig. 4 are organized so that a′ and b′ locate face to
face. In this organization all arcs in A locate along
the outer boundaries of the domain.

2.2 Profiles of Arcs

In Fig. 5 we visualize our arcs a to g both in xy
plane and in ϑψ plane. All are evaluated with high
accuracy and large deviation from the vector field as
seen around singular points indicate A approximation
is invalid there. Below we discuss collision trajectories
a′, b′, and another null-A arc, h.
a0 : Starting with ϑ0 = 0.998ϑv this comes close
to the hyperbolic singularity Hv(π/2, π/2) and then
turns to the left, and eventually comes back to ψ = 0
(type (+,+)). A large deviation from A approxima-
tion occurs around and after Hv. At A approxima-
tion ¡ϑh < ϑ1 < 0, but a precise calculation shows
ϑ1 < ¡ϑh. Due to the rapid χ decrease around Hv,
the orbit in the xy plane comes out from the origin. It
moves along y axis because ψ ≈ π/2, ϑ ≈ π/2 around
Hv. Initially the orbit has u0 > 0, but it turns into
u1 < 0. Therefore the arc locates in lower left corner
in the square domain |U0;1| · B for arc (++).
b0 : This starts with ϑ0 = 1.002ϑv. This makes a pair
with a′; it turnes to the right (rather than left) around
Hv and reaches ψ1 = π (arc (+¡)). This locates face
to face with a′ in Fig. 4
h : This starts in null-A region and moves around
the elliptic singularity E(π, 0). Hence it moves along
x axis.

3 Collision Trajectory

Collision trajectory is important because it intro-
duces the ergodicity in the AKP system. In terms
of symbolic dynamics a trajectory is coded by the
Bernoulli sequence (a0, a1, a2, ¢ ¢ ¢ ) and, as seen in
Fig. 1(d), the change in the code may only occur via
a collision with the origin.

Let us investigate the collision trajectory (ϑ0 =
0.999ϑv at χ0 = 7) in Fig. 6. The hyperbolic singu-
larity Hv(π/2, π/2) plays a rolê of a catapult to emitt

the particle from the origin. Since χ0 is very large,
the trajectory firstly starts very near the origin of the
xy plane (r0 ≈ 1.6 £ 10−6) with enormous momen-
tum. The particle moves rapidly on the ϑψ plane
(ticks on the trajectory indicate every factor of ten
increase of t) and it comes already within ∆ϑ ≈ 0.005
of Hv(π/2, π/2) at about t = 10−6. The particle is
now launched in the catapult. Till then χ remains
large (χ ≈ 5), and the particle is still very near to
the origin (r = 10−4). Now the second step starts

2

4

6

8

log10 t

t =10−1

π
2ψ=

t =10−6

π
2ϑ=
Hv

t =10−7

χ

−10 −8 −6 −4 −2 0

Fig. 6. Frame represents tiny white diamond around Hv in
Fig. 5.

under the influence of Hv. The trajectory developes
on ϑψ plane much slower, turning around Hv gradu-
ally with factor 105 increase of time (t from 10−6 to
10−1). Correspondingly χ decreases rapidly (from 7
to 1), and the particle is now emitted into the null A
region (r ≈ 0.1).

In conclusion we hope our results in this paper, in
particular (i) a summary of systematics of orbits, Ta-
ble 1, (ii) List of orbits in Fig. 5, (iii) orbits analysis
near a hyperbolic singularity in Fig. 6 may supplement
the article [1] and serve useful data for AKP.
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Abstract − In this paper we constructed the Decision 
Support System (DSS) for liquid cargo tankers based 
on the International Ship Management Code (ISM 
Code). To make this system, we first organized a base 
of expert knowledge concerning liquid tanker 
operations that largely affect ocean accidents. Based 
on this expert knowledge, we constructed the decision 
support system that provides a code of conduct for 
operating cargo tanks safely. The proposed decision 
support system could eliminate human error when 
confronting dangerous situations, so the system will 
help sailors to operate cargo tanks safely. 
 

Keywords: decision support system, fuzzy, sensor, 
monitoring system 

 
1. Introduction 

A liquid cargo carrier is a sea born structure and thus 
it can be isolated area from land. Consequently, ships 
face many kinds of ocean-based dangers. Errors are 
made when operating ships that lead to accidents in 
which lives are lost, the environment destroyed, and a 

great deal of direct and indirect damage is caused to 
marine transportation enterprises[1].  

To prevent ocean accidents, the International Maritime 
Organization (IMO) has developed many conventions 
concerning the hardware of vessels such as Safety Of 
Life At Sea (SOLAS) and prevention of MArine 
POLlution from ship (MARPOL). These conventions 
play an important role in preventing accidents at sea. 
However, they cannot prevent accidents caused by 
human error. To prevent these accidents, IMO they 
developed the ISM Code, and it has been in effect since 
June 1, 1998. Although over 55% of ship operators have 
used the ISM Code system for over two years, only 
24.2% ship operators understand the ISM Code system. 
Since using the ISM Code system, most operators (about 
96.7%) have reported feeling overloaded[2]. 
Consequently, this system needs to be improved, so we 
need to improve this system and ISM code-based DDS 
for liquid cargo carriers has been developed.  

In this research, the rules were constructed using the 
ISM Code, and the fuzzy memberships for sensor inputs 
use the expert knowledge base for DSS[3]. We used a 
modified fuzzy inference system for users to support 
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Fig. 1. Cargo monitoring system for liquid carrier takers. 
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decisions and to prioritize decisions in emergency 
situations at sea. 

 
2. Monitoring system for liquid cargo carriers  

A typical cargo monitoring system is shown in 
Figure 1. Each tank has six sensors (pressure, level, 
VOCs, oxygen, temperature, and high overfill sensor) 
for monitoring. The signal from each sensor is 
received by the monitoring system in the Cargo 
Control Room (CCR) where the value of each sensor is 
displayed. If a sensor defects a danger, then the system 
alerts the operators. Table 1 shows the characteristics 
of these sensors. 
 

Table 1. Specification of six sensors for cargo tank. 
Sensor Output Measurement 

target min/Max Normal range 

Level sensor 4-20mA Height 0/30 m 0 - 30 
Temp. sensor 4-20mA Temp. 0/100℃ 0 - 60 

Pressure 
sensor 4-20mA Pressure -0.35/0.5 

bar 0.07 - 0.2 

Oxigen 
sensor 4-20mA Oxigen 0-21% 0 - 8 

VOCs sensor 4-20mA Hydro-carbon 0-100% %<1.2, %>7.2
High overfill 

sensor On/Off Tank  
overfill - Under 95%

 
3. DSS based on expert’s knowledge 

We propose the DSS. The DSS imitates experiments 
of expert and can make decisions from combinative 
information of six sensors[4]. Our proposed system is 
explained by algorithm flowchart in Figure 2.  

 
Start

Input sensor data

Fuzzification

Reasoning

Calculate decision 
weight

Calculate 
membership

value

Rules

Finish

Indicate the current 
state of tank

 
Fig. 2 Decision support system of professional 

knowledge based. 
 

3.1 Fuzzy inference theory for DSS 
This section introduces the fuzzy inference system. 

First, we introduce fuzzification of input variables for 
inference. Next, the method for developing the rules is 

introduced. And last, we will demonstrate the inference 
method for DSS.   
3.1.1 Fuzzification 

The fuzzification stage makes fuzzy memberships for 
sensor inputs and these memberships are used for 
linguistic variables for fuzzy inference. Generally, 
linguistic variables describe membership values that are 
either 0 or 1 in the fuzzy logic. Each sensor has a 
different input range and characteristics. Consequently, 
the number of linguistic variables differs for each sensor. 
In addition, the membership function is used for sensor 
input. The trapezoidal membership function is used for 
the two edge ranges and the triangle membership 
function for the center range. These ranges were 
determined through expert consultation. Figure 3 shows 
the constructed fuzzy memberships for each sensor.  
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Fig. 3. Fuzzy memberships of six sensors. 

 
3.1.2 Rule extraction  

Table 2 shows the eight actions available when using 
DSS. These actions depend on the monitored cargo 
conditions. Generally, if an a abnormal condition is 
indicated by the sensors, then the ISM code can be used 
to determine an appropriate response. The ISM Code for 
a liquid cargo tanker consists of 223 combinations of the 
six sensors. Table 3 shows four combinations from the 
ISM Codes as examples.  
 

Table 2. Eight actions to do in the navigation of the 
liquid cargo tanker.  

ACTIONS 
1 Normal state 
2 Cooling System 
3 Upper Pressures Valve 

4 Level Measuring or Sounding or HighOverfill 
Alarm 

5 Cargo Cargo Pump Stop 
6 Vapour Gas return 
7 Inert Gas Injection 
8 Low Pressure Valve 

 
We extract 46 rules from the 223 ISM Codes by the 
heuristic-method. The ‘don’t care’ elements in the ISM 
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Code were rejected, and we could reduce the 46 rules. 
Each rule has six combinational sensor inputs and 1 to 
4 actions. These rules and operations are showed in 
Table 4 and 5. 

Table 3. ISM code (4/223). 
sensors

state

N L H

Level Sensor

VOCs Sensor

O2 Sensor

High Overfill

Temp Sensor

Pressure Sensor Normal 
state

kind of sensors
state

N L H

Level Sensor

VOCs Sensor

O2 Sensor

High Overfill

Temp Sensor

Pressure Sensor Cooling 
System

kind of sensors
state

N L H

Level Sensor

VOCs Sensor

O2 Sensor

High Overfill

Temp Sensor

Pressure Sensor Upper 
Pressures 

Valve

kind of sensors
state

N L H

Level Sensor

VOCs Sensor

O2 Sensor

High Overfill

Temp Sensor

Pressure Sensor Operating 
liquefier

 
 

Table 4. Sensor information of rules (4/46).   
No Level Temp Pressure O2 VOCs Overfill

1 don't 
care Normal Normal Normal Normal Normal

… 

9 don't 
care High High Normal Normal Normal

… 

25 High High High Normal Normal Low

… 

46 N/L Normal H/N Normal High Low

 
Table 5. Operations of each rule (4/46). 

No Subject 1 Subject 2 Subject 3 Subject 4

1 Normal 
condition    

… 

9 
Operate 
cooling 
system 

Operate  
upper 

pressures 
valve 

  

… 

25 
Operate 
cooling 
system 

Operate  
upper 

pressures 
valve 

Check level 
sensor  

… 

46 
Operate 
cooling 
system 

Cargo pump 
stop 

Vapour gas 
return 

Inert gas 
injection

 
3.1.3 Fuzzy inference 

In our research, we introduce the fuzzy inference 
system for the linguistic DSS. It is some different with 
traditional fuzzy inference systems in output stage. The 
proposed system deals linguistic terms for output and 
calculate the priority rate of output instead of the 
defuzzification calculation of output.  
 

3.14 Calculation of the priority rate for decisions 
If the DSS presents over two decisions, it needs 

priorities to do them. For this, the proposed system is 
included the calculation algorithm to serve the priorities. 
The calculation of priority rates are differently calculated 
by each condition of outputs. And those are listed below:   
① The system presents one decision and all input 
membership values are 1. 
② The system presents one decision and more than one 
input membership values are less than 1. 
③ The system presents more than one decisions and 
more than one input membership values are less than 1. 

The ① is very simple case. All sensor inputs have 1 
membership values those are certain value for decision 
and this case has one decision. In this case, priority rate 
are meaningless and this system does not calculate 
priority rate.    

In the case ②, It has one decision and more than one 
sensors have two membership values. We explain the 
calculation of priority rate for this case in Figure 4. The 
result, “Low Pressure Valve,” was inferred from the 
pressure sensor value by the inference rules. In this case, 
the system made one decision from the pressure sensor, 
which had a membership value normalized factor of 0.7 
the priority rate of 1 was determined by equation (1). 
Actually, this case the priority rate does not need to be 
calculated because ② always has priority rate of 1.  

The other hand, case ③ has at a minimum one sensor 
with two membership values. From these inputs, our 
system infers several decisions and also calculates the 
priority rate. We explain Figure 5 shows these 
procedures with one example. In this example, pressure 
sensor has a value of 0.2, which is a large (L) 
membership, and a normalized value of 0.8 (N) also has 
two values from its two memberships. From these sensor 
values, DSS infers four results from the rules and infers 
three decisions: “lower pressure value”, “return vapour 
gas”, and “normal condition”. Then, three decisions are 
obtained, and the priority rate of each decision is 
calculated. First the normalized factor was calculated 
from equation (1) and the priority rate for each decision 
was calculated using equation (2). “Return vapor gas” 
decision has the highest priority rate, 0.69, “lower 
pressure value” is 0.17, and “normal” decision is 0.14. 
Two decisions are returned “return vapour gas” and 
“lower pressure valve” from the pressure sensor and the 
VOC_sensor values. The DSS system strongly suggested 
that vapor gas be returned and that the low pressure 
valve be checked. 
 
4. The DSS tool and Experiments 

In this research, we developed the DSS tool using our 
proposed algorithm. We used Matlab 7.1 to develop DSS. 
This tool consists of three panels. The “Input” panel 
shows values measured by each sensor. These measured 
values are mapped from fuzzy membership values and 
these membership values are shown in the “Fuzzy 
Value” panel. The “Output” panel shows the eight 
decisions and their priority rate. We tested our proposed 
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tool using recorded sensor values from a liquid cargo 
tanker. These sensor values were used by the DSS tool, 
and the inferred decisions were compared with the 
actual tank conditions. In the first situation, the level 
sensor indicates 15m (cargo height: 30m) and the high 
overfill sensor detects overfill. However, these results 
are contradictory. Actually this cargo tanker had a level 
sensor fault. The DSS tool returned “Check the overfill 
sensor and the level sensor”, which is shown in Figure 
6. 

 

 
Fig. 6. Detection of sensor fault. 

5. Conclusions 
We constructed a DSS algorithm and developed a 

DSS tool for the operation of liquid cargo tankers. The 
tool provides a code of conduct for the safe operation of 
cargo tanks. It can help to simplify the operation of a 
cargo tanker. The proposed DSS tool could decrease the 
danger of human error, so the system will help sailors in 
operating cargo tanks more safely. 
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Operating Pressure valve
Level(N: 0.3, H: 0.7 )
Temp(H: 0.5)
Pressure(H: 0.7)
O2: (N: 1)
VOCs: (H: 1)
Overfill: (N: 1)

Reasoning result

Manager report subject : final output

Operating Pressure valve
Important value : 0.7/0.7 = 1

0.7=0.7: normalize factor  
Fig. 4. Calculation of priority rate of decisions(case②). 

Operating Pressure 
valve
Level(N: 0.3, H: 0.7 )
Temp(N: 1)
Pressure(L: 0.2)
O2: (N: 1)
VOCs: (N: 0.2)
Overfill: (N: 1)

Operating Liquefier, 
Pressure valve
Level(N: 0.3, H: 0.7 )
Temp(N: 1)
Pressure(L: 0.2)
O2: (N: 1)
VOCs: (N: 0.8)
Overfill: (N: 1)

Operating Liquefier 
Level(N: 0.3, H: 0.7 )
Temp(N: 1)
Pressure(N: 0.8)
O2: (N: 1)
VOCs: (H: 0.8)
Overfill: (N: 1)

Normal
Level(N: 0.3, H: 0.7 )
Temp(N: 1)
Pressure(N: 1)
O2: (N: 1)
VOCs: (H: 0.2)
Overfill: (N: 1)

Operating liquefier :
Important value : (0.2*0.8)+(0.8*0.8)/1.16 = 0.69

Operating Pressure valve :
Important value : (0.2*0.2)+(0.2*0.8)/1.16 = 0.17

Normal :
Important value : (0.8*0.2)/1.16 = 0.14

(0.2*0.2)+(0.2*0.8)+(0.8*0.2)+(0.8*0.8) = 1.16: 
normalize factor

Reasoning result

Manager report subject : final output

 
Fig. 5. Calculation of priority rate of decisions(case③). 
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Abstract
This paper presents the probabilistic models con-

sidering dependent relation for solving the reasoning
problem in decision-maiking. It is important for con-
structing the joint probability-distribution to consider
the dependence of events. In this paper, we clas-
sify the dependent relations. Moreover, we apply the
fuzzy probability to calculation of the dependence-
index. Some vagueness is included in the dependency.
Also, we define the fuzzy dependence-index to con-
sider dependency with fuzziness. Using the fuzzy
dependence-index, we calculate the joint probability
of multi-events and construct the probabilistic model.

1 Introduction

Study of reasoning algorithm in decision-making
has been widely appeared in practical application like
diagnosis or prediction problem under uncertainty.
Concerning the fact, research about how to build
the probabilistic model in statistical study has be-
come important. Probabilistic models are constructed
from the joint probability-distribution of each event
based on the existing data[1]. There are various types
of dependency for causal relationship and correlation
among events, and it is significant to argue how to
handle these relations.

In this paper, we consider about the probabilistic
model taking dependent relation into account. We in-
troduce the product operator which is useful to calcu-
late the joint probability. We first classify dependent
relations. Then we introduce the dependence index for
each relation.

In the existing research, the correlation of random
variables or the conditional probability rules is used
for detecting dependencies among events. However,
it is difficult to define the index using definite value,
because the dependence varies delicately with the sit-
uation where events occur. In this case, it may be de-
sirable to be expressed with fuzzy numbers from the

experience or the knowledge of experts.
As in the uncertainty of events, we assume depen-

dent relations include a certain kind of vagueness. It
is dealt as fuzziness in the paper. The dependency
among events will also become uncertain when hu-
man’s subjective judgment is included in the events
on the sample space. We define the fuzzy dependence-
index to treat conditional probability as a kind of fuzzy
probability. It becomes easy to build the probabilis-
tic model of multi-events with some dependency by
introducing the product operation based on the fuzzy
dependence-index.

2 Dependent relation for joint proba-
bility

2.1 Joint probability

In this section, we explain the theorem of joint prob-
ability. The joint probability of the event E1 and E2

is expressed by using conditional probability P (E2|E1)
in multiplication rule for probability as

P (E1 ∩ E2) = P (E1)P (E2|E1) (1)

If there are some dependencies between E1 and E2,
there exists P (E2|E1) 6= P (E2). The degree of depen-
dency is given by dependence-index. Mabuchi[2, 3]
defined the joint probability with dependency us-
ing dependence-index and fuzzy set product opera-
tor. The definition of fuzzy set operation with the
dependence-index is as follows:

P (E1 ∩ E2) = γE1E2P (E1)P (E2) (2)

where

γE1E2 =
P (E2|E1)

P (E2)
(3)

and γE1E2 is called as the dependence-index of E1 and
E2. Equation(2) follows by the general definition of
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probability theory. The parameter of dependence re-
lies on the conditional probability among events. We
classify dependent relations based on equation(3). In
calculating joint probabilities, we utilize equation(2)
and then construct the probabilistic model.

3 Dependent relation with fuzziness

First, we classify the dependent relation into five
parts. Then, we define the fuzzy dependence-index of
equation(3) based on the classification.

The dependence-index can be computed by exam-
ining the correlation of each event in a certain sample
space[4, 5]. As another way, the dependence-index is
derived by the conditional probability among events.
However, it is difficult to define the index as a defi-
nite value because the dependency of events includes
human’s subjective vagueness. For example, when we
think about the relation between a pneumonia and
a cough, a cough does not necessarily mean getting
a pneumonia. The factors such as environment or
other events may influence that relation. It is dif-
ficult for us to define the index as the definite values
because the dependent relation changes along the envi-
ronment where each event occurs and is observed.Then
we should consider that the index includes fuzziness.
In this case, we should express the index of dependent
relation with not definite values but fuzzy numbers.

3.1 Classification of dependent relations

We classify kinds of dependent relations through
equation(3) as follows:

i. Independence

ii. Perfect dependence

iii. Positive partial dependence

iv. Negative partial dependence

v. Opposite

The relation is described as the positive dependence
in which the joint probability is higher than that of in-
dependence. The extreme case of that is the perfect
dependence. On the other hand, negative dependence
is a relation contrary to positive dependence. In this
case, the degree of joint probability is lower than in-
dependent case.

i) Independence

When the probability of each event can not be in-
fluenced by other events，we have P (Ei|Ej) = P (Ei).
This dependent relation is called ”Independence” of
which γ of multi events becomes

γ = 1 (4)

ii) Perfect dependence
We call the relation in which one event is completely

contained in another as ”Perfect dependence”. P (Ei |
Ej) = 1 is obtained when Ej ∈ Ei. When this value of
the conditional probability is applied to equation(3),
γEiEj P (Ei) = 1 is obtained. Then, the dependence-
index is derived as

γ = min

(
1
e1

,
1
e2

, . . .
1
en

)
(5)

where ei = P (Ei).

iii) Positive partial dependence
If P (Ei|Ej) > P (Ei), we call the relation as ”Pos-

itive partial dependence”. In this case, we have
γEiEj

P (Ei) > P (Ei). Further, the conditional proba-
bility is P (Ei|Ej) < 1 due to partial dependence, then
the dependence-index γ is acquired in the range of

1 < γ < min

(
1
e1

,
1
e2

, . . .
1
en

)
(6)

iv) Negative partial dependence
We called the case as ”Negative partial depen-

dence” when the independent probability is lower
than the conditional probability due to the influence
on each other. When P (Ei|Ej) < P (Ei), we have
γEiEj P (Ei) < P (Ei). The dependence-index is given
as

0 < γ < 1 (7)

v) Opposite
When P (Ei∩Ej) = φ, the dependent relation of the

events is exclusive. In the occasion, the joint proba-
bility is 0. Then γ is

γ = 0 (8)

3.2 Fuzzy dependence-index

In this paper, we define the fuzzy dependence-index
by fuzzy probability[6, 7] applied to the probability for
fuzzification of the dependence-index. The fuzzy prob-
ability, here, is different from the probability of fuzzy
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event. This means the fuzzy set based on probability
measure as

µP : P → [0, 1] (9)

The concept of fuzzy probability realizes the fuzzifi-
cation of the dependence-index by quantitatively ex-
pressing as the probability. In this research, the prob-
ability measure P of ”the probability is roughly m” is
expressed as triangler membership function of

µP (x) = max

(
0, 1− |x−m|

d

)
, d > 0 (10)

Where m is a modal value of triangler fuzzy numbers.
We express the degree of probability as fuzzy probabil-
ity with the membership function when we get ”about
0.7”. This is because the fuzzy number 0.7 involving
0.6 and 0.8 is more suitable to the human’s language
perception than the definite value 0.7.

We extend P (A) as the fuzzy number PA by fuzzi-
fication of the probability. The fuzzy set of PAi

is
illustrated as

PAi
=

∫ ai+d

ai−d

1− |v − ai|
d

/v (11)

with the triangler membership function, where ai =
P (Ai), i = 1, 2, . . . , n and v = [0, 1] is the degree of
probability. We define the fuzzy dependence-index by
the fuzzy probability based on equation(11).

Meanwhile, in the case of a continuous member-
ship function, the result of joint probability is also ex-
pressed as a function. When one want to express the
dependence-index without the function, it is possible
to consider the interval instead of the fuzzy numbers.
Then, we also define the dependence index with the in-
terval obtained from α-level cut. According to equa-
tion(11), it is expressed with the closed interval de-
pending on α that gives the α-level cut (PAi

)α. Then,
(PAi)α is given as

(PAi)α = {v ∈ R1 | µPAi
(v) ≥ α} = [pL

Ai(α)
, pR

Ai(α)
]

(12)
We give the following definitions of the fuzzy

dependence-index γ̃ with the fuzzy probability and the
dependence index with α-level cut.

i) Independence
In this case, the fuzzy set ΓI of the fuzzy

dependence-index γ̃ is defined as

supp(ΓI) =
{

γ̃
∣∣ 1− d

1 + d
≤ γ̃ ≤ 1 + d

1− d

}
(13)

ΓI =





∫ 1+d
1−d

1

(
1− (1− d)(γ̃ − 1)

2d

)
/γ̃

if 1 < γ̃ ≤ 1 + d

1− d
1/γ̃ if γ̃ = 1∫ 1

1−d
1+d

(
1− (1 + d)(1− γ̃)

2d

)
/γ̃

if
1− d

1 + d
≤ γ̃ < 1

(14)

As α-level cut, we have

pL
1(α)

≤ γ ≤ pR
1(α)

(15)

where p1(α) is α-level cut of the fuzzy number 1.

ii) Perfect dependence
In the perfect dependence, the fuzzy set ΓPD of γ̃

is defined as

supp(ΓPD) =
{

γ̃
∣∣ 1

am + d
≤ γ̃ ≤ 1

am − d

}
(16)

ΓPD =





∫ (
1− am(am + d)(γ̃ − a−1

m )
d

)
/γ̃

if
1

am
< γ̃ ≤ 1

am − d

1/γ̃ if γ̃ =
1

am∫ (
1− am(am + d)(a−1

m − γ̃)
d

)
/γ̃

if
1

am + d
≤ γ̃ <

1
am

(17)

where

am = max
1≤i≤n

[ai] , d ≤ am (18)

In the case of α - level cut, according to equation(12),
γ must lie within

γ =
[

1
max

1≤i≤n
[pR

Ai(α)
]
,

1
max

1≤i≤n
[pL

Ai(α)
]

]
(19)

iii) Positive partial dependence
In the case of the positive partial dependence, the

fuzzy set of γ̃ is expressed as ΓPPD and defined as

supp(ΓPPD) =
{

γ̃
∣∣ 1− d

1 + d
< γ̃ <

1
am − d

}
(20)
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ΓPPD =





∫ (
1− vp(vp + d)(γ̃ − v−1

p )
d

)
/γ̃

if
1
vp

< γ̃ ≤ 1
vp − d

1/γ̃ if γ̃ =
1
vp∫ (

1− vp(vp + d)(v−1
p − γ̃)

d

)
/γ̃

if
1

vp + d
≤ γ̃ <

1
vp∫

0/γ̃ if
1

vp − d
< γ̃ <

1
am − d

or
1− d

1 + d
< γ̃ <

1
vp + d

(21)

where am < vp < 1, d ≤ vp, vp = γ−1.
As α-level cut, we have

pL
1(α)

< γ <
1

max
1≤i≤n

[pL
Ai(α)

]
(22)

iv) Negative partial dependence
The fuzzy set of γ̃ is expressed as ΓNPD in this case.

ΓNPD is defined as

supp(ΓNPD) =
{

γ̃
∣∣ 0 < γ̃ <

1 + d

1− d

}
(23)

ΓNPD =





∫ (
1− vn(vn + d)(γ̃ − v−1

n )
d

)
/γ̃

if
1
vn

< γ̃ ≤ 1
vn − d

1/γ̃ if γ̃ =
1
vn∫ (

1− vn(vn + d)(v−1
n − γ̃)

d

)
/γ̃

if
1

vn + d
≤ γ̃ <

1
vn∫

0/γ̃ if
1

vn − d
< γ̃ <

1 + d

1− d

or 0 < γ̃ <
1

vn + d

(24)

where 1 < vn < ∞, d ≤ vn, vn = γ−1.
As α-level cut, we have

0 < γ < pR
1(α)

(25)

v) Opposite
In the opposite case. the fuzzy set ΓO is defined as

supp(ΓO) =
{
γ̃

∣∣ γ̃ = 0
}

(26)

Then, ΓO can be estimated as follows.

ΓO = 0 (27)

4 Conclusion

This paper has presented the fuzzy dependence-
index using the fuzzy probability. Applying the
method that the dependence-index could be computed
from the probability of events, the fuzzy index is intro-
duced from fuzzification of the probabilities. We have
defined the fuzzy dependence-index based on five clas-
sifications. This approach enables us to construct the
probabilistic models considering the fuzziness among
the relation of events.

Moreover, we defined the dependence-index as the
interval with α-level cut. Then it is possible to com-
pute the joint probability without the functions.
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Abstract  
This paper addresses the reliability of neuro-classifiers for 
bank note recognition. A local principal component 
analysis (PCA) method is applied to remove non-linear 
dependencies among variables and extract the main 
principal features of data. At first the data space is 
partitioned into regions by using a self-organizing map 
(SOM) model and then the PCA is performed in each 
region. A learning vector quantization (LVQ) network is 
employed as the main classifier of the system. By defining 
a new algorithm for rating the reliability and using a set of 
test data, we estimate the reliability of the system. The 
experimental results taken from 1,200 samples of US dollar 
bills show that the reliability is increased up to 100% when 
the number of regions as well as the number of codebook 
vectors in the LVQ classifier are taken properly. 

Keywords:   
Bank Note Classifier, Neural Networks, Reliability 

Introduction  

The recognition of bank note recently has been concerned 
effectively by using of neural networks, and it is shown that 
neuro-classifiers are robust for recognition of defective, 
taint, and worn out bank note. Takeda et al. [1]  have used a 
random mask for preprocessing the data and then a multi-
layer neural network as the classifier for recognition of 
bank note. Teranishi et al. [2] have applied a method based 
on acoustic cepstrum patterns for extracting the features of 
bill and then a competitive neural network as the classifier. 
Tanaka [3] has employed a probabilistic principal 
component analysis (PCA) for extracting the main 
characteristics of bill data. 
Due to high risk of misclassification in such systems, the 
reliability of recognition becomes of a high importance. 
Basically the classifier must be fully robust for frayed or 
dirty bills of different models, and also has insensitivity to 
shift rotation and different directions of inserting bill. In 
fact, even if the classification rate is 100% over the data 
space, still it is necessary to make sure about the reliability 
of classification over all variety of real data.  
We have already proposed in our pervious study [4] a 
method which uses the PCA algorithm for extracting the 
features of bill image data and utilizes a learning vector 
quantization (LVQ) network as the main classifier, where 
the reliability is evaluated thorough a new defined 
algorithm using Gaussian mixture densities for distribution 
of data. We have found out that in case of large variability 

in input data or any non-linear correlation between the data, 
some additional discrimination process is needed to keep 
the reliability high enough. 
As the main limitation of PCA is its global linearity, that is, 
it only defines a linear projection of data and does not 
model non-linear relationship among variables, some 
developments of non-linear principal component analysis 
(NLPCA) have been presented to address this limitation [5]. 
However, both PCA and NLPCA algorithms try to model 
the entire data by the same global features. As an 
alternative, the complexity of the data can be modeled by 
using a mixture of the local linear PCA. The local PCA 
algorithm clusters the input data into regions and performs 
PCA on the data that falls within each region.  
In this paper, we apply a local PCA method where a SOM 
model is used as for clustering the data into homogenous 
regions. Our approach is similar to Kerschen [6] in the sense 
of local PCA application but differs in the clustering method 
as he has used vector quantization (VQ) for clustering phase. 
The current system is intended for classifying different kinds 
of bank note, however, we examined only US dollar bills. 
The experimental results show a growth in reliability by 
0.2% after using feature extracted by the local PCA model 
comparing to the method based on the conventional PCA, 
and a growth by 2.3% comparing to classification without 
the PCA.  

Bill Data Preprocessimg  

The original image of bill money comes as a 10x170 array 
of data taken through three main advance sensors and two 
auxiliary ones. Each sensor uses two different waves lengths 
for generating two channels of data. At first by using a linear 
function we generate a new channel of data based on two 
channels of each sensor. Thus totally 15 channels are 
obtained among them we select 6 main channels which 
represent the main characteristic of data. A simple 
compression algorithm is used to reduce the size of data 
from 170 pixels in each channel to 30. Then a linear 
transformation is applied for normalization as follow: 

CG
S

xxz
x

i
i +

−
=  

where xi is the pixel value in each channel, x  is the mean 
value of pixels, Sx is standard deviation, and G=512 and 
C=128 are the coefficients of gain and offset, respectively 
whose values are taken experimentally. Thus, a matrix of 
6x30 size is provided for using in feature extraction step. 
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Data Compression  

CA is one of the most popular methods for preprocessing, 
compression and feature extraction of data and it is 
discussed in most documents on multivariate analysis. The 
most common derivation of the PCA is in terms of a 
standardized linear projection which maximizes the 
variance in the projected space. As explained in the 
introduction, the PCA only removes linear correlation 
among the data and is only sensitive to second order 
statistics, i.e., it is assumed that the distribution of data is 
Gaussian. In case of non-linear relations among the 
variables, we need to consider higher order statistics to 
eliminate the dependencies which are not removed by the 
PCA. Here, we apply a local PCA model where the data is 
clustered into regions by using a SOM model at first and 
then the PCA is performed on the data of each region. The 
procedure is explained in the following. 

A Pre-Clustering 

SOM is shown to have desirable properties compared to 
classical clustering methods. It provides a natural measure 
for the distance of a vector from a cluster which is adaptive 
from the local statistics of the data [7]. The SOM forms a 
map corresponding to the data distribution so that regions 
of the map can be interpreted as clusters in the data space. 
The main key point is defining a set of codebook vectors mi 
, i=1,2,..,m which represent units of the map. Then as for a 
given input x, it is mapped to a unit associated to mc such 
that: 

|| x – mc || =  {|| x - m
i

min i ||} 

mi codebook vectors are updated through a training process 
iteratively as: 

mi(t+1) = mi(t) + hci(t) [x(t) – mi(t)] 
where t indicates the iteration and hci is a neighborhood 
function  taken as: 

hci =α (t). exp(-dci
2/ 2 r2(t) ). 

Here, α and r are learning rate and neighborhood radius, 
respectively both decrease monotonically as a linear 
function of time. dci is the distance between mc and mi . We 
consider a 6x5 map size for clustering the preprocessed data 
and mapping the data of 24 classes onto 30 partitions. The 
initial radius for neighborhood is taken 10 and initial 
learning rate is taken 0.2. 

B PCA Modeling 

If xi  is supposed to be an n-dimensional vector of a data set 
with i=1,…,N, then the goal of the PCA is to find r 
dimensional axes pi onto which the retained variance under 
projection is maximal. These axes are given by the 
eigenvectors associated with r largest eigenvalues of the 
covariance matrix of data as: 

Σ Φ=Λ Φ 
where Φ = [p1,,p2,…,pr] is the eigenvectors matrix, Λ is the 
eigenvalue matrix as diag{λ1,λ2,....,λρ} with λ1>λ2 >....>λρ, 

and Σ is the covariance matrix which is defined as: 
Σ = Ε [(x−µ)(x−µ)Τ] 

where µ=E[x] is the mean vector of data.  
Then the transformed data vector yi is determined as: 

yi = f (xi)  =  ΦΤ (xi - µ) 
which is a reduced r-dimensional representation of data 
vector xi.  
But here considering the q local regions which have been 
already provided by SOM, we apply a sort of functions fi (.) 
with i=1,…,q instead of a single encoding function. As we 
consider the local regions small enough according to 
number of different classes, we expect an adequate 
representation of data within each region by using this local 
PCA algorithm. The procedure is taken place as follow: 
For each cluster of data corresponding to each region of the 
SOM with the mean vector value of µj, the covariance 
matrix is estimated as: 

 ∑
∈

−−=∑
jS

T

j
j N x

jj µ)(xµx )(1
 
 
where Nj is the number of vectors lied in the cluster Sj. 
Then by determining the eigenvectors (p j1, …, p jr) of each 
matrix Σj, the function fj and thereby the transformed vector 
yi can be obtained for each region as follow: 

yi= fj(xi) = [pj1, …, pjr]T (xi -µj)            jS∈ix
As explained in the following, in this paper the data 
dimension n is 180 and the r dimension is taken as 30. The 
number of regions q is taken as 30 according to SOM 
partitions as described in the following A. 
Accordingly through application of the PCA over all 
partitions a new 30 dimensional data set is produced which 
contains the main features of 180 dimensional data. 

Classification  

Kohonen’s LVQ is a supervised learning algorithm 
associated with the competitive network [7] which basically 
consists of an input layer and an output layer, and an array 
of weight vectors wi where wij denotes a connection weight 
between the jth node in the input layer and ith node in the 
output layer (Figure 1). Given a training data set X, each 
labeled with a class identifier, and a set M of codebooks 
vectors, the LVQ network adaptively modifies these 
codebooks so that they represent the class probability 
distribution in the training data set. This modification of 
codebooks consists of applying a “punishment” when a 
codebook is near a sample of a different class and “reward” 
when it is near a sample of its own class. 
 
Since the LVQ network is beneficial in classification of 
data with large number of inputs and explanation of the 
misclassification, it is applied as the main classifier of 
present system. As we consider 6 kinds of US bills 
including 1, 5, 10, 20, 50, and 100 dollars and for each bill 
there exists 4 direction of inserting (Figure 2), totally 24 (i.e. 
6x4) output categories are considered for the classifier. The 
system is trained by taking trial number of codebook 
vectors for each class looking for the best classification rate 
and maximum reliability. A total number of 120 codebook 
vectors (averagely 5 vectors per class) is experimentally 
found to be the best. The number of iterations for each 
training epoch is taken 10,000 while a linear function as 

)/0.1()0()( Ttt −=αα is supposed for learning where T 
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is the number of iterations.. Therefore, the LVQ classifier 
has a number of 30 neurons (the number of extracted 
features) in the input layer and a number of 120 neurons in 
the output. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 - A Schema of LVQ Network Structure 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 - Four Different Directions for Inserting a Bill 

 

Reliability Evaluation 

We propose a simple but effective algorithm for evaluating 
the classification reliability. After the LVQ classifier is 
trained and the codebook vectors are determined, the test 
data set is used to estimate the parameters of probability 
density function (pdf) supposing a Gaussian distribution 
around each codebook vector as: 
 

( )222/1 2/)(exp)2()( ii
d

iip σµξπσξ −−= −−  
 

where ξ is the distance between data vector and codebook 
vector  (i.e. || xi - mi ||) , µi  and σi  are the mean and variance 
in pdf of  codebook vector i respectively , and d is the 
dimensionality of the feature vectors (here, 30). Assuming 
the Gaussian probability density function, the interval [ µi – 
4.5σi  , µi + 4.5σi ] can be considered as an area that covers 
almost 100% of probabilities (100- 5.122 E-5). For a given 
class of codebook vectors if the densities have no overlap 
within this interval with densities of other classes, the 
reliability for this class is supposed to be 100%, but in case 
that this interval is overlapped with other classes, the 
reliability can be calculated as: 

∑ ∫ −
=

L

i
ii

ii

dpRM
θ

σµ
ξξα

5.4
)(  

where L is the number of  codebooks within each class, iα  
is a normalizing coefficient, (Σαι=1, αι> 0), and θ is the 
cross point of each pdf with the interval boundary of nearest 
density from another class (Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 

 

class1 classcclass2 

Weight Vectors wi

  x1   xj   xN

 

Figure 3 - The Overlap between Codebook Densities of  
Two Near Classes 

Thus, the total reliability rate of the system finally can be 
determined by averaging these class reliability values.  B 

 
 

Experimental Results and Discussion  C 

A set of 2,400 sample data from 6 kinds of US dollar bills 
including 1, 5, 10, 20, 50, and 100 dollar and four directions 
for each bill (i.e. 100 samples for each direction), is used for 
learning the LVQ classifier. Also a number of 1,200 samples 
containing both normal data and slightly shifted data (to 
right and left) is taken for evaluating the system (that is 50 
samples for each direction). The bills we used were of 
various levels of fatigue and made in different years. 
However, globally they can be considered as normal bills 
not frayed ones. The order of inputting data is quite random 
either in learning and testing phase. As for learning the LVQ 
classifier we have tried different number of codebook 
vectors from 3 to 10 per class looking for the best results. 
On the other hand, concerning to local PCA application, we 
have tried different number of regions from 24 to 48 as the 
output of SOM to study its influence on the classification 
and reliability. The result of classification rate and reliability 
is shown in Table 1. The reliability is evaluated through the 
algorithm we have defined in the following. As it can be 
seen in Table 1 by increasing the number of codebook 
vectors in classifier as well as the number of regions in local 
PCA process, the reliability can be increased significantly. 
We have found that by taking a number of 120 codebook 
vectors in the LVQ classifier and 30 regions for the local 
PCA the reliability of system can be extended up to 100%. 
Figure 4 indicates the relation between number of regions 
and reliability of system, clearly. As can be observed 
increasing the number of regions makes a significant 
increment in reliability value firstly but after some extend, 
the reliability is not influenced anymore by larger number of 
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regions and if the number of regions increases so much, it 
makes an inverse affect on the reliability.  
 
Table 1 –The Classification Results and Reliability Test 
Data (The Number of PCA Components in all Cases Is 30) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 - The Relation between the System Reliability 
and Number of Regions in Local PCA 

As we have used a test data set which contains shifting data, 
i.e., the data of bills with slightly shift to right or left at the 
inserting time, the high classification rate of system shows 
that the system is robust enough on shifting and sliding. 
 
 

Conclusions 

In this paper we have presented a local PCA approach for 
feature extraction of data in classification of bank note. The 
aim is to model the complexity of data and correlation 
between variables by using a simple linear model. The 
method first exploits a SOM model to cluster the data space 
into disjoints regions. Then a standard PCA model is 
applied in each region. The experimental results taken from 
1,200 US dollar bills show that by taking a proper number 
of regions and also an optimized number of codebook 
vectors for LVQ classifier, the reliability of system can be 
increased up to 100%. Comparing to the conventional PCA 
method which was our pervious approach, the present 
method shows a significant growth in reliability rate. 
However, we have applied only US dollars for training and 
testing the system, it can be easily generalized for other 
kinds of bank note and considered as a multi-currency 
classifier with wide variety of data. 

 
  No. of 

Codeboo
ks 

No. of 
Regions 

Recog. 
Rate 
 (%) 

Reli.  
Rate  
(%) 

1 (Standard PCA) 100 82.1 
12 100 90.1 
24 100 90.4 
30 100 94.6 

  
 

60 

48 100 94.7 
1  100 96.6 

12 100 97.5 
24 100 98.3 
30 100 98.4 

 
 

80 
 

48 100 98.4 

1  100 99.8 
12 100 99.98 
24 100 99.99 
30 100 100 

 
 

120 
 

48 100 100 
1  100 99.99 

12 100 99.99 
24 100 100 
30 100 100 

 
 

200 

48 100 100 
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ABSTRACT 

Lips detection is used in many applications such as face 
detection and lips reading. In this paper a method for 
lips detection in colour images in the normalised RGB 
colour scheme is presented. In this method, MLP neural 
networks are used to perform lips detection on 
segmented skin regions. Several combinations of 
chrominance components of the normalized RGB color 
space were used as the input to the neural networks. Two 
methods were used for obtaining the normalized RGB 
components from the RGB colour scheme. These are 
called maximum and intensity normalization methods 
respectively. The method was tested on two Asian 
databases. The number of neurons in the hidden layer 
was determined by using a modified network growing 
algorithm. It was found out that the pixel intensity 
normalisation method gave lower lips detection error 
than the maximum intensity normalisation method 
regardless of the database used and for most of the 
combinations of chrominance components. In addition, 
the combination of the g and r/g chrominance 
components gave the lowest lips detection error when 
pixel intensity normalisation method is used for both 
databases.  
The effect of the scale and facial expression on the lips 
detection was also studied. It was found out that the lips 
detection error decreases as the scale factor increases. 
As for the facial expression, laughing facial expression 
gave the highest lips detection error followed by smiling 
and neutral expressions. 

 1. INTRODUCTION 

Lips detection is used in many applications such as face 
detection and lips reading. Researchers have used either 
lips colour or lips shape or both for lips detection. 

Gomez et al. [1] described an algorithm for lips 
detection in facial images. The algorithm begins by 
transforming the image by a linear combination of the 
red, green, and blue chrominance components of the 
RGB colour space. Each pixel O(x,y) in the transformed 
image is obtained as given in Equation 1. 

 
 O(x,y) = R(x,y )+ B(x,y) - 6G(x,y) (1) 
 
A high pass filter is then applied to the transformed 
image to highlight the discriminative details of the lips 
envelope. Next, the original image and the high pass 
filtered image are averaged to obtain a new image. The 
new image is then thresholded to obtain a binary image. 
The largest object in the binary image is considered to be 
the lips. The algorithm only searches a fixed region of 
the image where the lips are assumed to be present. 

Chang T. C. et al. [2] extracted facial features such as 
eyes, nostrils and lips in colour images by first 
identifying the skin regions in the images by 
chromaticity thresholding. Then, only the non-skin 
regions (holes) within the skin regions are searched for 
the other facial features. In addition, the face orientation, 
scale, and borders are first established before the search 
for the other facial features is carried out. The lips are 
found by thresholding the normalised red + blue – 2 * 
green chrominance component of a bounding box below 
the nostrils and above the chin. The thresholded 
bounding box is then searched line by line for a single 
region that meets certain criteria. 
 Sadeghi M. et al. [3] proposed a Gaussian mixture 
model of the RGB values of the pixels for lips detection. 
A modified version of the predictive validation 
technique that allows the use of the full covariance 
matrices is used to select the model parameters. A 
subsequent grouping of the mixture components are used 
as the basis for a Bayesian rule that labels each pixel as 
lips or non-lips. 
 Eveno, N. et al. [4] used a ‘hybrid edge’ for the 
mouth region localisation.  The hybrid edges combine 
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pseudo hue and luminance information of the upper, 
middle and lower section of the lips. The mouth region is 
then found by projecting the hybrid edges along the X 
and Y axis.  
 Liew A. W. et al. [5] used a deformable geometric 
model to describe the lips shape. The model enables a 
priori knowledge about the lips expected shape while 
being flexible to describe different shape variations. 
They proposed a stochastic cost function that describes 
the joint probability o gions. The 
conjugate gradient routine was used to obtain the model 
pa

s 45 images of Asian subjects 
ollected from the World Wide Web.  The subjects 
present males and females of different ages. Some of 

the images were taken indoor while others were taken 
outdoor with lighting 
conditions. In addition, the pose of the face in the image 

ed lips 
n Figure 3, the 

s first normalised using the 

 used for lips detection. 

3.1 Intensity Normalisation 

For an image having M by N pixels, the rgb components 
for pixel (x,y) are given by Equation 2. The set of 
equations given in Equation 2 perform pixe
normalization of the RGB components of th
colour scheme. Thus, we call this method pixel intensity 
normalisation. We propose to normalise the RGB 
components by the maximum value of (R+G+B) over 

f the lips and non-lips re

rameters that minimise the non-linear cost function. It 
was reported that nearly all the lips contours from 
around 2000 lips taken from 20 speakers could be 
extracted.  
 The paper is organised as follows: The image 

databases are described next followed by a description of 
the proposed method. Then the results obtained are 
discussed before the paper concludes. 

 2. THE DATABASES 

Two databases were used. The first database is called 
the In-house database while the second database is called 
the WWW database. The In-house database comprises 
15 subjects both males and females from the various 
races in Malaysia namely: Chinese, Malay, Indian and 
Indigenous people. Each subject has 12 images showing 

the frontal facial image of the subject at three distances 
from the camera. These distances are called scaling 
factors. Scale factor 1 represents a distance of 36 cm 
between the camera and the subject while scale factor 2 
and 3 represent a distance of 72 cm and 108 cm 
respectively.  For each scale factor, images for three 
facial expressions namely neutral, smiling, and laughing 
were taken as well as with glasses with neutral 
expression only. Thus, this database has a total of 180 
images.  These images were all taken indoor with a 
single digital camera under normal lighting conditions 
and with uniform background. Figure 1 shows a sample 
images from the database. The images are for neutral 
expression at scale factor of 1 followed by smiling 
expression at scale factor of 2 and finally laughing 
expression at scale factor of 3. 

The WWW database ha
c
re

 varying backgrounds and 

varied widely from frontal to near portrait. The cameras 
used for taking these images as well the image 
processing techniques applied to them are unknown. The 
only restriction on these images is that they must show a 
face of an Asian person.  Figure 2 shows sample images 
from the WWW database 
 
 

 3. PROPOSED METHOD 

Figure 3 shows a block diagram of the propos
detection system. As can be seen i
intensity of the colour image i
maximum intensity normalisation method as expressed 
by Equation 3. Then, the image is segmented into skin 
and non-skin regions using histogram thresholding on 
the combination of the r-g and r-b chrominance 
components. Since both pixel and maximum intensity 
normalisation methods will be used for lips detection on 
skin regions, then the intensity of the image is re-
normalised using the pixel intensity method when pixel 
intensity normalisation is

l-by-pixel 
e RGB 

the entire image. We call this method maximum 
intensity normalisation.  

Figure 1. Sample images from the In-house 
database 

Neutral at 
Scale Factor 
of 1 

Smiling at 
Scale Factor 
of 2 

Laughing at 
Scale Factor 
of 3 

Fig. 2. Samples images from the WWW database 
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3.2 Determining the Network Structure 

A Multi-layer Perceptron (MLP) neural network has an 
input layer, one or more hidden layers and an output 
layer. The number of neurons in the input layer is 
determined by the number of inputs (features) to the 
network while the number of required outputs 
determines the number of neurons in the output layer. 
The number of neurons in the hidden layers can be 
determined by trial and error, network growing or 

network pruning.  
In a previous study [6], it was found out that the 

hist

mber 
f neurons in the hidden layer is taken as the number of 

neuron in the hidden layer for the network structure that 
gave the highest percentage correct lips detection. Figure 
4 shows an example of the relationship between the 
number of neuron in the hidden layer and the mean 
percentage correct lips detection as well as the mean 
squared error (MSE) of the thirty networks for each run 
when the combination of the r/g and r+b-2g chrominance 
components with maximum intensity normalisation is 
used on the In-house database. Tables 1 and 2 show the 
chrominance components used and the networks 
structures for both intensity normalisation methods for 
the In-house and WWW database respectively. 

ogram thresholding technique gives lower lips 
detection error when two chrominance components are 
used compared with a single chrominance. Thus, a the 
four chrominance components that gave the lowest lips 
detection error with the histogram thresholding 
technique will be combined in a group of two and three 
and will used as the input to the neural networks. Thus, 
two or three neurons will be used for the input layer. 
While one neuron will be used for the output layer 
decoded as 1 for lips and 0 for non-lips. Only one hidden 
layer will be used and the number of neurons in the 
hidden layer will be determined by using a modified 
network-growing technique.  

In this method, the number of neuron in the hidden 
layer starts at one neuron and is incremented by one 
neuron between consecutive runs. For each run, thirty 
networks were trained using different weight, training 
and generalization sets. The average percentage correct 
lips detection for all thirty networks for all the images in 
the database is calculated. The method is terminated 
when there is no improvement in the average percentage 
correct detection for three consecutive runs. The nu

Skin &
Non- 

Lips  
Detection 

Lips & 
Non- 
Lips 
Pixels 

Skin  

o

Detection Skin 
Pixels 

Figure 3. Block Diagram of the Lips Detection 
System 
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Figure 4. Relationship Between the Number of 
Neurons in the Hidden Layer and the Mean 

Percentage Correct Detection 
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Table 2. Network Structures Used for Lips Detection 
on the WWW Database for Several Combinations of 
Chrominance Components 
 
Maximum Intensity 

Normalisation 

Pixel Intensity 

Normalisation 

Chrominance 

Components

Network 

Structure 

Chrominance 

Components 

Network 

Structure

r/g & r+b-2g 2-4-1 g & r-g 2-3-1 

r+b-2g & r-g 2-4-1 g & r/g 2-1-1 

r+b-6g & r-g 2-5-1 g & r+b-2g 2-5-1 

r/g & r+b-6g 2-4-1 r-g & r/g 2-5-1 

r/g & r-g 2-7-1 r-g & r+b-2g 2-1-1 

r/g & r+b-6g 

& r-g 

3-4-1 r/g & r+b-2g 2-2-1 

  g & r-g & 2-9-1 
r+b-2g 



 

 

a similar 
umber of skin pixels were used for validation. 

 

 4. LIPS DETECTION 

e acceptance 
he average false rejection rate. 

normalisation methods will be used. Figure 5 shows the 

 
3.3 Networks Training 
For each combination of chrominance components, 
thirty networks were trained using all the lips pixels and 
a similar number of skin pixels. While sixty seven 
percents of lips pixels selected randomly and 
n

The thirty networks trained on a given combination of 
chrominance components will be used to segment all 
images in the database into lips and non-lips regions. For 
each image, three performance metrics such as the 
percentage of correct detection, the false acceptance rate 
and the false rejection rate will be calculated. The 
performance of a given neural network is the average of 
the performance metrics for all images in the database. 
The performance for a given network structure for a 
given chrominance component is taken as the average of 
the performance metrics of the thirty networks trained on 
the given chrominance component. The percentage 
detection error is the sum of the average fals
rate and t

 

4.1 The Effect of Intensity Normalisation 

The maximum intensity normalisation method will be 
used when segmenting all images in both databases into 
skin and non-skin regions. However, for lips detection 
on skin regions both maximum and pixel intensity 

average percentage lips detection error for the 30 neural 
networks for a several combinations of chrominance 
components for the In-house database. As can be seen 
from Figure 5, the pixel intensity normalisation method 
gave lower lips detection error than the maximum 
intensity normalisation for almost all chrominance 
components used. However, for the two combinations of 
chrominance components that produced the lowest lips 
detection error there was no difference between both 
intensity normalisation methods. 

 
For the WWW database, different combination of 
chrominance components were used for the maximum 
and pixel intensity normalisation methods. However, 
there are 3 combinations which were used for both 

intensity normalisation methods. Thus, only these 3 
combinations will be used for comparison. As can be 
seen from Figure 6, the pixel intensity normalisation 
method gives lower lips detection error by almost 2% 
than the maximum intensity normalisation method.  
 

Table 1. Network Structures for Several 
 Chrominance ComCombinations of ponents for the 
In-house D

Network Structure 
atabase 

Chrominance 

Components Maximum 

Intensity 

Pixel 

Intensity

r/g and r+b-2g 2-3-1 2-4-1 

r/g and r+b-6g 2-5-1 2-3-1 

r/g and g 2-3-1 2-2-1 

g and r+b-2g 2-5-1 2-2-1 

g and r+b-6g 2-4-1 2-2-1 

g and r/g and r+b-2g 3-3-1 3-7-1 
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Figure 5. The Effect of Intensity Normalisation on 
the Percentage Lips Detection Error for the In-

house Database 

Table 3. The Combination of Chrominance 
Components that Gave the Lowest Percentage Lips 
Detection Error for Each Database and for both 
Intensity Normalisation Methods. 
 
In-House Database 
Intensity  
Normalisation 

Chrominance 
Combination 

Value 

Maximum g & r/g & r+b-2g 1.9271 
Pixel r/g & g 1.9825 
 
WWW Database 
Intensity  
Normalisation 

Chrominance 
Combination 

Value 

Maximum r+b-6g & r-g 7.6923 
Pixel g & r/g 5.7248 
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4.2 The Effect of the Chrominance Component 

Table 3 shows the combination of chrominance 
component that gave the lowest lips detection error for 
each database and for each intensity normalisation 
method. As can be seen from Table 3, the combination 
of g and r/g gave the lowest lips detection error for the 
pixel intensity normalisation method regardless of the 
database. However, for the maximum intensity 
normalisation method, the lowest lips detection error for 
each database was achieved using a different 
combination of chrominance components. 
 

4.3 The Effect of Scaling 

As can be seen from Figure 7, the percentage of lips 
detection error decreases as the scale factor increases 
regardless of the chrominance components or the 
intensity normalisation method used. The average 
percentage decreases of the percentage detection error 
between the scale factors vary from 34% to 45%. This 
decrease can be attributed to the decrease in the number 
of skin and lips pixels in the image as the scale factor 
increases while the image size remains constant (see 
Figure 1). 

4.4 The Effect of the Facial Expression 

Figure 8 shows the relationship between the percentage 
of lips detection error and the facial expressions for 
several combinations of chrominance components for 
both intensity normalisation methods. As can be seen 
from Figure 8, when the pixel intensity normalisation is 
used, the percentage of lips detection error for images 
with laughing facial expression is higher than that given 
by images with smiling expression which is in turn 
higher than that given by images with neural expression 
regardless of the combination of chrominance 
components used. 

 

0.5

1

1.5

2

2.5

3

3.5

4

4.5

1 2 3

Scale Factor

Pe
rc

en
ta

ge
 D

et
ec

tio
n 

E
rr

or

g & r/g & r+b-2g
r/g & r+b-2g
g & r+b-2g
g & r+b-6g
r/g & g
r/g & r+b-6g

0

0.5

1

1.5

2

2.5

1 2 3

Scale Factor

Pe
rc

en
ta

ge
 D

et
ec

tio
n 

E
rr

or

r/g & r+b-2g
g & r/g & r+b-2g
r/g & g
r/g & r+b-6g
g & r+b-6g
g & r+b-2g

Figure 7. The Effect of Scaling for Maximum 
Intensity and Pixel Intensity Normalisation 

Maximum 
Intensity

Pixel 
Intensity

Figure 6 The Effects of Intensity Normalisation on 
the Mean Percentage lips Detection Error for the 
WWW Database 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 348



  However, when maximum intensity is used there is a 
difference between the chrominance components used. 
For those chrominance components that yielded low lips 
detection error, the effect of facial expression on the 
percentage of lips detection is similar to effects obtained 
when pixels intensity normalisation is used. However, 
for those chrominance components that gave high lips 
detection error such as r/g & g or r/g & r+b-6g the facial 
expression has almost no effects on the percentage of 
lips detection. 

 

 5. CONCLUSIONS 

In this paper a method for lips detection using MLP 
neural networks was presented. The proposed method 
first segments the image into skin and non-skin regions 
using histogram thresholding technique. Then the MLP 
neural network is used to segment the skin regions into 
lips and non-lips regions. Several combinations of the 
four chrominance components that gave the lowest lips 
detection error using the histogram thresholding 
technique were used as the input to the MLP. The 
number of neurons in the hidden layer was determined 
by using a modified network growing algorithm. It was 
found out that the pixel intensity normalisation method 
gave lower lips detection error than the maximum 
intensity normalisation method regardless of the 
database used and for most of the combinations of 
chrominance components. In addition, the combination 
of the g and r/g chrominance components gave the 
lowest lips detection error when pixel intensity 
normalisation method is used for both databases.  
The effect of the scale and facial expression on the lips 
detection was also studied. It was found out that the lips 
detection error decreases as the scale factor increases. As 
for the facial expression, laughing facial expression gave 
the highest lips detection error followed by smiling and 
neutral expressions. 
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Abstract: In this paper, two methods of data fusion to improve the performance of skin detection were tested. 
The first method fuses two chrominance components from the same colour space while the second method fuses 
the outputs of two skin detection methods each based on a different colour space. The colour spaces used are the 
normalised rgb colour space, referred to here as pixel intensity normalisation and a new method of obtaining the 
r, g, and b components of the normalised rgb colour space, called maximum intensity normalisation. The MLP 
neural network and histogram thresholding were used for skin detection. It was found out that fusion of two 
chrominance components gives lower skin detection error than a single chrominance component regardless of 
the database or the colour space for both skin detection methods. In addition, the fusion of the outputs of two 
skin detection methods further reduces the skin detection error 
 
Keyword: Skin Detection, Data Fusion, Intensity Normalisation, MLP Neural Networks, Histogram 
Thresholding 
  

I. INTRODUCTION 
Skin detection has been used as a primitive in a 
wide variety of human-related images processing 
systems such as face recognition1,2,3 (Albiol et al., 
2001b; Brand and Mason 2001; Wang and Sung, 
1999), lips reading4 (Lievin and Luthon, 2000), 
Hand recognition and tracking5 (Yin et al. 2001), 
and pornography filtering6 (Fleck et al, 1996). A 
skin detector should divide an image into two 
distinct classes one representing skin regions and 
the other non-skin regions.  Since human-skin does 
not have a particular geometrical shape, the only 
attributes that can be used for skin detection are 
texture and colour.  Most skin detection systems 
used by researchers either use a single colour 
system or a single skin detection technique. 
However, recently data fusion has been reported for 
skin detection. According to Steinberg7, data fusion 
is “a process of combining data or information to 
estimate or predict entity states”.  Thus, the 
important issues that need to be addressed in data 
fusion are: What are the features to be fused and 
how to fuse them? Aureli et.al.8 presented a  
framework based on the employment of the fuzzy 
integral for fusing the outputs of three skin detector. 
They argued that the performance of their method 
subsumes the performance of more simple fusion 
operators.  In this paper, we present two methods of 
data fusion to improve the performance of skin 
detection. The first method fuses two chrominance 
components from the same colour space while the 
second method fuses the outputs of two skin 
detection methods each based on a different colour 
space 
 

II. THE DATABASES 
Two databases were used. The first database is 
called the In-house database, while the second 
database is called the WWW database.  

2.1 The In-House Database 
The In-house database comprises 15 subjects both 
males and females from the various races in 
Malaysia namely Chinese, Malay, Indian, and 
Indigenous people. Each subject has 12 images 
showing the frontal facial image of the subject at 
three distances from the camera. These distances 
are called scaling factors. Scale factor 1 represents 
a distance of 36 cm between the camera and the 
subject while scale factor 2 and 3 represent a 
distance of 72 cm and 108 cm respectively.  For 
each scale factor, images for three facial 
expressions namely neutral, smiling, and laughing 
were taken as well as with glasses with neutral 
expression only. Thus, this database has a total of 
180 images.  These images were all taken indoor 
with a single digital camera under normal lighting 
conditions and with uniform background. This 
database will be used to study the effects of scaling 
and facial expressions on skin and lips detection. In 
addition it is used to investigate the effects of 
minor occlusion with glasses on facial skin 
detection.  

2.2 The WWW Database 
The WWW database has 45 images of Asian 
subjects collected from the World Wide Web.  The 
subjects represent males and females of different 
ages. Some of the images were taken indoor while 
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others were taken outdoor with varying 
backgrounds and lighting conditions. In addition, 
the pose of the face in the image varied widely 
from frontal to near portrait. The cameras used for 
taking these images as well the image processing 
techniques applied to them are unknown. The only 
restriction on these images is that they must show a 
face of an Asian person. This database is used to 
study the effects of images taken under unknown 
conditions on the performance of the face detection 
system in comparison with images taken under 
controlled environment. 

III. COLOUR TRANSFORMATION 
For an image having M by N pixels, the r, g, and b 
component of the normalised rgb colour scheme 
are obtained from the normal RGB colour scheme 
as given by Equation 1. 
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The set of equations given in Equation 8 perform 
pixel-by-pixel normalization of the RGB 
components of the RGB colour scheme. Thus, we 
call this method pixel intensity normalisation. One 
of the problems of this method is that it breaks 
down when R+G+B = 0.  
 
Thus, we propose to normalise the RGB 
components by the maximum value of (R+G+B) 
over the entire image, we call this method 
maximum intensity normalisation. Thus, the set of 
equations in Equation 1 become as expressed in 
Equation 2. 
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VI. FUSING TWO CHROMINANCE 
COMPONENTS 

To evaluate the performance of data fusion on skin 
detection the histogram thresholding and MLP 
neural networks were used. 

4.1 Histogram Thresholding 
When a single chrominance component is used for 
skin detection then the value of the pixel O(x,y) in 
the output image will be set to skin if the value of 
the pixel P(x,y) in the input image for the 
chrominance component C is below the threshold 

CT  otherwise it will be set to non-skin as 
illustrated in Equation 3.  

  Skin  if   cTyxP ≥),(

O(x,y)  =  (3) 
  Non-skin otherwise 
 
However, when two chrominance components are 
fused, the value of the pixel O(x,y) in the output 
image will be set to skin if the value of the pixel 
P(x,y) in the input image for the chrominance 
component C1 is below the threshold 1cT  and if 
the value of the pixel P(x,y) in the input image for 
the chrominance component C2 is below the 

threshold 2cT  otherwise it will be set to non-skin 
as illustrated in Equation 4.  
 

{ 21 ),(),(),(
CC TyxPandTyxPifSkin

OtherwiseSkinNonyxO ≥≥
−=  (4) 

 
Thus, the two chrominance components are fused 
by the simple and operator. The following 
chrominance components r, g, b, r/g, r/b which 
have been used by researchers as well as r-b, r-g, 
r.b, r.g which, to our knowledge, have not been 
used by other researchers for skin detection were 
used as well as the fusion of r and r/b, r and r-b, r 
and r-g, r and r.g, as well as r-b and r-g. Figures 1 
and 2 show the percentage skin detection error 
when a single chrominance component is used as 
well as when two chrominance components are 
used for skin detection for the In-house and WWW 
databases respectively. As can be seen from Figures 
1 and 2, the fusion of two chrominance components 
gives lower skin detection error regardless of the 
database and the colour system.  
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chrominance components are used 
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Fig. 3. Percentage skin detection error on the In-
House database 

 

4.2 Neural Network 
The chrominance component or the combination of 
chrominance components that gave the lowest skin 
detection error when using the histogram 
thresholding will be used as the input to a multi-
layer perceptron (MLP). The number of neurons in 
the input layer is 9 and 18 for a single and two 
chrominance components respectively. The number 
of neurons in the hidden layer was obtained by 
using a modified network growing technique. A 
single neuron decoded as 1 for skin and 0 for non-
skin was used in the output layer. The logsig 
transfer function was used for all neurons. Table 1 
shows the network structures for single and double 
chrominance components for both databases and 
for both intensity normalisation methods. 

  
For each network structure, 30 networks were 
trained. Forty percent of the skin pixels were used 

for training and the other forty percent were used 
for validation. The networks were trained using the 
Levenberg-Marquardt training algorithm. The 
trained networks were used to segment all the 
images in each database and the average skin 
detection error for the 30 networks for each 
network structure for each database and for each 
intensity normalisation method was calculated.  
Figures 3 and 4 show the percentage skin detection 
error for the In-house and WWW databases 
respectively. As can be seen from Figures 3 and 4, 
the fusion of two chrominance components gives 
lower skin detection error regardless of the 
database or the colour system used.  

Fig. 2. Percentage skin detection error on the 
WWW database when (a) a single chrominance 
component is used and (b) when two 
chrominance components are used 
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V. FUSING THE OUTPUTS OF TWO 
SKIN DETECTION SYSTEMS  

In the previous section, two chrominance 
components from the same colour space were fused. 
In this section, the outputs of two skin detection 
systems each using a different colour space are 
fused together using the AND operator as shown in 
Figure 5.  

5.1 Histogram Thresholding 
For the histogram thresholding method, the skin 
detection systems use the combination of two 
chrominance components from the same colour 
system for skin detection.  Table 2 shows the 
percentage skin detection error when a single 
colour system is used for skin detection and when 
their outputs are fused together. As can be seen 
from Table 2, fusing the output of the two skin 
detector systems gives lower skin detection error 
for both databases. 
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5.2 Neural Networks 
For the neural networks, the outputs of the 
networks that gave the lowest skin detection error 
are fused together. As can be seen from Table 3, the 
fusion of the outputs of two neural networks each 
using a different colour space give lower skin 
detection error than either of them used alone 
regardless of the database. 

VI CONCLUSIONS 
In this paper, two methods of data fusion to 
improve the performance of skin detection were 
tested. The first method fuses two chrominance 
components from the same colour space while the 
second method fuses the outputs of two skin 
detection methods each based on a different colour 

space. The colour spaces used are the normalized 
rgb and a modified version of it. The simple AND 
operator was used to fuse either two chrominance 
components from the same colour space or the 
outputs of two skin detection systems each using a 
different colour space. It was found out that the 
fusion with a simple operator improves the 
performance of the system 
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detection systems each using different 
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(top) and WWW database (bottom) 
Skin 
Detection 
Method 

Chrominance Percentage 
Skin 
Detection 
Error 

Pixel r & r-b 4.7165

Maximum r & r-b 2.2896

Combination  2.1988

 
Skin 
Detection 
Method 

Chrominance Percentage 
Skin 
Detection 
Error 

Pixel r & r.g 19.8786

Maximum r & r-g 13.1661

Combination  11.42

Table 3. Fusing the outputs of two skin 
detection systems each using different 
colour systems for the In-house and WWW 
databases 

Database Skin 
Detection 
Method WWW In-House 

Pixel 19.4405  3.3793

Maximum 12.0505 2.3443

Combination 11.7195 2.246

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 353



[5] Yin Xiaoming, Dong Guo and Ming Xie, 
2001. Hand image segmentation using color and 
RCE neural network, Robotics and Autonomous 
Systems, 34(4):235-250  
[6] Fleck Margaret M., Forsyth David A., 
Bregler Chris. 1996. Finding Naked People. 
Proceeding of the 4th European Conference on 
Computer Vision, Cambridge.593-602. 
[7] Steinberg A.N. (2001) Data Fusion 
Systems Engineering. IEEE Aerospace and 
Electronic Systems Magazine 16(6): 7-14 
[8] Aureli S-F, Rodrigo V, Aitor O. (2007) 
Fuzzy fusion for skin detection. Fuzzy Sets and 
Systems 158 325 – 336  
 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 354



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 355



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 356



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 357



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 358



Applying a Path Planner based on RRT to Cooperative Multi-robot Box-pushing

Takahiro Otani1 and Makoto Koshino2

1Electronic and Mechanical Engineering Course
2Dept. of Electronics and Information Engineering

Ishikawa National College of Technology
Kitacyujo, Tsubata, Kahoku-gun, Ishikawa, 929-0392

Abstract
Considering the robot system in the real world, the

multi-robot system that multiple robots work simulta-
neously without colliding with each other is more prac-
tical than the single-robot system that only one robot
works. Therefore, solving the path planning problem
on the multi-robot system is very important.

In this study, we develop a path planner based on
the Rapidly-exploring Random Tree (RRT) which is
a data structure and algorithm designed for efficiently
searching for multi-robot box-pushing, and make ex-
periments in real environments. A path planner must
construct the plan without colliding with obstacles or
other robots. Moreover, robots must collaborate with
other robots to transport the box without colliding
with obstacles in some cases. Our proposed path plan-
ner constructs the box-transportation plan and path
plans of each robot in consideration of above.

Experimental results show that our proposed plan-
ner can construct the multi-robot box-pushing plan
without colliding obstacles and that robots can exe-
cute tasks according to the plan in real environments.
We also check out that multiple robots can perform
tasks on the problem that only one robot cannot trans-
port the box to the goal.

1 Introduction

Considering the robot system in the real world, the
multi-robot system that multiple robots work simulta-
neously without colliding with each other is more prac-
tical than the single-robot system that only one robot
works. Additionally, in the multi-robot system, each
robot that collaborate with other robots positively can
perform more advanced tasks than single-robot can do.
Therefore, solving the path planning problem on the
multi-robot system that is the most primal element
task is very important. In this study, we develop a

path planner based on the Rapidly-exploring Random
Tree (RRT) for multi-robot box-pushing, and make
experiments in real environments. The RRT is a data
structure and algorithm that is designed for efficiently
searching. The data structure is constructed incre-
mentally in a way that quickly reduces the expected
distance of a randomly-chosen point to the tree. The
method is particularly suited for path planning prob-
lems that involve obstacles and differential constraints,
and that have been applied to various path planning
or motion planning problems for robots.

Traditionally, some path planners or behavior-
based robot architectures for multi-robot box-pushing
have been proposed. Kamio and Iba proposed the
multi-agent cooperation path planning algorithm for
object-transportation based on RRT, and succeeded
to construct plans that three robots transport object
cooperatively[1]. However, it was made experiments
only in simulation environments with simplified model.
Yamada and Saito proposed the behavior-based robot
architecture with adaptive action selection without ex-
plicit communication for multi-robot box-pushing, and
succeeded to transport the box to the goal in real
environments[2]. However, the method unconsidered
presence of obstacles in the environment.

A path planner must construct the plan without
colliding with obstacles or other robots. Moreover,
robots must collaborate with other robots to trans-
port the box without colliding with obstacles in some
cases. Our proposed path planner constructs the box-
transportation plan and path plans of each robot in
consideration of above.

We made experiments using compact circular mo-
bile robot called “e-puck.”Experimental results
show that our proposed planner can construct the
multi-robot box-pushing plan without colliding obsta-
cles and that robots can execute tasks according to
the plan in real environments. We also check out that
multiple robots can perform tasks on the problem that
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Figure 1: The environment used in this study.

Figure 2: e-puck robot.
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Figure 3: The model.

only one robot cannot transport the box to the goal.

2 Targeted Problem

The problem targeted in our research is the task
that two robots collaboratively transport the box from
the start position to the goal position. Figure 1 is the
environment used in this study. We consider trans-
porting the box located in upper right position to lower
left position robot currently located in.

We use compact circular mobile robot called “e-
puck” as the box-pushing robot. Figure 2 is the pho-
tograph of the robot, and Figure 3 is the model of
it. The robot has eight infrared proximity sensors
(s1 . . . s8) and two wheels connected stepping motor
directly, but it has not the dragging mechanism such
as a gripper.

3 Proposed Planner based on RRT

In this study, we develop a path planner based
on the Rapidly-exploring Random Tree (RRT)[3] for
multi-robot box-pushing. The planner use RRT-
ConCon[4] that is the extended RRT algorithm de-
scribed in Figure 4. The scheme of the proposed plan-
ner is described in Figure 5. This method executes
three steps below.

RRT−ConCon(xinit ,xgoal )
for k = 1 to K do

xrand := RANDOM STATE( ) ;
i f not CONNECT(τa ,xrand ) = Trapped then

i f CONNECT(τb ,xnew ) = Reached then
return Path (τa ,τb ) ;

SWAP(τa ,τb )
return Failure

Figure 4: The scheme of RRT-ConCon.

PLAN MULTI−ROBOT BOX−BUSHING(b ,R)
i f PLAN BOX PUSHING(b) = Success

T := GET SUB TASKS( )
for i = 1 to |T | do

r := ALLOCATE TASK(R ,T , i )
i f CREATE ACTION(r ,T , i ) = Success

Add new act i on to r . a c t i on s
else

return Failure
EXECUTE PLAN()
return Success

else
return Failure

Figure 5: The scheme of the proposed planner

(1) Constructing the Box-pushing Plan and
Finding Sub-tasks

First, RRT customized for box-transportation con-
struct the box-transportation plan from the start to
the goal, and find sub-starts which is the position a
robot starts to box-pushing and sub-goals which is the
position a robot pass the box on to the other robot.

(2) Allocating Sub-tasks and Constructing
path plans

Next, the planner allocates sub-tasks which is the
box-pushing task from a sub-start to the next sub-goal
to each robot, and constructs path plans from current
position of robots to sub-starts using RRT-ConCon.

(3) Executing the constructed plans
Finally, robots execute tasks according to the con-

structed plans in the real environment. The robot ex-
ecutes movement behavior to the sub-start and box-
pushing behavior to the sub-goal.

The movement behavior is executed as follows. The
robot follows planned line according to the equation
below.


vR = v + ∆v
vL = v − ∆v

∆v = KLL + KLDL̇ + Ktθ + KtD θ̇ − ∆vo

(1)

vR is the speed of the right wheel, and vL is the speed
of the left wheel. L is the distance between the center
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Figure 6: Line tracing.
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Figure 7: Obstacle avoiding.

of the robot and planned line, and θ is the angle formed
by planned line and direction of movement. Figure 6
illustrates these parameters. KL, KLD, Kt, and KtD

are coefficients of each term. ∆vo is the offset value to
avoid obstacles represented as the equation below.

∆vo =
{

Koθo max (s1, s2, s3, s6, s7, s8) > τ
0 otherwize (2)

θo is the angle formed by combination of each fore-
hand sensor vector and direction of movement, and is
illustrated in Figure 7. The sensor vector is defined
as the vector from center of the robot to the sensor,
and the magnitude is the output value of the proxim-
ity sensor. Ko is the coefficient of the offset value. si

is the output value of proximity sensor i, and τ is the
threshold. In addition, the robot adjust its position
and angle when it is located in near the goal.

The box-pushing behavior is started after finishing
of the adjacent box-pushing behavior. The robot wait
ready at the sub-start position till then. The box-
pushing behavior is executed in the same manner as
the movement behavior. However, the offset value ∆vo

in equation (1) is always 0.

4 Experiment

The system architecture is illustrated in Figure 8.
The system consist of an overhead camera, two per-
sonal computers, and robots. The overhead camera
and a personal computer are used to locate robots and
the box, and to detect obstacles. The resolution of the
camera is 640×480 pixels. Incidentally, Figure 1 is the
image recorded by the camera. The maker mounted
on each robot and the box is used to localize them.
Additionally, the other personal computer constructs
the box-transportation plan and path plans of each
robot, and sends action-commands to each robot ac-
cording to constructed plan. The robot support Blue-

Command

Position & Vector
of robots and the box

• Localization
• Obstacles detection

Sensor values

• Planning
• Deciding action
• Sending commands to robotsImage

Overhead
camera

e-puck robots

Box

Figure 8: The system architecture.

Table 1: Success rate of the proposed planner.

Percentage
Succeeded 98.7%
Failed to plan box-pushing 0.1%
Failed to plan paths 1.2%

tooth communication, so the personal computer sends
action-commands through it.

4.1 Evaluation of planning paths

We made experiment to evaluate the performance
of the proposed planner in the environment figured in
Figure 1. The experiment was performed on a personal
computer with a Core 2 Duo 1.8GHz processor and
1GB RAM, and was trialed 1000 times. The limit of
the iterations in RRT-ConCon was set to 100000. We
checked out the success rate of the proposed planner,
length of paths of robots, number of sub-tasks, and
computation time of planning.

Table 1 presents the success rate of the planner.
This result shows that our proposed planner has a high
probability of constructing executable plans in the en-
vironment used in this study. Table 2 presents each
experimental result of executable plans. Incidentally,
an example of the box-pushing plan is figured in Fig-
ure 9, and Figure 10 is an example of the path plan
of the robots. The length of the path is 2120.9 pixels,
and the number of sub-tasks is 6.

4.2 Evaluation of executing plans

We made experiment to check out whether the
robot can execute constructed plans in real environ-
ment. Coefficients of equation (1) and (2) were set as
follows; v = 100, KL = 10, KLD = 50, Kt = 150,
KtD = 800, and Ko = 150. The experiment was tri-
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Table 2: Experimental results of planning paths.

Av SD Min Max
Length of paths (pixels) 2041.6 68.2 1843.4 2350.4
Number of sub-tasks 6.0 0.3 6.0 10.0
Computation time of

1082.9 5220.9 36.0 67200.0
planning box-pushing (ms)
Computation time of

54.0 14.7 25.0 128.0
planning paths (ms)

Sub-goals Sub-starts

Figure 9: A box-pushing plan.

aled 10 times using the plan figured in Figure 9 and
10, and we checked out actual length of paths of robots
and execution time.

Table 3 presents each experimental result of execut-
ing plan. The actual path’s length is longer than con-
structed plan. The reason is that robots do not run on
constructed line absolutely, but snake their way along
the line according to equation (1). Incidentally, one of
the actual paths of robots is figured in Figure 11.

5 Summary

In this study, we develop a path planner based on
the RRT for multi-robot box-pushing, and make ex-
periments in real environments. Experimental results
show that our proposed planner can construct the
multi-robot box-pushing plan without colliding obsta-
cles and that robots can execute tasks according to the
plan in real environments.

Table 3: Experimental results of executing plans.

Av SD Min Max
Length of paths (pixel) 2178.0 23.2 2140.7 2212.9
Execution time (s) 177.6 4.1 168.0 183.3

Robot1’s planned path
Robot2’s planned path

Figure 10: A path plan of two robots.

Robot1’s actual path
Robot2’s actual path

Robot1’s planned path
Robot2’s planned path

Figure 11: An actual path of robots.
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Abstract
In this paper, we propose the system that combines

the sensor network with the mail delivery system to
construct the system that observes an environmental
change of the broiler-house. As a result of hearing of
the producer, the environment system needs to able to
be observed some broiler-houses, to inspect the sum-
mary data from the cellular phone, and to transmit the
warning mail in a rapid temperature change. A basic
part of the system is a sensor network by the sensor
module that we developed. Only the sensor modules
are put in the each broiler-house, and the network by
wireless LAN communication is constructed, because
the system needs to watch of two or more broiler-
houses, and it is difficult to setup a large-scale sys-
tem at the broiler-house. The always-connected high-
speed Internet is preferable to accumulate, to process
data, and to offer it to the user in a comprehensible
form. But, it is difficult to build always-connected
high-speed Internet at the chicken farm which is used
by experiment. The server is set up in the remote
place, and we propose the system that delivers data
from the chicken farm with mail.

The verification of the effectiveness of the proposed
system and the problem are examined by actually set-

ting up the system that proposes it in the broiler-
house, and operating it.

Keyword:

Sensor Network, Mail System, Broiler-House Envi-
ronment Monitoring System

1 Introduction

Recently, we can obtain various data easily by a
high performance of computer and the Internet. Data
mining that extracted significant knowledge from a
large amount of data become popular. The technique
for applying data mining to text information such as
Web page is developed recently though the data stored
in databases was targeted in normal data mining. In
the Internet, various time series data can be obtained.
For instance, the image data of the weather satellite
and the data of various sensors can be obtained. The
feature of these data is continuous data in the time se-
ries. The techniques which applied data mining from
databases are used for time series data, but some tech-
niques were improved for time series data.
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The digital measurements of the temperature and
humidity, etc. become possible, and connecting the
system that acquired the measured data on the net-
work becomes possible. However, there are many mea-
surement systems which are rich systems that are used
sensors on PC or which are cheap microcomputer sys-
tems that need to construct a special network for the
sensor network. We propose the sensor network sys-
tem using the microcomputer board that can connect
to the Internet. This proposed system can acquire in-
formation from the sensor of the microcomputer group
arranged on the network, and can view collected infor-
mation on Web browser.

In KES2006 [1], it was shown to be able to construct
easily the microcomputer’s sensor network which was
combined microcomputer modules (Micro Cube) and
the database server and the Web application server.
The system that measured the room temperature in
school campus was constructed, it has run for about
two years, and the effectiveness is verified.

In this paper, we propose the system that combines
the sensor network with the mail delivery system to
construct the system that observes an environmental
change of the broiler-house. As a result of hearing of
the producer, the environment system needs to able to
be observed some broiler-houses, to inspect the sum-
mary data from the cellular phone, and to transmit
the warning mail in a rapid temperature change. The
verification of the effectiveness of the proposed system
and the problem are examined by actually setting up
the system that proposes it in the broiler-house, and
operating it.

Chapter 2 describes the sensor module using Mi-
cro Cube. Chapter 3 describes the composition of the
sensor network as server-client system. We describe
the installation of Micro Cube, the server and the
client and the technique of collecting and viewing data.
Chapter 4 describes the proposed sensor system with
Micro Cube and mail delivery system. In chapter 5,
we describe construction of our proposed system, and
discuss about the problem when constructing sensor
network. Section 6 describes conclusion and enhanc-
ing in a future.

2 Sensor Module

In this section, we describe proposed sensor module.

2.1 Outline of Micro Cube

The Micro Cube is a board computer and is com-
posed of several stackable boards [2, 3]. Fig. 1 is a

photo showing one of the combinations of stacked Mi-
cro Cube. It has a CPU board with a RENESAS H8
CPU and a TCP/IP Protocol stack. Stackable boards
can vary as follows: Ethernet LAN board, compact
flash board, PCMCIA board, serial board (RS232C
and RS422) and so on. Since the different combina-
tions of stackable boards make a seamless connection
with the sensors, users can structure an ad hoc sensor
network very easily. To get sensor information through
the Internet, HTTP is also employed so that user can
get data via a standard Web browser.

Figure 1: Photo of a Stacked Micro Cube

2.2 Instrumentation of the present sys-
tem

The Micro Cube used in the system to get the infor-
mation of room condition is composed of the H8/3069
CPU board, LAN board, and special sensor board.
The special sensor board is utilized the board used of
the programming practice class in Future University-
Hakodate. (The sensor board is shown in Fig. 1) Fu-
ture University-Hakodate has the programming prac-
tice class with the microcomputer and assembler lan-
guage as “Media Architecture Practice II”. The spe-
cial board for Micro Cube was designed for its prac-
tice class. The push switch, the thermally sensitive
resistor (temperature sensor), and CdS sensor (opti-
cal sensor) were attached on this board as an input.
Moreover, four digits seven-segments LED and four
two-color LED were attached as an output. Because
an accurate temperature measurement using the ther-
mally sensitive resistor is difficult, a digital sensor is
added in this board for our experiment. Humidity can
be also measured in this digital sensor. The exchange
and the addition of the sensor can be easily done by
exchanging the sensor boards.

To confirm the measurement data easily, the mea-
sured data was displayed in seven-segments LED.
Moreover, data can be got by HTTP though the net-
work. When only one sensor module runs, the user can
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display a present temperature when the user accesses
it using Web browser.

3 Network Configuration with Micro
Cube

The sensor network that measured the room tem-
perature in school campus was constructed by using
the microcomputer that explained in Chapter 2. Fig.
2 shows the composition of the constructed sensor net-
work system. This network configuration is used for
personal buoy system for fishery. [4, 5, 6].

�micro
Cube

�micro
Cube

�micro
Cube

Router

Campus Network

DB/Web
Server

Web
Browser

Figure 2: Network Configuration

The data store part is implemented by Perl, and
the data display part is implemented by JSP.

The following steps shows the steps of the collection
of data and the display stored data.

1. Data storage

(a) The Perl script accesses to URL of Micro
Cube.

(b) Micro Cube returns the measurement result
by HTML format.

(c) HTML is parsed, and necessary data is pre-
served in the database.

2. Data browse

(a) URL of the server is opened from a Web
browser.

(b) JSP accesses the database.

(c) Necessary data is acquired from the
database.

(d) The result is processed to the graph and dis-
played it on a browser.

The micro cube arranged in school is connected
with campus network (LAN). The data of each sen-
sor module is acquired with the server set up on the
campus network at regular intervals, and stores in the
database. In shool experiment, data is acquired from
the sensor module every ten minutes. The acquired
data is processed with the Web application server set
up on the same server, and can be displayed from Web
browser of PC on the campus network.

At first, Micro Cube connected to campus network
by arranging it in the router because the router had
not been exceeded in LAN of the micro cube. After-
wards, connecting Micro Cube to the campus network
even if we modified the program, and the router is
not set up became possible so that the router was ex-
ceeded.

4 Broiler-House Environment Moni-
toring System using Sensor Network
and Mail Delivery System

We apply the know-how of proposed system con-
struction to operate of the system in a field environ-
ment. In this paper, we discuss an environmental mon-
itoring system of the broiler-house. It is necessary to
observe the temperature change in the broiler-house
for a baby bird which is weak in the change of en-
vironment, and the sensor network is needed in the
chicken farm.

In this paper, we propose the system that com-
bines the sensor network with a mail delivery system to
construct the system that observes an environmental
change of the broiler-house. As a result of hearing of
the producer, the environment system needs to able to
be observed some broiler-houses, to inspect the sum-
mary data from the cellular phone, and to transmit
the warning mail in a rapid temperature change. Fig.
3 shows the composition of the constructed sensor net-
work system with a mail delivery system.

A basic part of the system is a sensor network by
the sensor module that we developed. Only the sensor
modules are put in the each broiler-house, and the net-
work by wireless LAN communication is constructed,
because the system needs to watch of two or more
broiler-houses, and it is difficult to setup a large-scale
system at the broiler-house. Fig. 4 shows the sensor
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Figure 3: Network Configuration with a mail delivery
system

module which is put in a plastic case for dust-proof
and the drip-proof. The server is put on the office.
It was understood that the transmission power was
insufficient in usual wireless LAN equipment because
the office and the broiler-house had the distance (over
80m), then we used the equipment of wireless LAN of
Fig. 5. Wireless LAN equipment was able to be used
to set up the Web camera, and people in the office
can confirm baby birds of the broiler-house. The Web
camera was set up as shown in Fig. 6.

Figure 4: Setup Sensor Module

The always-connected high-speed Internet is prefer-
able to accumulate, to process data, and to offer it to
the user in a comprehensible form. But, it is diffi-
cult to build always-connected high-speed Internet at
the chicken farm which is used by experiment. The
server is set up in the remote place, and we propose the
system that delivers data from the chicken farm with
mail. The sensor data is accumulated in the server set
up in the office every 10 minutes, and transmitted to
the server for the total with mail every hour. In this
experiment, the server connected to the Internet with

Figure 5: Setup Wireless LAN

Figure 6: Setup Web-Camera
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the dial up access every time. Using dial up access and
note PC as office server, it is able to be constructed
that the system is able to transmit mail when a power
failure for a short time is happened.

The accumulation of data, making the output for
the celluar phone, and making the warning mail are
done with the server for the total put on the remote
place. The accumulation data can be referred to by
putting the server on the remote place regardless of the
communication environment of the office. Because the
server was put on the remote place, it is possible that
warning to a rapid temperature change slows. In this
experiment, we considered about producer’s commu-
nication fee and the easiness of the server installation.

5 Experimental Results

The verification of the effectiveness of the proposed
system and the problem are examined by actually set-
ting up the system that proposes it in the broiler-
house, and operating it.

In the experiment, we construct the broiler-house
environment monitoring system which contains the
sensor modules arranged in the broiler-houses, sensor
network to bring together sensor information in the
chicken farm and to transmit it to the server by mail,
and the server to inspect from the cellular phone and
to transmit the warning mail about a rapid tempera-
ture change.

The system that explained in Chapter 4 was actu-
ally constructed. The system is constructed in Novem-
ber, 2007, and it is running now.

Some data display examples are shown as follows.
(See Fig. 7 and Fig. 8) The displayed volume of in-
formation was decreased for the output for the celluar
phone and it devised it as seen easily. The output of
list view and graph view are mutually switched. The
electric wave situation of the celluar phone was bad,
then it was not possible to communicate by the celluar
phone of a part of career in the office.

Fig. 9 shows one example of temperature output.
It was able to be confirmed that the change in a rapid
room temperature for a short time had occurred from
Fig. 9 with considerable frequency. Because it is diffi-
cult in a present network environment to warn of the
temperature change in a short time, it has been un-
derstood to have to increase network connections to
correspond to a rapid temperature change in a short
time.

Because data began to collect, temperature data is
scheduled to be analyzed in the future.

Figure 7: Screenshot of
List View

Figure 8: Screenshot of
Graph View

 1
2

 1
4

 1
6

 1
8

 2
0

 2
2

 2
4

 2
6

 2
8 11

/1
4

12
:0

0
11

/1
4

18
:0

0
11

/1
5

00
:0

0
11

/1
5

06
:0

0
11

/1
5

12
:0

0
11

/1
5

18
:0

0
11

/1
6

00
:0

0
11

/1
6

06
:0

0
11

/1
6

12
:0

0
11

/1
6

18
:0

0
11

/1
7

00
:0

0
11

/1
7

06
:0

0

temperature

tim
e

10
1

10
2

Figure 9: Output Temperature
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6 Conclusion

In this paper, we propose the system that combines
the sensor network with the mail delivery system to
construct the system that observes an environmental
change of the broiler-house. As a result of hearing of
the producer, the environment system needs to able to
be observed some broiler-houses, to inspect the sum-
mary data from the cellular phone, and to transmit the
warning mail in a rapid temperature change. A basic
part of the system is a sensor network by the sensor
module that we developed. Only the sensor modules
are put in the each broiler-house, and the network by
wireless LAN communication is constructed, because
the system needs to watch of two or more broiler-
houses, and it is difficult to setup a large-scale sys-
tem at the broiler-house. The always-connected high-
speed Internet is preferable to accumulate, to process
data, and to offer it to the user in a comprehensible
form. But, it is difficult to build always-connected
high-speed Internet at the chicken farm which is used
by experiment. The server is set up in the remote
place, and we propose the system that delivers data
from the chicken farm with mail.

The verification of the effectiveness of the proposed
system and the problem are examined by actually set-
ting up the system that proposes it in the broiler-
house, and operating it. In the experiment, we con-
struct the broiler-house environment monitoring sys-
tem which contains the sensor modules arranged in the
broiler-houses, sensor network to bring together sen-
sor information in the chicken farm and to transmit it
to the server by mail, and the server to inspect from
the cellular phone and to transmit the warning mail
about a rapid temperature change.

Because data began to collect, temperature data is
scheduled to be analyzed in the future. In the anal-
ysis of data, it is thought that it is possible to refer
to a technique of the multiagent base [7, 8] and an
analytical technique of the analysis of the fixed point
observation data [9].

Whether the operation of a long term can be en-
dured will be examined in the future. Moreover, the
temperature change warning system that decreases
network connection as much as possible is scheduled
to be developed.
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A Cooperative Behavior Learning Control of Multi-Robot using  

Trace Information 
    

Tomofumi Ohshita*, Ji-Sun Shin*, Michio Miyazaki** and Hee-Hyol Lee * 

*Waseda University, **Kanto Gakuin University  

 

Abstract: The distributed autonomous robotic system has superiority of robustness and adaptability to dynamical 

environment, however, the system requires the cooperative behavior mutually for optimality of the system. The 

acquisition of action by reinforcement learning is known as one of the approaches when the multi-robot works with 

cooperation mutually for a complex task. This paper deals with the transporting problem of the multi-robot using 

Q-learning algorithm in the reinforcement learning. When a robot carries luggage, we regard it as that the robot 

leaves a trace to the own migrational path, which trace has feature of volatility, and then, the other robot can use the 

trace information to help the robot, which carries luggage. To solve these problems on multi-agent reinforcement 

learning, the learning control method using stress antibody allotment reward is used. Moreover, we propose the trace 

information of the robot to urge cooperative behavior of the multi-robot to carry luggage to a destination in this paper. 

The effectiveness of the proposed method is shown by simulation. 

 

Keywords: multi-agent systems, cooperative behavior, reinforcement learning, stress antibody allotment reward. 

 

 

I. Introduction 

The distributed autonomous robotic system has 

superiority of robustness and adaptability to dynamical 

environment, however, the system requires 

cooperative behavior mutually for optimality of the 

system. The acquisition of action by reinforcement 

learning is known as one of the approaches when the 

multi-robot works with cooperation mutually for a 

complex task. 

To establish cooperative behavior, we should 

consider firstly, the uncertainty of state transition 

problem because of existence of more than one agent, 

secondly, the perceptual aliasing problem because of 

limitation for sensory input such as view, and thirdly, 

the reward sharing problem which is accurately 

distributing reward to indirect contribution for 

cooperation. In cooperative behavior of autonomous 

robots, Hong et al [1] put forward a cooperative 

behavior learning control using a stress antibody 

allotment reward in which the robots obtain a stress 

antibody to promote cooperative behavior of 

multi-robot. 

This paper deals with transporting problem in 

multi-agent systems using Q-learning algorithm, and 

aims to establish of cooperative behavior for 

performing effective work. When a robot carries 

luggage, we regard it as that the robot leaves a trace to 

the own migrational path, which trace has feature of 

volatility, and then, the other robot can use the trace 

information to help the robot under carrying luggage. 

To solve problems mentioned above on multi-agent 

reinforcement learning, we use the learning control 

method using a stress antibody allotment reward. 

Moreover, we propose the trace information of the 

robot to urge cooperative behavior of the multi-robot 

to carry luggage to a destination in this paper. 

We verify the influence on easing the perceptual 

aliasing problem, and show the effectiveness of the 

proposed method by simulation. 

 

II. Q-learning Algorithm 

1. Q-learning  

Q-learning algorithm in reinforcement learning, 

which is classified in algorithm of the environmental 

identification type, is used in this paper. Q-learning 

has been devised by Watkins [6], and estimates the Q 

value which represents effectiveness of actions 

through interaction by trial and error with environment. 

An optimal action is easily obtained from the optimal 

value function Q(s, a). The process is as follows: 

 Initialize Q (s, a) arbitrarily; 

 Repeat (for each episode);  

  Repeat (for each step of episode); 

   Observe a state observation st ; 

   Choose at from st using policy derived from Q  

     value; 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 397



     Take action at, observe rt, st+1; 

     Q value is updated by the following update    

       equation; 
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        where 

          α：Learning rate （0＜α≦1） 

          γ：Discount rate （0≦γ＜1） 

  t → t+1 

  until st is terminal; 

 until all episodes are finished; 

 

III. Transporting Problem 

1. Grid World 

The autonomous robots carry large and small 

luggage to a destination in this transporting problem. 

There is large and small luggage in the grid world. 

When a robot carries small luggage, a robot moves at 

1/3 speed of normal movement speed. On the other 

hand, when a robot carries large luggage, the robot 

moves at 1/5 speed. Additionally, a robot carrying 

large luggage can move at 1/3 speed of normal 

movement speed by cooperating with other robot. 

When a robot carries small luggage, a reward rs is 

given to the robot. On the other hand, when a robot 

carries a large luggage, a reward rl is given to the robot. 

When a robot carries a large or small luggage to the 

destination, a reward rg is given to the robot. When a 

robot encounters an obstacle or other robots, which 

cannot cooperate, negative reward ro and re are given 

to the robot respectively. 

 

2. Transfer Robot 

 A robot can recognize a cell in which the robot exists 

in the grid world and learn actions by Q-learning. The 

removable course of a robot is four ways; up, down, 

right and left. A robot acts as follows: 

(1) A robot searches luggage or goal repeating 

movement by Q-learning algorithm; 

(2) A robot has two kinds of learning module: 

CoopQL and CarriQL. The robot learns the 

movement to luggage and/or the cooperative 

behavior by CoopQL, and learns a movement to 

the destination by CarriQL after the robot 

maintains luggage; 

(3) More than one robot cannot exist in the same 

cell; 

(4) When a robot, which carries large luggage by 

oneself, meets with other robot which has 

nothing, the two robots can carry large luggage 

cooperatively; 

(5) When a robot meets with other robot except of 

the case (4), the robot choices other ways 

according to the action selection method, a 

negative reward re is given to the robot; 

(6) When a robot encounters obstacles, the robot 

choices other ways by the action selection 

method and a negative reward ro is given; and 

(7) When a robot is surrounded on all side by other 

robots and/or the obstacles, the robot waits for 

one turn to be over on the same cell. 

 

IV. Cooperative Behavior Learning Control 

1. Stress Antibody Allotment Reward 

 The stress antibody allotment reward [1] is used as a 

method to establish a cooperation behavior. Here, a 

robot under carrying large luggage undergoes a stress, 

and at the same time, produces an antibody against the 

stress, and then hands over it as a reward to the other 

robot, which supports carrying luggage. The 

cooperative behavior with other robot is promoted in 

such away. The cooperation by the stress antibody 

allotment reward is illustrated in Fig.1. 

A B

LL

A

LL

A

LL

B

Robot A

Robot A Robot B

The allotment reward Robot B gets reward

Seepd:1/3Seepd:1/5

Fig.1 Cooperation by stress antibody allotment reward 

 

2. Action-Value Function with Trace Information 

 When a robot carries luggage to the destination, the 

robot undergoes a stress and leaves volatile trace 

information (field sign) to own migration path. 

Additionally, the robot can recognize presence 

information on field sign in the cell, in which the robot 

exists. Thus, volatile trace information plays a role as 

rescue signal for the robot, which does not have 

luggage from the robot carrying large luggage. The 

volatilization rate is defined as follows: 
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where t is the number of the turns from putted on the 

grid world, σ is volatilization rate of the field sign 

(0≦σ＜1). Thus, the action-value function includes 

an absolute coordinate of the robot existed, presence 

information on field sign on its cell, and actions of the 

robot. It is represented as follows. 

  Q(st, fst, a)              （3） 

    st = (xt, yt), fst = {0,1} 

 

V. Simulation 

1. Situation Setting 

 A task of transporting large and small luggage to the 

destination is simulated in this paper. There are large 

and small 10 luggage, respectively, two walls blocking 

the way of the goal in the grid world, which size are 

30 × 30 cells sizes, and a number of robots is four. 

One cell movement of a robot is called as one step, 

and one cell movement of all robots is called as one 

turn. The rewards given from environment are rg = 100, 

rl = 60, rs = 40, ro = -5, re= -3, ra = 30. The initial value 

of field sign fs(t0) = 15, the volatilization rate of the 

field signσ = 0.8, and the minimum value of filed 

sign fs0 =1.0. Therefore, a robot can leave the field 

sign for up to three cells or less in the grid world. The 

ε-greedy rate is used as the action selection method. 

The ε-greedy rate of CoopQL and CarriQL are 0.25 

and 0.75, respectively. The initial configuration is 

shown in Fig.2. 
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Fig.2 Initial configuration 

 

2. Simulation 

 We attempt a comparison between proposed method 

using the stress antibody allotment reward and the 

field sign (SAAR+FS), the method using only stress 

antibody allotment reward (SAAR), and the method 

using only Q-learning (Q-learning) by simulation. 

 When robots finished carrying all luggage to the 

destination, it is called as one episode and one trial is 

3000 episodes here. An average value of ten trials is 

used as the number of the turns. The average number 

of turns by each learning method is shown in Fig.3.  

(1) Average number of turns of every ten episodes 

 As shown in Fig.3, a lot of average numbers of turns 

are needed at early period of learning in the Q-learning 

method. However, the average number of turns has 

decreased by one-quarter in SAAR method and 

SAAR+FS method. Moreover, SAAR+FS method has 

few number of turn in 1000-3000 episodes advanced 

by learning. 

 As the result, SAAR method is effective against 

reduction in the number of turns at early period of 

learning. Additionally, in SAAR method, there is an 

effect of decreasing the number of turns through entire 

learning process. 
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b) The average number of turns（1000-3000 episodes） 

 

Fig.3 Comparison of the average number of turns by  

     each learning method 

 

(2) The total number of unnecessary encounters and  

   cooperation 

 Fig.4 and Fig.5 show the total number of unnecessary 

encounters and cooperation in each learning method, 

respectively. The number of cooperation is ten times 

or less an episode, 30000 times or less 3000 episodes 

because large luggage is 10 pieces. 

 As shown in Fig.4, total number of unnecessary 

encounters for the SAAR method is much more than 

Q-learning method. This result is caused by increasing 
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an unnecessary encounter due to crowd of robots by a 

reward given for the cooperative behavior. A robot can 

acquire a behavior to evade the obstacle, because a 

negative reward is given when the robot encounters 

obstacles. Thus, it seems many of unnecessary 

encounters with a robot at latter period of learning are 

occurred. On the other hand, the total number of 

unnecessary encounters in the SAAR+FS method is 

less than that in the SAAR method as well as the 

Q-learning method, regardless it uses the stress 

antibody allotment reward. 

 Furthermore, the total number of cooperation in 

SAAR+FS method is compared with the total number 

of cooperation in the SAAR method. It is shown that 

the total number of cooperation in the SAAR+FS 

method is more than that in SAAR method. On the 

other hand, Q-learning method is heavily less than that 

in the other two methods because a reward for the 

cooperation is not given.  

 As the results, it is shown that the robot can learn 

cooperative behavior to evade an unnecessary 

encounter by using the SAAR+FS method, because an 

unnecessary action is distinguished from a cooperative 

action. The SAAR+FS method can decrease the 

number of turns in a whole episode. 
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Fig.4 Comparison of the total number of unnecessary  

     encounters by each learning method 
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Fig.5 Comparison of the total number of cooperation  

     by each learning method 

VI. Conclusion 

  It is difficult to learn cooperative behavior 

accurately under environment with the uncertainty of 

state transition problem and the perceptual aliasing 

problem, above all, under circumstances in which a 

sensory input of a robot is limited only to the absolute 

coordinate aggravate the problems. 

 To relieve the problems, we used the stress antibody 

allotment reward, and proposed trace information of 

the robot to urge cooperative behavior. Effectiveness 

of the proposed method was verified by the 

transporting problem.  

 As the results of the simulation, the proposed method 

achieved a reduction in the number of turns of 

one-quarter at the level in early period of learning, and 

inhibited the number of turns in episodes advanced by 

learning. Furthermore, the proposed method can 

distinguish between rational actions and irrational 

actions, and then the useless step of needless 

encounter with other robots was decreased. The 

effectiveness of the proposed method was confirmed 

through the simulations. 
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Abstract

This paper focuses on maintaining a bridge’s safety
by developing a daily management system. And the
purpose of this study is the development of the health
monitoring system. It supports the maintenance by
using sensor network and Independent Component
Analysis (ICA) when there are some troubles in a
bridge. The result of this study brings out the vi-
bration behavior of the overall structure in a bridge.
This vibration is caused by the external force such
as wind pressure, and running vehicle. The character
frequency was extracted from the analysis result using
ICA and Spectral Analysis.The actual sensor network
system has been developed and the performance was
demonstrated.

1 INTRODUCTION

The demolishment and rebuilding method had been
used in the large-scale building such as a bridge, a
road, a harbor and an educational facility etc. in
the past. But it has changed to method of preven-
tive maintenance to operate recently a long life in the
existing large-scale building. Therefore, the neces-
sity reducing the financial burden and the construc-
tion waste has increased. Specially, the bridges have
passed 50 years in serviceable life that rapidly increase
between 2020 and 2030. Therefore the technological
development is demanded strongly that it measures
various phenomena such as deterioration and corro-
sion in quantitative and handy.

But the past diagnostic technology was hammer-
ing test, visual check, and section test by a concrete
core in the structure. They are conducted about once
every five years. Therefore, they can’t test and mea-
sure for the health diagnosis in daily. When trouble
is detected, the past prevention was conducted by the
symptomatic therapy. Therefore, the preventive main-
tenance and repair that are based on health determi-
nation can ’t be worked out effetely.

For example, the health data of a bridge can ’t be
collect in daily by estimation method of bridge pier
scouring using shock and vibration method.

However, this paper focuses on maintaining a con-
crete bridge ’s safety by developing a daily manage-
ment system using sensor network.It includes the tech-
nology of a signal processing, a structure analysis,
and the weight estimation of the running vehicle in
a bridge. And, the vibration information of an entire
bridge is measured through a small displacement and
vibration caused by the external force such as impact,
wind pressure and running vehicle in a bridge. And
then, the diagnosis technology is developed to under-
stand the phenomenon like deterioration and corrosion
of a bridge through the measurement result in certain
and effective. The bridge diagnosis technology can
measure vibration behavior of a bridge simply. It aims
for obtaining valuable knowledge on the basis of the
data from the measurement result about common and
regular maintenance of concrete structure. Also, mea-
surement technology, structural interpretation and sig-
nal processing have developed remarkably in recent.
And, accuracy and the reliability of the structure di-
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agnosis technology have risen more than the past by
major price decline of sensor and computer. It can
measure the vibration by a variety of ways and treat
large quantities of data collectively. Therefore, process
rationalization becomes possible because the realistic
situation can be understood exquisitely using the di-
agnosis technology of a high precision degree, large
quantities and low cost.

2 DIAGNOSIS METHOD

2.1 Independent Component Analysis

ICA is a computational and statistical technique
for revealing unidentified factors that underlie sets of
random measurements, variables, or signals. ICA can
separate independent signal from mixed input signal.
　Therefore, it is applied in various fields such as blind
signal separation, feature measurement and charac-
ter recognition etc. [1], [2] . There are many algo-
rithms proposed. FastICA algorithm was used in this
research.

x = (x1, . . . , xm)t (1)

s = (s1, . . . , sn)t (2)

x = As(A : m× n) (3)

Here, x is the observation signal matrix, s is the
independent variable and A ismixing the matrix in Eq.
(1) (3). ICA can estimate the independent variable s
and the mixing matrix A from the observation signal
matrix x.

2.2 Bridge Diagnosis

Bridge diagnosis technology includes the technology
of sensor network, signal processing, structure analy-
sis, and detection of a running vehicle. And it mea-
sures the vibration information of an entire bridge in
real-time through the small displacement and the vi-
bration caused by the external force such as the wind
pressure, the running vehicle’s vibration, and the flow

Fig. 1: The outline of bridge diagnosis system

velocity pressure of a river in a bridge. Therefore,
it can evaluate health condition and conduct a com-
prehensive deliberation on repair and reinforcement
work based on the measurement data. Fig.1 shows
the outline of bridge diagnosis technology. The pur-
pose for development of bridge diagnosis technology
is to achieve the maximum effect in the minimum in-
vestment through understanding of the exiting public
facility ’s health and the present asset value in sys-
tematical.

3 WIRELESS SENSOR NETWORK

Wireless sensor network (WSN) is a wireless net-
work consisting of spatially distributed sensing mod-
ules to cooperatively monitor or collect various physi-
cal data such as temperature, vibration, pressure and
etc in the real world.The collected data would be trans-
mitted to data recorder. Compared to the conven-
tional method, bridge diagnosis system by using WSN
provide high performance at a lower cost.

Referring to the past research of monitoring system
with WSN technology, we would be able to design this
sensor system for evaluating the health level of bridge
mainly by the vibration data in real time,to some ex-
tent. But, in our system,thetre are some hard prob-
lems. In addition to how to control the electricity con-
sume and make an appropriate routing protocol,plural
vibrations data is required for time synchronization of
each nodes in sampling to analayze structual vibra-
tions correctly. The data with no time-synchronization
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Fig. 2: The full view of the Seiran Bridge

Fig. 3: Bridge Diagnosis System

has no value for our system.

4 FIELD EXPERIMENT

4.1 The outline of field experiment

This field experiment was conducted in 2007. The
experiment object is the Seiran Bridge at Kokura, Ki-
takyushu city in Japan. It attempts the detection
of character frequency from the disturbance vibration
caused running vehicle in the road bridge.

Fig.2 shows the full view of Seiran Bridge. The field
experiment is colleted to vibration information caused
by running vehicle using accelerometer and velocime-
ter. In this field experiment, the accelerometer and
the velocimeter are used as follows. The accelerome-
ter is used KXM52-1050 of Kionix,Inc. The vibration
caused by the running vehicle is measured about ten
times. Moreover, the running situation of the vehicle
was recorded with video camera.

Fig. 4: Wireless Module

Fig. 5: Acceleration Sensor Module

The bridge diagnosis system are composed of some
bridge sensor modules, a data storage device and a
data acquisition device. The bridge sensor module are
shown at Fig.4 & Fig.5. The steps of bridge diagnosis
are follows,

1. The vibration of the bridge is measured by the
Bridge Sensor Module.

2. The measured data is transmitted wirelessly.

3. The data are preserved in the Data-Storage De-
vice.

4. The preserved data are collected in the data ac-
quisition Device using running vehicle.

Finally, the bridge is diagnosed by analyzing the col-
lected data. In the diagnosis about superstructure,
first the judgment that there is some defect or not is
done by using ICA. Next if there is some abnormal,
the position is decided by using AR model -ing and
the transfer function ’s change.
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Fig. 6: Vibration Data

4.2 Result of field experiment

We put the acceleration sensors on the pier and put
the acceleration & distortion sensors on the crosstie of
the bridge for collecting the vibration data when the
car crossing the bridge and transmit the collected data
to data recorder in this experiment. And also we made
a monitoring program for checking whether the data
were transmitted to the recorder or not. Here is a
part of our collected data shown as figure 6. In this
experiment, collecting the vibration data & confirming
the radio communication are the primary purpose. As
the result shown, the sensor modules were working well
in the experiment.

5 FUTURE WORK

As we described in the section 3, for making an
accurate signal analysis we required all the vibrations
data measured in synchronization time from the whole
sensors. We confirmed the sensor modules could be
work for measured vibration data in this experiment.
In next experiment, We hope they could work in same
time and we could make a detailed data analysis.

6 CONCLUSION

This paper unfolded the vibration behavior of a
bridge when there are heavyweight impact, wind pres-
sure, running vehicle, deterioration, and corrosion. We

have successfully done the experiment that putting
sensor modules on the bridge and measuring the vi-
bration data based on the purpose of building a bridge
health monitoring system with wireless sensor network
technology. In future, we will try to improve the sen-
sor module and make a desirable health monitoring
system at a low cost.
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ABSTRACT 
 Positioning tracking is not a new idea as we have been seen from the ability of the GPS 
(Global Positioning System) to track the position of the object, in general with acceptable accuracy but 
the cost of installation GPS is expensive. However, in the case of detecting the exact position in signal-
blocked closed environment (e.g. inside building, forest, mines and others); the GPS is not able to 
provide such great accuracy to do so. This project presents a Positioning Tracking System that is able 
to track the movement of an object within a small area or inside building. A complete set of the 
Positioning Tracking System consists of a pair of computer mechanical mouse and a microcontroller. 
From the position displayed on the computer screen, the position of the object can be located. The pair 
of mouse detects each movement of the object and sends the movement data to microcontroller. Linear, 
angular displacement and positioning calculation are also being discussed. From the results, it’s shown 
that the positioning system is applicable. However, some small errors are also occurred but in 
acceptable range. 
 
Keywords: Positioning calculation, GUI, linear and angular displacement. 

 
1. Introduction 
 

Position tracking or position 
estimation long originates from the beginning 
of the time when human had tried to discover a 
dependable way to know where they were and 
to guide them to where they wanted to go and 
get back again. In the earliest days, this was 
done by simply following landmarks 
(mountains, trees or leaving trails of stone) or 
landmarks that consisted of prominent 
landmarks on the coastline. When traveling 
across ocean or desert, this method of 
navigation was obviously very limited. After 
that, the navigation by reference to the sun, 
moon and the stars was the next logical 
progression [2].  

 
Major developments in early 

navigation were the compass and the sextant. 
The sextant measures the exact angles of the 
stars that are to measure the latitude. Most of 
the sailors use sextant to track their position 
when they travel across ocean. However, this 
method of navigation has a great disadvantage. 
That is it only worked at night and in clear 
weather.  Then, the first practical radar system 
was produced in year 1935. Radar means 
Radio Detection and ranging system. This 
system is a method of detecting distant objects 
and determining their position, velocity, or 
their characteristics by analysis of very high 

frequency radio waves reflected from their 
surfaces. However, the radar had the 
limitations of generally working over a 
relatively short range. In year 1943, LORAN 
(Long Range Navigation) was developed. 
Then, Global Positioning System (GPS) has 
become an indispensable aid to navigation 
around the world, and important tool for map-
making and land surveying since the first 
experimental satellite was launched in year 
1978 [6][7].  

 
 
2. Mobile robot description 

 
The mobile robot is a self-driven 

personal robot. It was built so that it can 
navigate itself to the destination by using two 
continuous servo motors. Beside that, a robot 
main controller board is developed as the 
centre processing unit (CPU) of the self-driven 
personal robot. Furthermore, a specially 
designed power distribution system and a real-
time battery level indicator is designed and 
applied. The type of batteries used are nickel-
cadmium due to it energy/weight ratio, high 
load current and fast charging time. Wireless 
video camera is also used as tool to do obstacle 
avoidance based on vision system.  Figure 2 is 
the complete hardware system of the mobile 
robot.  
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Figure 1: Mobile robot used for navigation and 

positioning 
 
 

 
Figure 2: Hardware system of the mobile robot 
(MOT: Motor, RMC: Robot main controller) 

 
 For navigation and positioning of the 
mobile robot, two PS/2 mechanical mouse are 
used to measure the displacement due to low 
cost reason. 
 
 
3. Methodology 
3.1 Linear and Angular   
      Displacement Calculation 
  

By referring to figure 3, below are the 
equations used for positioning consideration. 
SL and SR give the displacement (distanced 
traveled) for left and right wheels, r is the turn 
radius for right wheel, b is the distance 
between wheels and Ө is the angle of the turn 

in radians ( )
180

(reedegradians
π

θ=θ ). SM is the 

displacement at the center point on the main 
axle. The axle’s center point is treated as the 

origin of the mobile robot’s frame of reference. 
The wheels maintain a steady velocity 
assumption is made to simplify the curve of 
the mobile robot trajectory [5]. 
 
 

 
Figure 3: Path of wheels through a turn 

 
 

θ+= )br(SL ---- (1) 
θ= rSR , --------- (2) 

θ+=
θ+θ+

=
+

= )
2
br(

2
r)br(

2
SRSLSM

--------------------- (3) 
 
 

 
Figure 4: Wheels at different velocities 

 
 
3.2 Position Calculation 

 
The position of the mobile robot can 

be calculated if the value of SL and SR are 
given. By referring to figure 4, all the points 
on the robot are in motion as the robot changes 
its position. The reference point is treated 
stationary, while other points in the system are 
treated as moving relative to the reference 
point. The robot is considered as a rigid body. 
By using this assumption, if the robot turns 10° 
about the right wheel, all points undergo a 10° 
change of orientation. Based on this 
observation, a differential equation describing 
the change in orientation is derived as with 
respect to time of time. The definition of an 
angle given in radians is the length of a 
circular arc divided by the radius of that circle. 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 416



 The relative velocity of the left wheel gives 
the length of arc per unit time. The length from 
the wheel to the center point gives the radius. 
By combining this fact, the equation (4) is 
obtained. The equation (4) is integrated and the 
initial orientation of the robot is taken 
as 0)0( θ=θ . 

 

b
)VRVL(

dt
d −

=
θ  , ---- (4) 

 

0b
t)VRVL()t( θ+

−
=θ  ,  

---- (5) 
 

The mobile robot’s overall motion 
depends on the velocity its centre point (the 
midpoint of the axle), VM. That velocity is 
simply the average of that for the two wheels, 
or 
 

2
)VRVL(VM +

=  , ---- (6) 

 
By combining this fact with the orientation as 
a function of time: 
 

))t(cos(]
2

)VRVL([
dt
dx

θ•
+

=  

, --- (7) 
 

))t(sin(]
2

)VRVL([
dt
dy

θ•
+

=  

 , --- (8) 
 

The equations (7) and (8) are 
integrated and the initial position of the mobile 
robot 0x)0(x =  and 

0y)0(y =  is applied, the 
following equations is obtained:  
 

)]sin())
b

t)VRVL([sin(
)VRVL(2
)VRVL(bx)t(x 000 θ−θ+

−
−
+

+=

 , ----- (9) 
 

)]cos())
b

t)VRVL([cos(
)VRVL(2
)VRVL(by)t(y 000 θ−θ+

−
−
+

−=

 , ----- (10) 
 
 
 The equations given in (9) and (10) 
confirm the earlier assertion that, when the 
wheels turn at fixed velocities, the mobile 
robot follows a circular path. It is necessary to 
implement special handling for cases where 
the wheel speeds are nearly equal 
or 0VRVL ≈− . In such cases, the mobile 
robot travels in a nearly straight line. The 
equations (9) and (10) can be used to calculate 

the position by substituting SR and SL for the 
terms VR and VL respectively and the time 
value t is dropped, then the values x, y and θ  
is solved. Many popular authors on robotics 
recommend the formulas shown in (11) – (14) 
below as a way to avoid the complications in 
equations (9) and (10) [5].  
 
 

2
SRSLS +

=  , --------------- (11) 

0b
SLSR

θ+
−

=θ  , --------- (12) 

0x)cos(Sx +θ•=  , --------- (13) 

0y)sin(Sy +θ•=  , --------- (14) 
 
 
4 Experimental Results and  
   Discussion  
  

In order to show the result of the 
robot’s navigation and positioning, a program 
has been developed with GUI (graphical user 
interface). This is shown in figure 5. 
 

 
Figure 5: Graphical user interface (GUI) for 
navigation and positioning of mobile robot. 

 
 

Figure 6 is showing that the mobile 
robot is moving forward with 0° angle. Figure 
7 is showing the mobile robot is making 45 º 
turning left. Figure 8 is showing the mobile 
robot is making 90 º turning left. Although the 
position of the robot can been seen clearly 
from the developed GUI for user interface, 
however there is unavoidable error which is 
accuracy problem. From figure 9, the actual 
distance traveled by the robot is measured 
using tape. The reading is 19cm. However in 
the screen of the computer (GUI) the distance 
shown in the map is just 17cm. For small scale 
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this condition is negligible, however for bigger 
scale this kind of problem needs to be solved.  
 

 Figure 6: Path of Mobile Robot When Move 
Forward at Angle = 0 º 

 

 Figure 7: Path of Mobile Robot When Turn 
Left 45 º. 

 

 Figure 8: Path of Mobile Robot When Angle 
= -90 º. 

 

 Figure 9: Inaccuracy in Path Drawing: 
(a) Actual Distance and (b) Mapped Distance 

 
           

5 CONCLUSIONS  
 
The program which has GUI 

(graphical user interface) is developed for the 
position tracking system with reasonable 
performance. In addition, the software offers 
an easy and user-friendly way in calibrating 
the system. The second form will appear if 
double click the map in the main form. This is 
ensuring that the user can easily see the 
position of mobile robot relative to the origin 
point.  

However, the results were inaccurate, 
that is the position of the mobile robot cannot 
be pinpointed exactly. This is because of the 
unwanted factor, friction or slipping occurs 
when the mobile robot is moving. Although 
the positioning system has inaccuracy 
problem, it can show the almost accurate 
relative position of the mobile robot to origin 
on the map for small scale basis. In future, it is 
hope that the inaccuracy problem can be 
solved by studying in detail both hardware and 
software problems for larger scale application. 
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ABSTRACT 
 
The drive-control system of a vehicle is considered as 
two-inertia system that is the wheel system and the car-
body system. This paper firstly presents the stabilization 
of two-inertia system using a non-linear controller and a 
disturbance observer. This control system is then applied 
to a drive-control system of a vehicle with a disturbance 
observer for estimating the car-body speed. A Lyapunov 
stability theorem is followed to confirm the stability of 
the system. The effectiveness of this control system is 
proved by a satisfactory experimental results. 
 
Keywords: traction control, automatic braking system, 
disturbance observer, Lyapunov function 
 

1. Introduction 
An automobile loses its running stability when it slips 

due to rapid acceleration, deceleration or braking. The 
driving force of the automobile is transmitted by a 
frictional force between the tires and the road surface. 
This frictional force is a function of the car-body’s 
weight and the tire-road surface’s friction coefficient. 
Furthermore, the friction coefficient is a function of the 
following parameters: slip ratio determined by a car-
body speed, a wheel speed and the condition of the road 
surface. Due to variations in this friction coefficient, the 
controlled object treated in this paper is non-linear and 
subject to disturbances and uncertainties. 

Generally, the car-body speed is indispensable 
information for traction control and anti-lock braking 
system (ABS). However, it is difficult to measure the 
absolute car-body speed directly. Thus, the disturbance 
observer is used to estimate it. The observer to estimate 
the unknown state variable has been widely used and 
discussed in [1-4]. 

Our objective is to develop a control system design to 
enhance the stability of the automobiles, especially 
during acceleration, deceleration or braking [3-5]. As to 
date, many researches have been done on this matter. 
However, the traction control problems are still far from 
reaching the final solution and a lot of works such as the 
robust stability for parameter changes must be done. 

 
2. Control System Design of Two-Inertia System 

A two-inertia system as shown in Fig. 1 is considered 
as a controlled object. This system is expressed by the 
following equation. 
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Fig. 1 Block diagram of the controlled object 
 
2.1 Stabilization for Two-Inertia System 

In order to stabilize the controlled object above, the 
performance index is considered as follows: 

),ˆ:(:,ˆ: 22222121 xxxxSyxS ee −==−=   (2) 

where 2x̂  is assumed to be the estimated value of 2x . 
From Eq. (1), the following equation is assumed: 

wBxAx ˆˆˆ 2222 +=& .  (3) 
Next, a Lyapunov function is considered as 

2112 VVV += ,  (4) 
where ( ) ( )0,0:,0: 22221111 >≠=≠= PSPSSVSSSV TT . 
Putting 
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02 >R  ( 21, RR : free parameter). 
Then, from Eq. (5) and (6), the following equation can be 
obtained: 
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is obtained. However, 012 <V&  cannot be obtained 
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because 0, 21 >RR . So, the next disturbance observer is 
considered as an estimation system. 
 
2.2 Disturbance Observer 

A disturbance observer such as )(ˆ ∞→→ tww  is 
designed. From Eq. (1), the controlled object for the 
disturbance observer design is considered as follows: 

wBuBxAx 1112111 ++=& .  (8) 
Next, the following equation is assumed: 

wBuBuBxAx o ˆˆˆ 111112111 +++=& .  (9) 
By subtracting Eq. (8) from (9), Eq. (10) can be obtained. 

,1111111 eoee wBuBxAx ++=&  (10) 
where wwwxxx ee −=−= ˆ:,ˆ: 111 . 
In order to obtain 0→ew , the following Lyapunov 
function is considered: 

e
T
e wwV =3 . (11) 

Here, 0≈w&  is assumed if )(Re)ˆ(Re ww λλ >> . 
Furthermore, put 

( ) ):(:ˆ 1131 GGBkLLxw T
e == , (12) 

3V&  can be expressed as 

( ) ( ) e
TT

e wGBGBwkV 111133 2 ⋅=& . (13) 
When 03 <k , )0(03 ≠< ewV&  can be obtained 
because 011 ≠GB . Then, )(ˆ ∞→→ tww  is obtained. 
The block diagram for the disturbance observer is shown 
in Fig. 2. 
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Fig. 2 Disturbance observer 

 
2.3 Combined System 

The combined system consists of the controlled object 
and the disturbance observer is then considered. From Eq. 
(7) and (13), 
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0<V&  can be obtained. By following the Lyapunov 
stability theorem, the control purpose )(12 ∞→→ tyx  
is obtained. Therefore, the control law to stabilize the 
controlled object can be obtained as follows: 
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The block diagram of the combined system is shown in 
Fig. 3. 
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3. Application to Driving System 
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Fig. 4 Vehicle Model 

 
The obtained results from the previous section are 

applied into the driving system of the automobiles. The 
driving system is considered as depicted in Fig. 4. The 
equations of motion of the system can be expressed as 
follows: 
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All parameters used in Eq. (14) are defined in Table 1. 
The block diagram shown in Fig. 5 can be constructed by 
using Eq. (14). 
 

Table 1 Wheel and vehicle parameters 

τ  Tractive torque ω  Angular speed of the 
wheel 

M  Vehicle mass g  Acceleration of gravity 
C  Friction of vehicle v  Car-body speed 
W  Vehicle weight u  Torque input 

J  Moment of inertia 
of the wheel fT  Torque system 

parameter 
r  Wheel radius   
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Fig. 5 Block diagram of the vehicle system 

 
From Eq. (14), the equation of motion of the driving 
system can be expressed as follows 

[ ]⎪⎩

⎪
⎨
⎧

−==
+==

++=

.),max(/)(:)(
, 111

222

vvf
bvavay

bba

m

m

ωωλλµ
µω

µτωω
&

&
 

Since µ  can not be measured, the disturbance observer is 
used to estimate µ  and the estimation value of the car 
body speed v̂  is calculated from µ̂ . Using Eq. (12), the 
following equation can be expressed: 

).(ˆ 23 me bkLL ⋅== ωµ  
From the discussion above, the control law can be 
obtained as follows: 
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The block diagram of the control system can be drawn as 
in Fig. 6. 
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Fig. 6 Control System Design 

 
Refer to Fig. 6, the structure of the control system can 

be divided into two conditions that is 0≠S  and 0≈S . 
0≠S is the condition in which slip does not occur, the 

time variation for the estimated value of car-body speed 
v̂  and the vehicle speed ω  are small. Therefore, it can be 
considered that 0,ˆ →ω&&v . This system is known as τ  
control system. On the other hand, for the condition of 

0≈S , 0λλ =  is obtained at v≥ω , where 0λ  is the 
reference value of slip ratio. Meanwhile, at v<ω , 

0λλ −=  is obtained where full control can be done. This 
control system is called λ  control system. 
 
4. Experimental Results 

In order to check the feasibility of the designed 
controller, it is implemented into a specially modified 
experimental device as shown in Fig. 7. The device 
consists of two rotating wheels, which represent the 
vehicle wheel and the car-body respectively as labeled. 

 

 
Fig. 7 Experimental Device 

 
Parameters of the experimental device are shown in 

Table 5 while Table 6 shows the controller gains that 
have been used in this control system. A different value 
of gains are used for different road conditions with slip 
and without slip. 

The experimental results for the wheel accelerating on 
the slippery road under non-control are shown in Fig. 8. 
From Fig. 8(a) and (b), it is shown that when an 
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approximately 0.01 Nm torque is given, the wheel starts 
rotating. However, the car-body is not moving and this 
indicates that the large slip occurs.  

Meanwhile, from Fig. 8(c) and (d), it can be observed 
that after the wheel starts accelerating, the slip ratio goes 
up to 1=λ  for 6 seconds before it decreases to about 

2.0=λ . However, as the speed of the wheel increases, 
the slip ratio seems to be increased. 
 

Table 2 Experimental device parameters 
P Motor power [W] 20 
M Vehicle mass [kg] 0.06 
C Friction of the vehicle [Nms] 0.001 
B Friction of the wheel [Nms] 2.5x10-5 
W Vehicle weight [N] 0.588 
J Moment of inertia for the wheel [kgm2] 4.0x10-5 
r Wheel radius [m] 0.03 
Tf Time constant of the torque system [sec] 0.1 

iτ  Torque reference (with slip) [Nm]  0.009 

iτ  Torque reference (without slip) [Nm]  0.005 
 

Table 3 Controller gains of the experimental device 
 With slip Without slip 

R1 3.75x10-3 3.75x10-3 
R2 2.66x10-5 2.66x10-5 

F1R -8.33x10-7 -8.33x10-7 
F2R 2.5x10-5 2.5x10-5 
k1R -6.8x10-3 -6.8x10-3 
k2R -0.01 -10-5 
k3 -9.75x10-2 -9.75x10-2 
L 43 43 

0λ  0.2 0.2 
γ  0.2 0.2 

 

   
           (a) Speed response              (b) Torque response 

   
       (c) Friction coefficient, µ                 (d) Slip ratio, λ 

Fig. 8 Experimental results for non-control case 
Two separated experiments have been carried out since 

it is difficult to run the experiment for both conditions of 
normal road and slippery road at the same time. The 
experimental results for the control case under the 
normal road condition are shown in Fig. 9(i), while the 
experimental results under the slippery road condition 
are given in Fig. 9(ii). From Fig. 9, it is shown that the 
wheel speed can be controlled at the slip ratio of 
approximately 2.0=λ  when an input torque of about 
0.01 Nm is given. 

Meanwhile, from Fig. 9(e), it can be seen that 
switching does not occur when the wheel accelerating on 
the normal road. In this case, τ  control system is taking 
place. However, switching occurs in Fig. 9(ii-e) shows 
that the λ  control system is operating when the wheel is 
accelerating on the slippery road. 

 

 
(a) Speed response 

 
(b) Torque response 

 
(c) Friction coefficient, µ 

 
(d) Slip ratio, λ 

 
(e) Switching function 

             (i) Normal road             (ii) Slippery road 
Fig. 9 Experimental results for control case 

 
5. Conclusion 

From the experimental results, it has been proved that 
by using the proposed control system, an appropriate 
torque can be generated even though the road condition 
changes from the normal road to the slippery road or vice 
versa. 
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Abstract
In this paper, we propose a GA-based method for

optimizing three signal control parameters consisting
of cycle length, green split and offset in area traffic
control of grid street networks to minimize the weight-
ed sum of delay time and stop percentage. Each gene
for offset and green split is expressed by three bits,
and that for cycle length by six bits. Each individual
(a candidate for solution) is evaluated using CORSIM
simulator in TSIS traffic integration software. The re-
sults of simulation experiments for regular and irreg-
ular grid street networks show that optimal solution-
s obtained by the proposed method are better than
approximated ones by a linear model in traffic signal
control.

1 Introduction
At present, the number of vehicles is increasing ev-

ery day in the world. A rapid increase of it generates
serious problems such as traffic accidents and conges-
tion. It is considered that appropriate traffic signal
control facilitates traffic safety and smooth traffic flow.
There are three types of traffic signal control: inde-
pendent control handling a single signal, coordinated
control in which two or more signals on an arterial
road work in association with each other, and area
traffic control which is a two dimensional version of
the coordinated control.

The objective of this study is to improve the perfor-
mance of the area traffic control. We focus attention
on common cycle length, splits, and offsets among the
parameters of the area traffic control. The determina-
tion of control parameters is considered as a combina-
torial problem. If the number of intersections increas-
es, the number of combinations becomes huge. So,
any enumerative method has fundamental limitations
in a broad search space. Abu-Levdeh and Benekohal
[1] examined several genetic algorithms (GAs) applied
to the optimization of traffic control parameters. In
this paper, we adopt a GA as a heuristic method, and
we propose a GA-based method for optimizing control

parameters in the area traffic control of grid street
networks.

In preceding study, we confirmed the effectiveness
of a GA-based method when optimizing traffic signal
control parameters of the common cycle length and
offsets [2]. In this study, control parameters to be op-
timized include the split, adding to the common cycle
length and offsets, and we deal with green time of main
street as the split.

2 Area traffic control
Coordinated control is an approach to manipulat-

ing two or more signals on an arterial road in asso-
ciation with each other. Area traffic control (ATC)
is a method by which a traffic signal group placed on
a street network spreading two-dimensionally is con-
trolled concentratedly. Common cycle length, splits,
and offsets are major parameters of ATC. Common
cycle length is a total time to complete one cycle in
common with all signals. Split is the ratio of effective
green time to common cycle length. Offset is the delay
from the start of the green time of a reference signal
to that of the signal concerned. According to a linear
model [3], if round trip time T of a link with length D
in overall speed V is multiple integer of cycle length
C, that is,

T =
2D

V
= nC, (1)

vehicle delay time can be minimal, where a link is
a road interval between neighboring signals. In the
method adopted by present Japan, a region to be con-
trolled by ATC is manually divided into several blocks
based on the amount of traffic flow for every traffic sit-
uation considered. The control parameters are decided
in every block and they are integrated. For a traffic
situation, a set of control parameters corresponding
with the situation is chosen from among the several
sets of them obtained in advance and applied. Howev-
er, because the frequent renewal of the several sets of
them is difficult in this system, the system can not deal
with unexpected traffic situations immediately. And,

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 435



it is difficult to automate such work. So, we aim at op-
timizing ATC parameters of all signals in the region
of interest by a heuristic method. In this study, we
limit street networks to grid ones as the simplest case,
and propose an optimization method of the control
parameters.

3 GA approach to ATC optimization
In the GA loop, we have to evaluate each individual

having a set of control parameters and obtain a fitness
value for the individual. For the evaluation we use a
micro traffic simulator CORSIM which is a part of T-
SIS traffic integration software. Evaluating the results
of the simulations, we use the output data of COSIM;
Vt (Vehicle Trips : the number of vehicles that have
been discharged from the link), Tt (Total Time : total
time on the link for all vehicles), Dt (Delay Time : the
time that vehicles are delayed if they cannot travel at
the free flow speed), Sp (Stop Percentage : the ratio
of the number of vehicles that have stopped at least
once on the link to the total link trips) where the link
means unidirectional one. We calculate a cost index
(CI) as follow:

CI =
N∑

n=1

{
Dtn

Ttn
× Vtn

Td
+ K × Spn × Vtn

Td

}
, (2)

where K is the weight coefficient of Sp, Td is the sim-
ulation time, and N is the number of unidirectional
links.

Because the smaller the CI the better the evalu-
ation, fitness F in the GA is defined by the inverse
number of CI as

F =
1

CI
. (3)

Grid street networks used here consist of three mi-
nor streets and three major streets, and nine inter-
sections are numbered 1 to 9 as shown in Figure 1.
A chromosome for the GA consists of 57 bits and is
divided into three parts as Figure 1.

The right-most 6-bit string of the chromosome ex-
pressed the binary value IN corresponding to the com-
mon cycle length C such as

C = Cmin +
Cmax − Cmin

26 − 1
IN (4)

where Cmin and Cmax are the minimal and maximal
cycle lengths of 40 and 150 seconds respectively. In
the middle part, each 3-bit string expresses each green
time of nine intersections. In the left-most part, each
3-bit string expresses each offset of eight intersections,
number 2 to 9, while intersection number 1 is consid-
ered as a reference one and its offset is fixed to 0. Each
3-bit string of the left-most part represents integer 0
to 7. Actual offset corresponding to it is taken as a
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Offsets Green time of main street Common cycle length IN

Reference intersection
(offset=0)

individual

3-bit binary number 6-bit binary
number

link

Figure 1: Grid network and coding method of control
parameters.

center value of one of equally divided 8 intervals be-
tween 0 and a common cycle length C obtained from
the right-most part as shown in Figure 2. Each actual
green time is also calculated from each 3-bit string of
the middle part by the same manner.

Intersection  

number    ② ③ ・・・ ⑨ ① ② ・・・ ⑨

Common 
cycle length IN

1  1  1 1  0  1  1  0  00  1  0 1  0  1 0  1  1 1  0  0 1  1  0

Offset
Green time

of main street

２

0… 30…37…44 …119

0      1              2               3     4     5     6      7

Common cycle length  C

Intersection  

number    ② ③ ・・・ ⑨ ① ② ・・・ ⑨

Common 
cycle length IN

1  1  1 1  0  1  1  0  00  1  0 1  0  1 0  1  1 1  0  0 1  1  0

Offset
Green time

of main street

２

0… 30…37…44 …119

0      1              2               3     4     5     6      7

Common cycle length  C

Intersection  

number    ② ③ ・・・ ⑨ ① ② ・・・ ⑨

Common 
cycle length IN

1  1  1 1  0  1  1  0  00  1  0 1  0  1 0  1  1 1  0  0 1  1  0

Offset
Green time

of main streetIntersection  

number    ② ③ ・・・ ⑨ ① ② ・・・ ⑨

Common 
cycle length IN

1  1  1 1  0  1  1  0  00  1  0 1  0  1 0  1  1 1  0  0 1  1  0

Offset
Green time

of main street
Common 

cycle length IN

1  1  1 1  0  1  1  0  00  1  0 1  0  1 0  1  1 1  0  0 1  1  0

Offset
Green time

of main street

1  1  1 1  0  1  1  0  01  1  1 1  0  1  1  0  00  1  0 1  0  1 0  1  1 1  0  0 1  1  00  1  0 1  0  10  1  0 1  0  1 0  1  1 1  0  0 1  1  0

Offset
Green time

of main street

２２

0… 30…37…44 …119

0      1              2               3     4     5     6      7

Common cycle length  C

0… 30…37…44 …119

0      1              2               3     4     5     6      7

Common cycle length  C

Figure 2: Calculating method of offsets and green time
of main streets.

The reason why we use the 3-bit string for the offset
and green time is because it enhances the calculation
efficiency of the GA. But it decreases the resolution of
solution. So, we apply a cease-to-fine approach to raise
the resolution as follows. In the first stage of the GA,
the interval between 0 and C is coarsely divided into 8
segments, each offset and green time is represented by
the segment number 0 to 7 which corresponds to the
3-bit binary number as Figure 2. In the second stage,
for each offset and green time, the interval is dimin-
ished by one quarter, its center is set to the center of
the segment obtained in first stage, and the same pro-
cedure as the first stage is carried out. The third stage
is also performed as same as the second one. Where-
as, the common cycle length C is optimized in the first
stage, and it is fixed in the second and third ones.

4 Results of simulation experiments
4.1 Experiment 1：Regular grid network

First, we compare the solution of a linear model
with that of the proposed method under the situation
where the actual traffic condition is simplified. Traffic
and signal conditions of the simulator CORSIM are
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set as follows.
• free flow speed : 27[ml/h]
• traffic flow : (main street) 0.35[vehicles/s]

(minor street) 0.20[vehicles/s]
• right and left turn : no turn
• yellow time : 3[s]
• all red time : 2[s]

The street network is made to be the regular grid one
with 3 columns of main streets and 3 lines of minor
ones and having 9 intersections and 24 unidirection-
al links (12 bidirectional links) of equal length D =
1000[ft]. The data for evaluation are obtained from 12
routes connected to 12 source and sink nodes, adding
to 12 bidirectional links mentioned above.

The parameters of the GA are set as follows.
• Initial population at the first stage : 49 individu-

als are generated randomly and the rest one indi-
vidual has a chromosome calculated from param-
eters based on the linear model.

• Initial population at the second and third stages
: All individuals are generated randomly.

• Genetic rules : elite, roulette strategy, one-point
crossover, and mutation.

In the linear model parameters, the common cy-
cle length is calculated according to the equation (1).
Each offset is calculated based on the travel time of the
link at free flow speed. Each green time is calculated
based on the proportional division of the common cy-
cle length according to the traffic volumes of main and
minor streets.

As experimental results, the upper line of Table 1
shows a set of signal control parameters and the fitness
value obtained by the proposed method in the regular
grid network. Lower line shows the values obtained by
the linear model. Offsets and green times are shown
like matrix form corresponding to the intersection 1 to
9. Figure 3 is a graphical representation of the offset
part in Table 1. One lap of the circle means one cycle
of signal. Figure 4 is a graphical representation of the
green time part in Table 1. One lap of the circle also
means one cycle of signal as same as Figure 3.
4.2 Experiment 2：Irregular grid network

Next, we examine the linear model and the pro-
posed method under a more actual situation than the
above. That is, the street network used here is made to
be the irregular grid one with 3 columns of main roads,
3 lines of minor ones, and 12 bidirectional links of un-
equal length as shown in Figure 5. When calculating
the signal control parameters based on the linear mod-
el, we regard the irregular grid network as a regular
grid one with 12 equal-length links whose lengths are
equal to the avarage length of all links of the irregular
grid one. Their results are shown in Table 2, Figure
6, and 7 in the same manner as 4.1.

Table 1: Result of experiment 1（regular grid net-
work).

cycle offset green time of fitness
(s) (s) main street(s)

0 0 26 34 28 35
best solution 57 56 31 30 32 29 29 0.0172

3 27 0 0 25 0
solution 0 0 25 25 25 25
based on 50 0 25 25 25 25 25 0.0139

linear model 0 25 0 25 25 25
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Figure 3: Graphical pie chart representation of offset
in Table 1.

Split based on linear modelSplit of the best solution

Green time
of main street 

Yellow time

All red time

All red time

Yellow time

Green time
of minor street 

Split based on linear modelSplit of the best solution

Green time
of main street 

Yellow time

All red time

All red time

Yellow time

Green time
of minor street 

Green time
of main street 

Yellow time

All red time

All red time

Yellow time

Green time
of minor street 

Figure 4: Graphical pie chart representation of green
time, yellow time and all red time calculated from Ta-
ble 1.

Table 2: Result of experiment 2 (irregular grid net-
work).

cycle offsets green time of fitness
(s) (s) main street(s)

0 1 30 33 31 40
best solution 66 4 28 31 37 39 44 0.0128

11 38 41 38 41 36
solution 0 0 27 32 32 32
based on 61 0 27 27 32 32 32 0.0114

linear model 0 27 0 32 32 32
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Figure 5: Link lengths of irregular grid network in
experiment 2.
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5 Discussion
5.1 Experiment 1：Regular grid network

In the comparison of the proposed method with the
linear model, Table 1 and Figure 3 to 4 show the dis-
placement of each value of signal control parameters.
Since the fitness value by the proposed method is high-
er than the linear model, the fine adjustment of con-
trol parameter values can be realized by the proposed
method.
5.2 Experiment 2：Irregular grid network

In the comparison of the proposed method with the
linear model, Table 2 and Figure 6 to 7 show the dis-
placement of each value of signal control parameters.
Since the fitness value by the proposed method is high-
er than the linear model, the fine adjustment of control
parameter values also can be realized by the proposed
method in the irregular grid network.

In the offset of the lower right intersection num-
ber 9 in Figure 6, there is large difference between the
value by the proposed method and that by the linear
model. The offset value by the linear model is cal-
culated based on the regular grid network whose link
lengths are equal to the average link length of the ir-
regular ones. So, in an intersection connecting to the
link whose length differs widely from the average, the
difference of the offset values is also large.

6 Conclusion
In this paper, we propose an optimization method

for common cycle length, splits and offsets of signal
control parameters in area traffic control of a grid
street network using a GA. The results of simulation
experiments for regular and irregular grid street net-
works show that the optimal solutions obtained by the
proposed method are better than approximated ones
by a linear model in traffic signal control. As future
works, the proposed method should be examined un-
der more realistic conditions such as making traffic
volume larger or including right and left turns of ve-
hicles. The reduction of execution time is needed for
practical use.
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Abstract

Recently, many models of reinforcement learning
with hierarchical or modular structures have been pro-
posed. They decompose a task into simpler sub-tasks
and solve them with multiple agents. In these models,
however, topological relations of agents are severely
restricted. By relaxing the restrictions, we propose
networked reinforcement learning where each agent in
a network acts in parallel as if the other agents are
parts of the environment. Although convergence to
an optimal policy is no longer assured, we show by
numerical simulations that our model performs well
at least in some simple situations.

Key words hierarchical reinforcement learning,
modular reinforcement learning, partially observable
Markov decision process

1 Introduction

Reinforcement learning (RL) is a learning method
in which an agent interacting with the environment
updates its policy sequentially to maximise the cumu-
lative reward by try and error1. Although RL is appli-
cable to a variety of tasks, it has a problem called the
curse of dimensionality: it does not work well for tasks
with a large state space. To cope with this problem, hi-
erarchical RL and modular RL have been proposed2–8.
These models decompose a task into simpler sub-tasks
and solve them with multiple agents.

However, these models have severe restrictions on
topological relations of agents. First, these models
cannot deal with cyclic dependencies among agents,
because in such a structure task decomposition is
difficult to consider analytically. Recurrent connec-
tions, however, are important for partially observable
Markov decision processes (POMDPs)9. Next, most

models require manual task decomposition, because it
is difficult to assure convergence of learning if the role
of each agent is not defined in advance. Automatic
task decomposition has been succeeded only in special
cases5,7. Furthermore, many models are not suitable
for parallel computations. For example, models such
as options8, MAXQ4, and HAM6 work similarly to
the sequential computer program: once a super-agent
calls a sub-agent, the control moves to the sub-agent
until the terminal conditions. Other models such as
MMRL5 use an integration mechanism which inte-
grates information from all the agents.

On the other hand, in our brains an enormous num-
ber of neurons form a complex network and do infor-
mation processing. The neural system is free from
the restrictions described above: the network contains
many cycles, the role of each neuron changes by learn-
ing, and neurons work in parallel. What is interesting
is the neural system somehow works well to solve daily
complex cognitive tasks.

What would occur if we relax the restrictions of a
RL model with multiple agents? Can it work properly
and flexibly like our brains? To answer the questions,
we propose networked RL where agents in a network
act in parallel as if the other nodes are parts of the
environment. Our model cannot learn an optimal pol-
icy: an agent in a network knows neither all the an-
cestors’ states10 nor neighbour’s policies11. However,
some RL models can be reconstructed using networked
RL with slight modifications. As examples, we recon-
struct three representative models of hierarchical RL,
modular RL, and POMDP3,7,9. Then, we solve the
same tasks used in the original papers.

In this paper, we use ‘reward’ and ‘payment’ for
incoming and outgoing reinforcement signals, respec-
tively. We also use ‘world’ and ‘environment’ for out-
side of the whole system and outside of an agent, re-
spectively.
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2 Networked Reinforcement Learning

Networked RL consists of multiple agents, and their
dependencies are shown by directed arrows. Thus, the
whole system forms a network (Fig. 1a). When we
focus on a single agent in networked RL, its situation
is similar to that of standard RL. In standard RL,
problems are modelled as Markov decision processes
(MDPs, Fig. 1b). In MDPs, an agent receives a state
from the world and takes an action to the world in
each time step. Then it receives a real-valued reward
from the world.

Similarly, an agent in networked RL receives a state
from the world or its parent nodes, and it take an
action to the environment (Fig. 1c). It also receives
a reward from the environment. A crucial difference
from MDPs is that the environment of each agent does
not necessarily have the Markov property, even if the
world itself has. Another difference is that an agent
sends a reinforcement signal called payment to its child
nodes. Notice that when there is only one node, the
situation is equivalent to a MDP where a payment
does not make sense.

The payment function depends on state s, action
a, reward r, and next state s′. However, it is effi-
cient to exclude r from the function. For example, if
a child node knows only action a and payment p from
its parent, and if payment p depends on r (thus, p also
depends on s and s′), it is difficult for the child node
to maximise p without knowing s and s′.

For simplicity, we do not update the payment func-
tion by learning. Instead, we determine it in advance.
Let A and S denote sets of actions and states of an
agent, respectively. For each action a ∈ A, a set of
target states D(a) ⊂ S is defined in advance. If cur-
rent state s is not a member of the target states D(a),
a payment is sent only when a new state s′ 6= s is
observed. The payment is positive if s′ ∈ D(a) and
negative if s′ /∈ D(a). On the other hand, if current
state s is a member of the target states D(a), a posi-
tive payment is sent whenever s′ stays in the domain.
However, to avoid deadlocks among agents, a negative
payment is sent when a time-out occurs.

We use standard Q-learning and the Boltzmann se-
lection for each agent. A new action is selected only
after a different state is observed or a time-out occurs.
We also define two special actions called inhibit sig-
nals and null signals. If an agent gets more than one
inhibit signal from its parent nodes, it stops updat-
ing its policy and sends null signals to all child nodes.
These special signals are introduced for compatibility
with modular RL models.

World

Agent

Action
Payment

State
Reward

Child
nodes

Parent
nodes

Unknown
relation

a b

c

Agent

World

ActionState
Reward

Fig. 1: Schematic diagrams of (a) networked RL, (b)
Markov decision processes, and (c) interaction be-
tween an agent in a network and its environment. Pay-
ment means a rewarding signal sent to a child node.

3 Simulations

We reconstructed three representative RL models
using networked RL. Figure 2 shows the network struc-
tures of the three reconstructed models.

First, feudal Q-learning3 is a representative model
for hierarchical RL. It consists of multiple layers of RL
agents to deal with state representations of multiple
resolution. It can speed up learning because global
and local searches in the parameter space coexist. One
fault is that it converges to a sub-optimal policy.

In the original model, an agent is assigned to every
grid cell in each layer. However, this assumption is not
natural. Thus, we modified to use an agent per layer,
regarding a location of the grid world as a state.

Next, compositional Q-learning7 is a representative
model for modular RL. It aims for compositional tasks
which are composed of several elemental tasks. Mod-
ule agents learn elemental tasks, while the gating agent
selects a task among the elemental tasks according to
the ‘augmenting bits’ which deliver higher-order infor-
mation.

A different point is that in the reconstructed model
unselected agents do not learn at all, while in the orig-
inal model modules learn in proportion to the predic-
tion errors of the Q-values.

Finally, Cassandra et al.’s model9 is a representa-
tive model of POMDPs. This model has a recurrent
connection to deal with partial observability, because
the internal state reflects whole the history of state
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observations.
In the original model, an agent called state estima-

tor represents the probability distribution of the true
state. And it has a connection to itself. In the recon-
structed model, each agent uses discrete states and
actions, and the first agent was decomposed into two.

Using the three reconstructed models, we solved the
same tasks used in the original papers (Fig. 3). In the
middle task, an agent has to visit at most three sub-
goals in the correct order. In the right task, an agent
can only observe whether or not the current state is
the goal.

The performance of the reconstructed models were
compared with standard RL with a single agent. Pa-
rameters for learning were set to the same between
standard RL and networked RL in each task except
for parameters for the payment functions.

Agent 1

Agent 2

Agent 3

World

Action

Gating
Agent

State
Reward

b
Agent 1

Agent 2

Agent 3

World

State Action

Sub goal

Sub goal

Reward

State
Reward Action

Agent 2

Agent 3

World

Agent 1

a

c

Fig. 2: Reconstructed network structures of (a) hier-
archical model, (b) modular model, and (c) POMDP
model.

1 2 3 4
A

BC

Fig. 3: Tasks used for (Left) hierarchical model, (Mid-
dle) modular model, and (Right) POMDP model, re-
spectively. Black circles denote the current position in
each grid world, and arrows show possible movements.
Positions marked by a star are goals, and A, B, or C
are sub-goals.

4 Results

Figure 4 shows the learning curves of the three sim-
ulations. All the models exhibited the same charac-
teristics as the original models: early convergence and
sub-optimality (top) and successful learning of optimal
policies (middle and bottom).

After learning, agents worked cooperatively. They
obeyed orders from the above (hierarchical model),
separated sub-tasks (modular model), and stored pre-
vious observations (POMDP model), respectively.
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Fig. 4: Learning curves of simulations of (Top) hierar-
chical model, (Middle) modular model, and (Bottom)
POMDP model. Each point shows an average value
of 50, 50, and 100 trials, respectively.
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5 Discussion

By relaxing restrictions, networked RL has both ad-
vantages and drawbacks compared with other hierar-
chical or modular RL models. In this paper, a few of
them were studied.

First advantage of networked RL is that it can
deal with cyclic dependencies among agents. This
property is efficient for POMDPs, as the result of
POMDP model showed. Furthermore, networked RL
with many nodes and recurrent connections would
have complex internal dynamics which is partially in-
dependent of the external world. Effects of internal
dynamics to the learning performance will be interest-
ing.

Next, networked RL is suitable for parallel compu-
tations, because each agent uses only local informa-
tion. However, we updated agents synchronously in
the test simulations.

Another property we did not study is flexibility such
as automatic task decomposition. Since network struc-
tures used in the test simulations were reconstructed
from already existing models, and since we set the pay-
ment functions manually, it is still an open question
whether or not networked RL can work as flexible as
our brains.

On the other hand, the main disadvantage of net-
worked RL is that there is no assurance to converge
to an optimal policy. However, all of the three re-
constructed models performed well and showed sim-
ilar characteristics to the original models. What we
have to do next is to apply our model to much more
complex tasks.

6 Summary

We have relaxed restrictions on hierarchical or mod-
ular reinforcement learning models to make them more
similar to our brains, and proposed the networked RL
where each agent in a network acts in parallel as if the
other agents are parts of the environment. Although
convergence to an optimal policy is no longer assured,
we have shown that our model performed well at least
in some simple situations by reconstructing three rep-
resentative RL models using networked RL.
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Abstract

We study distributed micro system, which is called
Smart MEMS(Micro Electro Mechanical System). We
utilize neural network implemented in electrical circuit
to control the MEMS device. In this paper, We aim to
sort the object by the shape with a modified neocog-
nitron. We apply this system to partsfeeder to sort
electronic parts by the defect of the shape. We carried
out the detection of deformation of rotated parts with
our modified neocognitron. The accuracy rate of ro-
tation pattern without and with deformation is 85.3%
and 92.9%. Our modified neocognitron is useful for
sorting the object.

1 Introduction

Today, the size of circuit and actuator has got
smaller and smaller with advanced semiconductor
manufacturing technology. Micro-machining technol-
ogy provides us with the capability of integrating
many devices and mass production. But, central con-
trol is not suitable for controlling many actuator.

Smart MEMS[1] is suggested to address this issue.
Smart MEMS(Micro Electro Mechanical System) has
distributed structure, which is composed of array of
identical subsystems. Each subsystem has a process-
ing unit, which is integrated with sensors and actua-
tors. The subsystems communicate and exchange in-
formation for extracting valuable information from lo-
cally obtained data, by combining them in a larger
area.

Our final goal is a micro system which conveys an
object to different directions according to its shape
using Smart MEMS. We utilize NN(Neural Network)
implemented in electrical circuit to control the MEMS
devices. The benefit of NN is, for example, (1)the
study of pattern recognition is advanced, (2)parallel
processing allows the system to recognize many ob-
jects and to convey them per unit time, (3) with chip
architecture advanced, it is possible to make compact
system. Analog circuit technology can reduce the size

of NN, but, the drawback of analog circuit is instability
caused by noise and the fluctuation of device. Thus,
we adopt patten recognition using NN with digital cir-
cuit. We use neocognitron[2] for pattern recognition.

In our research, we apply this system to
partsfeeder[5], which is used for conveying electronic
parts[6] in manufacturing factory. Our goal is to sort
electronic parts by the defect of the shape. Since the
plastic mold of the electronic devices is easy to be dis-
torted and to suffer from the defects, several degrada-
tions of the quality will be increased in the fabrication
process[7]. We use NN for shape recognition to resolve
this problem.

In this paper, we aim to sort one rotated electronic
part and simplify neocognitron for circuit implemen-
tation. Because a rotation-invariant neocognitron[3]
is more complicated than basic neocognitron, it is not
very suitable for circuit implementation.

In section 2, we explain the architecture of Smart
MEMS and MEMS conveyor. In section 3, we explain
neocognitoron, which is used for pattern recognition,
and Central Pattern Generator, which is used for con-
trolling MEMS actuator. In section 4, we show the
result for detecting deformation of electronic parts. In
section 5, the conclusion is presented.

2 MEMS conveyor

Our final goal is the system that is composed of
three layers of different function; i.e. a Mechanical
layer, a sensing layer(PD layer) and a Neural Network
layer (Fig.1). We use two-dimensional conveyance sys-
tem with MEMS technology[4]. The mechanical layer
composed of the array of thermally driven actuators is
made by layers of polyimide on a Si or glass substrate,
and is transparent with light. When an object to be
conveyed is on the mechanical surface, light coming
downward makes bright and dark(which is a shadow
of the object) regions on the surface of photo sensitive
device. The output of PD is input to the module of
pattern recognition, which can recognize the shape of
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object. The information of the shape is input to the
module of controlling actuator, which is Central Pat-
tern Generator[8]. The actuator is controlled based
on the shape of object detected the module of patten
recognition (Fig. 2).

Figure 1: Our goal. This system composes three lay-
ers, which are actuator, sensor and NN.

Figure 2: Flow of signal.

3 Neural network

3.1 Modified neocognitron

K.Fukushima et al. suggested the neocognitron[2]
in 1982. It recognizes two-dimensional stimulus pat-
terns correctly without being affected by shifts in po-
sition or even by considerable distortions in shape of

the stimulus patterns. The neocogitron, however, can-
not recognize rotated patterns because deformations
by rotations are not considered.

So, we propose a method for detecting the deforma-
tion rotated parts for electrical circuits (Fig.3). The
first layer is input layer. The degree θ is detected in
the second layer. In the second layer, the rotated pat-
tern by every 15◦ (which is the pattern of good parts)
is learned, and θ is detected based on the output of the
second layer. In the third layer, the input pattern is
rotated by −θ. In the forth layer, the deformation of
input pattern is detected by the following method: we
increase the number of input interconnections per S-
cell and the value of threshold. The more deformed the
object on the mechanical layer is, the less the output
of the forth layer becomes. This modified neocogni-
tron is simpler than a rotation-invariant neocognitron
in terms of the number of planes and layers.

Figure 3: Modified neocognitron.

3.2 Conveyance system

This mechanical layer is composed of the array of
thermally driven actuators. A bimorph thermal actu-
ator using two types of polyimide with different ther-
mal expansion coefficients and a metallic microheater
in between them was fabricated. It moves downward
when current is applied to the heater. The actuator
can be controlled by two driving pulses with phase
shift of 90 degree. In this way, the object is conveyed
[4].
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3.3 Pattern generator

Biological rhythmic movements, such as walking,
running and swimming, are believed to be driven by
the biological neural network, called the central pat-
tern generator(CPG)[8]. CPG is composed of sets of
neural oscillators, situated in ganglion or spinal cord.
Induced by inputs from command neurons, a CPG
generates a rhythmic pattern in nerve activity auto-
matically.

We are planning to set CPG under a cilium. One of
CPG is connected with a cilium. Induced with the re-
sults of pattern recognition, different conveyance pat-
tern is yielded. We are expecting that we will be able
to generate firing pattern with phase shift of 90 degree
by making many CPGs connected with proper weight.
In this way, we convey the objects in different shape
to different directions accordingly.

4 Results

We carried out detecting of the deformation of parts
with the modified neocognitron. In our research, we
used square as an example of electric parts such as ca-
pacitors. Fig.4 is the pattern of good parts for learn-
ing.

First, these patterns are learned. Next, we in-
put the pattern with and without deformation (Fig.5)
which was rotated by 1◦ from 0◦ to 30◦. Finally, we
estimate the output of the forth layer (Fig. 3).

Figure 4: Learning pattern in 64×64. (a)0◦, (b)15◦,
(c)30◦.

In Fig.6, we show the results of the outputs
of the modified neocognitron with input patterns
(Fig.5(a)(b)). In Fig.5(a) the shadow of good parts
is shown which is the learning pattern. Fig.5(b) is the
shadow of bad parts, which has deformation. We ap-
plied as input these shadow patterns rotated by every
1◦ from 0◦ to 30◦. The vertical axis in Fig.6 represents
the output of the forth layer of the modified neocog-

nitron. The larger the output of an input patten be-
comes, the similar to the learning pattern (the good
part) the input pattern is. Therefore, we expect the
input pattern which has larger output (more than 0.1)
as good parts(Fig.5(a)), and the input pattern which
has the smaller output (less than 0.1) as (Fig.5(b)).

In this way, we show the results of the modified
recognition of rotated input pattern in Table.1. It
shows the relationship between the degree and the de-
tection. The accuracy rates of good and bad parts
rotated were 85.3% and 92.9% respectively.

From table.1, we calculated the rate at which input
pattern is really a bad part when the result of recogni-
tion is a bad part, and the rate at which input pattern
is really a bad part although the result of recognition
is a good part. We show these rate in the upper row
and the lower row on table2 respectively. At the same
time, we show these rate respectively when the pro-
portion of the number of good parts and bad parts
is 10:1, 100:1 and 1000:1. The larger the proportion
becomes, the less these rate becomes.

Figure 5: (a)the input pattern of good part which is
rotated by 0◦. (b) the input pattern of bad part which
is rotated by 0◦. the area of deformation occupies
about 0.7% of the area of good part.

5 Conclusion

In this paper, we reported the result of recognizing
task of deformation in electronic parts. real Fig.5(b)
/ expected (b) is small in the larger proportion(the
lower row in Table.2). We suspect that it is caused
by insufficient precision in detecting the degree in the
second layer on Fig. 3 and inappropriate rotation of
the input patten by −θ in the third layer. We need
to improve the accuracy of detecting the degree and
rotating the pattern by −θ. We expect to resolve these
problem by increasing the resolution of PD array.
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Figure 6: The result of the output of Fig.3 with in-
put pattern(Fig.5(a)(b)) which is rotated by every 1◦.
X-axis is degree. Y-axis is the output of the forth
layer of Fig.3. The larger output (more than 0.1) is
expected Fig.5(a). The smaller output (less than 0.1)
is expected Fig. 5(b).

Table 1: The relationship between the degree and the
detection. (a) indicates that the recognition is Fig5(a).
(b) indicates that the recognition is Fig.5(b). Accu-
racy rate is correct recognition rate.

0◦ 1◦ 2◦ 3◦ 4◦ 5◦ 6◦

Fig5.(a) (a) (a) (b) (b) (b) (a) (b)
Fig5.(b) (a) (b) (b) (b) (b) (b) (b)

7◦ 8◦ 9◦ 10◦ 11◦ 12◦ 13◦

Fig5.(a) (b) (a) (a) (a) (a) (a) (a)
Fig5.(b) (b) (b) (b) (b) (b) (b) (a)

14◦ 15◦ 16◦ 17◦ 18◦ 19◦ 20◦

Fig5.(a) (a) (a) (a) (a) (a) (a) (a)
Fig5.(b) (b) (b) (b) (b) (b) (b) (b)

21◦ 22◦ 23◦ 24◦ 25◦ 26◦ 27◦

Fig5.(a) (a) (a) (a) (a) (a) (a) (a)
Fig5.(b) (b) (b) (b) (b) (b) (b) (b)

28◦ 29◦ 30◦ accuracy rate
Fig5.(a) (a) (a) (a) 85.3%
Fig5.(b) (b) (b) (a) 92.9%

Table 2: 10:1, 100:1 and 1000:1 are the proportion
of good parts and bad parts. The rate of Fig.5(b)
recognized (b) and the rate of Fig.5(b) recognized (a)
.

10:1 100:1 1000:1
real(b)

expected(b)
(%) 36.7 5.48 0.576

real(b)
expected(a)

(%) 0.763 7.69 × 10−2 7.69 × 10−3
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Abstract

A MOSFET-based silicon neuron model and its
measurement results are described in this paper. This
model is designed based on a mathematical structure
that is characterized by phase plane analysis and bi-
furcation theory. The circuit is fabricated through
MOSIS TSMC 0.35 µm CMOS process. Measurement
results reveal that our circuit shows fundamental abil-
ities of excitable cells such as a) a resting state, b) an
action potential, c) a threshold, and d) a refractori-
ness.

1 Introduction

Neuromorphic engineering is a new interdisciplinary
discipline that takes inspiration from biology, physics,
mathematics, computer science, and engineering to
design artificial neural systems, such as vision sys-
tems, head-eye systems, auditory processors, and au-
tonomous robots, whose physical architecture and de-
sign principles are based on those of biological nervous
systems. Silicon neuron, which is a kind of neuromor-
phic hardware, is an electrical circuit that is designed
to reproduce various phenomena in biological neurons.
Conventionally, silicon neurons have been designed by
means of two major design principles: phenomenolog-
ical method [1, 2] and conductance-based method [3, 4].
The former principle is employed to reproduce some
phenomenological properties of biological neurons that
are specially focused on by the designers. Silicon
neurons designed in this concept can be quite com-
pact, however, it realize only some properties that are
thought to be essentially important. The latter is em-
ployed to reproduce the electrophysiological proper-
ties of biological neurons accurately. Silicon neurons
designed in this concept are expected to be able to re-
produce various phenomena observed in the biological
neurons, however, circuits tend to be complex, and it
is difficult to analyse mathematically because of the
intrinsic complexity.

Kohno and Aihara proposed a new design method-

430 µm

385 µm

Figure 1: Photomicrograph of prototype chip which
implements neuron circuit.

ology for silicon neurons: mathematical-model-based
method [5]–[7]. It allows us to reproduce mathemat-
ical structures in the biological neuron model with
silicon-friendly characteristic. In this paper, we de-
sign a silicon neuron by means of this methodology.
Phase plane analysis and bifurcation analysis allow us
to construct a biologically plausible electrical neuron
model that has a simple phase plane structure by us-
ing some electrical-device-friendly function. We de-
signed our silicon neuron using MOSFETs and some
capacitors. The circuit was fabricated through MOSIS
TSMC 0.35 µm CMOS process. The response to sin-
glet pulse stimuli reveals that our silicon neuron has
an action potential and a threshold. Moreover, a re-
fractoriness is observed when we stimulated the silicon
neuron with doublet pulse stimuli. These results con-
firm that that the silicon neuron inherits the critical
properties of biological neurons.

2 Circuit setup

Figure 1 depicts a photomicrograph of a prototype
chip in which our neuron circuit described below is im-
plemented. The circuit is fabricated through MOSIS
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Figure 2: Abstract figure of MOSFET-based silicon
neuron.

TSMC 0.35 µm CMOS process. Power supply voltages
of the chip are VDD = 1.65 V and VSS = −1.65 V. All
MOSFETs of our circuit operate in the subthreshold
region and then the V-I characteristic becomes expo-
nential. We designed our silicon neuron taking the
exponential characteristics of the MOSFETs.

Figure 2 shows an abstract figure of the silicon neu-
ron. It consists of 78 MOSFETs and 3 capacitors. The
circuit is based on the generalized Hodgilin-Huxley for-
malism [9]. In this figure, m-block and n-block corre-
spond to fast and slow ionic currents, respectively. Cy

denotes the membrane capacitance and y is the mem-
brane potential. MOSFETs M3 and M4 product a
stimulus current Istim.

The governing equations for the silicon neuron are
as follows:




Cy
dy
dt = Im(m)− In(n)− gy(y)− Ia + Istim

Cm
dm
dt = fm(y)− gm(m)

Cn
dn
dt = fn(y)− gn(n),

(1)
where functions f∗(y)’s, g∗(∗)’s, and I∗(∗)’s are sig-
moidal curves of difference pairs:

f∗(y) = Imax∗
1

1 + exp
(
− κ

UT
h∗(y)

) ,

h∗(y) = εI∗
1− exp

(
− κ

UT
(v − δ∗)

)

1 + exp
(
− κ

UT
(v − δ∗)

) ,

g∗(y) = Sx∗
1− exp

(
− κ

UT
(y − θ∗)

)

1 + exp
(
− κ

UT
(y − θ∗)

) ,

I∗(y) = I0x∗
1

1 + exp
(
− κ

UT
(y − Iofx∗)

) ,

(2)
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Figure 3: Schematic of sigmoidal function f∗(y).
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Figure 4: Schematic of (a) conductance function g∗(∗)
and (b) voltage-current converter I∗(∗).

where κ is the subthreshold slope factor and UT is the
thermal voltage. Figure 3 illustrates a schematic of
function f∗(y). We can change the characteristics of
this function by varying parameters εI∗ and Imax∗.
Figure 4 (a) and (b) illustrate a schematic of conduc-
tance function and voltage-current converter, respec-
tively. Circuit parameters, which are listed in Table 1,
are determined via phase plane analysis and bifurca-
tion analysis.

3 Experimental results

Figure 5 represents a phase plane structure of our
silicon neuron. The parameter sets for the labora-
tory experiment are listed in Table 2. The red and
green line denote n-nullcline and y-nullcline, respec-
tively. The intersection of these nullclines is equilib-
rium point. The point is stable in this parameter sets,
so our silicon neuron realize a resting state.

We present the response to singlet and doublet
pulse stimuli whether our silicon neuron has the fun-
damental abilities of excitable cells that are proposed
by Zeeman [8]. The properties are summarized as fol-
lows:

1. A stable equilibrium point of the resting state ex-
ists.
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Figure 5: Phase plane structure for Vstim = 0. Null-
clines were fitted by least square algorithm.

2. An action potential can be generated as response
to an external stimulus, and the amplitude of the
response is absolutely larger than that of the stim-
ulus.

3. A threshold of the stimulus magnitude exists for
the generation of an action potential.

4. A refractoriness exists after generation of an ac-
tion potential.

Figure 6 plots response to singlet pulse stimuli in
laboratory experiment. The width of singlet pulse
is 1.0 ms and the amplitude Vstim is varied from
0.43 V to 0.47 V. When the strength of the stimu-
lus is small, the membrane potential returns directly
to the resting state. If the strength is large enough
then an action potential is observed. This figure shows
that a threshold voltage for our silicon neuron is near
Vstim = 0.45 V.

We then analysed responses of the silicon neuron to
doublet pulse stimuli. Figure 7 shows the responses
to a pair of pulse stimuli with an interval of 10.0 ms.
The width of both pulses is 1.0 ms. The amplitude
of the first stimulus Vstim1 is 0.47 V and the second
strength Vstim2 is varied from 0.43 V to 0.47 V. When
the first amplitude and the second one is the same, the
silicon neuron is less responsive to the second stimulus.
This indicates that our silicon neuron is in a refractory
period at time is 10.0 ms.

The above-mentioned results indicate that our sili-
con neuron inherits properties, which are fundamental
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(
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)
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Figure 6: Response of MOSFET-based silicon neuron
model to singlet pulse stimuli in laboratory experi-
ment. Duration of the pulse stimuli is 1.0 ms and its
strength is varied from 0.43 V to 0.47 V.

abilities as excitable cells that Zeeman had proposed.

4 Conclusion

A MOSFET-based silicon neuron model was de-
signed via mathematical-model-based method and
fabricated through MOSIS TSMC 0.35 µm CMOS pro-
cess. It was clarified that this model satisfied the fun-
damental properties of biological neuron proposed by
Zeeman [8].
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Table 1: Circuit parameters

Elements Sizes
W/L of M1 and M2 4 µm/0.8 µm
W/L of M3 and M4 1 µm/1 µm
W/L of M5 10 µm/10 µm
Cm 0.7 pF
Cn 7.0 pF
Cy 0.45 pF
W/L of M6 – M9 4 µm/0.8 µm
W/L of M10 10 µm/10 µm
W/L of M11 – M16 4 µm/0.8 µm
W/L of M17 – M22 2 µm/0.8 µm
W/L of M23 10 µm/10 µm
W/L of M24 – M27 2 µm/0.8 µm
W/L of M28 10µm/10 µm
W/L of M29 – M34 4 µm/0.8 µm
W/L of M35 10 µm/10 µm
W/L of M36 and M37 4 µm/0.8 µm
W/L of M38 10 µm/10 µm

Table 2: Invariable parameter sets

Parameters Values Parameters Values
VDD 1.65 V I0xm -1.286 V
VSS -1.65 V Iofxn 161.4 mV
VstimREG 327.5 mV I0xn -1.296 V
Va -1.433 V CsrV0n 783.9 mV
CsrV0m 475.7 mV CsrFBIn -1.449 V
CsrFBIm -1.099 V Csr regn -844.5 mV
Csr regm -1.158 V δn 0.9 mV
δm 1.0 mV εIn -1.189 V
εIm -1.287 V Voffsetn 568.8 mV
Voffsetm 61.0 mV Imaxn -1.419 V
Imaxm -1.018 V θn 270.6 mV
θm 11.0 mV Sxn -1.399 V
Sxm -1.027 V θy 0 V
Iofxm 134.2 mV Sxy -1.320 V
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Abstract

Firing patterns of neurons are highly variable from
trial to trial, even we record a well-specified neuron ex-
posed to the identical stimulus under same experimen-
tal condition. Trial-to-trial variability of spike trains
may represent some sort of information and give sug-
gestions about neuronal properties.
We propose a new method for quantifying trial-to-trial
variability of spike trains and investigate how char-
acteristics of noisy neural network models affect our
proposed measure.

1 Introduction

Firing patterns of neurons are highly variable from
trial to trial, even when we record a well-specified neu-
ron exposed to the identical stimulus under same ex-
perimental condition ([1][2]). What does the variabil-
ity between trials mean?

There is a fundamental question about the variabil-
ity between trials: is it consistent between the trial
firing rate of a certain neuron and the population fir-
ing rate of a certain trial? This is the question that is
pointed out and went into by Masuda and Aihara[3].
They defined the ergodicity of the spike trains as fol-
lows: the equivalence between the trial firing rate and
the population firing rate[3].

Needless to say, firing rate is a first order statistics.
It is important for information coding problem to ex-
tend this concept to the higher order statistics[4][5].
In this section, we extend the first order statistics dis-
cussed in [3] to the higher order statistics. We quantify
the ergodicity, and examine the relationship between
the ergodicity and the properties of neuron and the
inputs.

2 Statistics of the variability along
time and between trial

We characterize the neuronal firing patterns by em-
ploying the measure of irregularity CV [6]. CV is com-
puted as the standard deviation divided by the mean.
CV take 1 for the purely Poisson process, and 0 for
perfectly periodic sequences. CV indicates the global
spiking irregularity.

Generally speaking, CV is the measure of firing ir-
regularity along time. In this study, we use this CV

not only for the conventional meaning, but also for the
irregularity between trials. Irregularity between trials
means how the spike pattern obtained from a certain
neuron fluctuates with each trial. For instance, if the
spike patterns are the same for each trial, i.e. syn-
chronizing among trials, the quantity of the statistics
would be small. In general, synchrony indicates the
synchrony between neurons, however, trial synchrony
is also widely studied[7].

Even if it is not strictly synchronizing between tri-
als, similar spike patterns make the irregularity mea-
sure small. Small irregularity between trials means
high reproducibility in other words.

Irregularity between trials is measured by the fol-
lowing procedure. First, set all the trials to time,
and divide them by the time bin. Second, connect
them over trials and produce a new set of ISIs. In this
method, all the bins including the ones that have no
ISIs would be measured. Finally, measure the statis-
tics for a new set of ISIs.

By using the statistics of irregularity between trials
and conventional statistics along time, we will discuss
their behaviors in the following sections. For discrimi-
nating them, we will denote the irregularity along time
as CV,time, irregularity between trials as CV,trial.

In addition, the value of statistics in this study is
very small, but this is because we are considering the
case of periodic inputs and small noise. It becomes
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regular along time since the inputs are periodic, and
also becomes regular between trials since the spike pat-
terns are almost nearly synchrony.

3 Statistics along time and across trials
in LIF model

We use the simple model, leaky integrate-and-
fire(LIF) model[8]. This model is the model that treats
firing events as a point process[9], which is shown be-
low in case.

dV (t) = (−γV (t) + Iext(t) + Isyn(t))dt + DdBt, (1)

where V (t) denotes the membrane potential, γ de-
notes the time constant of membrane, Iext(t) denotes
the external inputs, Isyn(t) denotes the synaptic input
from other neurons, D is the intensity of the noise, Bt

represents Brownian motion[6]. Noise term DdBt con-
tains the background activity which is independent of
firing events. If membrane potential V (t) reaches the
threshold, membrane potential would be reset to the
resting potential.

3.1 Variability of refractory period

In general case, neuron does not fire right after the
spike event, where the term is called absolute refrac-
tory period. Here, we examine how the length of the
refractory period affects the firing statistics. External
input Iext(t) is added as below.

dV (t) = (−γV (t) + Iext(t) + Isyn(t))dt + DdBt, (2)

Iext(t) = (1 +
τref

80
)(4.9 · 10−2 + 3.0 · 10−3 sin(

2πt

T
)). (3)

τref denotes the length of the refractory period, T
is the period of the external input. Neuron cannot fire
in the term of τref . To get rid of the effect of firing
rate difference, the term of τref is added to Iext(t) to
keep the firing rate constant.

Figure1 represents the firing statistics of neuron
that receives the sinusoidal input affected by the
length of the absolute refractory period.

As in figure 1, CV,time, which denotes the firing ir-
regularity along time decreases as the refractory period
increases, which means the firing pattern along time
is becoming more regularly. While, CV,trial, which is
the firing statistics across the trials is represented as
in figure 2.
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Figure 1: Irregularity of spike trains along time in the
case of variable refractory period
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Figure 2: Irregularity of spike trains across trials in
the case of variable refractory period

As in figure 2, CV,trial, which denotes the firing
irregularity along time also decreases as the refrac-
tory period increases, which means the firing pattern
across the trials is becoming more regularly. Regu-
lar firing pattern across trials indicates the firing is
more reproducible as the length of refractory period
increases. These results correspond to the former the-
oretical results[10].

3.2 Variability of input intensity

Next, we consider the effect of input to each statis-
tics. We add cosine wave to LIF model, and consider
the relationship between input intensity and the statis-
tics. Model is represented as below.

dV (t) = (−γV (t) + Iext(t) + Isyn(t))dt + DdBt, (4)
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Iext(t) = Iext(t) + amp · cos(
2πt

T
), (5)

Isyn(t) = 0, (6)

where Iext(t) denotes the temporal average of
Iext(t), amp is the intensity of the input. We neglect
the synaptic input by setting Isyn(t) = 0, since our
aim is to consider the effect of external inputs to the
firing statistics.

Figure 3 and 4 represent the behavior of statistics
along time and across trials, in the case of variable
input intensity amp.
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Figure 3: Irregularity of spike trains along time in the
case of variable input intensity
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Figure 4: Irregularity of spike trains across trials in
the case of input intensity

It is evident from figure 3 and 4 that both of the
statistics, along time and across trials, decrease as the
input intensity increases. This means that firing pat-
tern is more regular and reproducible as the input in-
tensity increases.

4 Firing statistics in neuronal popula-
tion

In the former section, we considered the effects of
refractory period and the input intensity to the firing
statistics. Those discussions are based on the neuronal
and input properties of single neuron, and quantified
the ergodicty that is discussed in [3] by introducing
the statistics across trials.

In this section, we consider the statistics in the case
of multiple neurons, multiple trials. Concretely speak-
ing, we consider the behaviors of firing irregularity
across trials of single neuron, and firing irregularity
between neurons by connecting multiple LIF models.

Firing irregularity across trials is measured as in the
former section. The procedure of measuring the firing
irregularity between neurons is depicted as follows.

First, set all the neuronal firing patterns of single
trial and divide them by the time bin. Second, connect
them over different neurons and produce a new set of
ISIs. Finally, measure the statistics for a new set of
ISIs. To avoid producing nonexistent ISIs by connect-
ing the edges, the ISIs that lie on edges of a bin is ex-
cluded. In this method, all the bins including the ones
that have no ISIs would be excluded. We denote the
irregularity between other neurons as CV,pop. CV,pop

can be interpreted as the statistics which represents
the synchrony and the correlations between neurons.

To consider the firing irregularity between neurons,
we construct a simple model depicted as follows.

First, connect 100 neurons randomly. External in-
put Iext(t) is added common to all the neurons. If the
neuron fires, 30 postsynaptic neurons are randomly se-
lected, and synaptic inputs are provided to them by
input intensity ϵ.

Concretely, the model is depicted as follows.

dV (t) = (−γV (t) + Iext(t) + Isyn(t))dt (7)
+DdBt, (8)

Iext(t) = A(4.9 · 10−2 + 5.6 · 10−3 sin(
2πt

T
),(9)

|Isyn(t)| = ϵ. (10)

Here, A represents the intensity of external input,
ϵ represents the intensity of synaptic input. Intensity
balance of A and ϵ determines the superiority occupied
in the inputs.

Figure 5 shows the irregularity between neurons
and across trials when the balance of external inputs
and synaptic inputs varies.

When the external input is superior, the value of
CV,pop is high, while the value of CV,trial is high when
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Figure 5: The irregularity between neurons and across
trials when the balance of external inputs and synaptic
inputs varies.

the synaptic input is superior. This means that ir-
regularity between neuron increases when external in-
put is superior, which indicates that the firing pat-
terns gets more different between neurons. Conversely,
when synaptic input is superior, irregularity across tri-
als increases, which indicates the less reproducible fir-
ing. These results show that synaptic inputs induce
the regular firing of neuronal population, while exter-
nal inputs induce the regular firing across trials.

5 Discussion

We introduced the new statistics of irregularity
along time, across trials, and between neurons, to
quantify the ergodicty of spike trains that is discussed
in [3]. For the spike trains obtained from single neuron,
the following results are confirmed. 1. More regular
and reproducible spike trains are obtained as the re-
fractory period lengthens. 2. More regular and repro-
ducible spike trains are obtained as the input intensity
increases. The statistics along time and across trials
both behave similarly for the modulation of refractory
period and input intensity.

In the case of spike trains observed from multiple
neurons, regular firing in neuronal population is ob-
tained when synaptic inputs are superior, while re-
producible firing is obtained when external inputs are
superior. The statistics across trials and between neu-
rons exhibited contrary behaviors for the input prop-
erties. This result might be useful to estimate the
property of inputs.

Generally, variability of firing patterns for each trial

is neglected, and statistics of ISIs are often averaged
over trials. In the statistical analysis, statistics along
time has only been treated. By introducing the statis-
tics across trials and between neurons as in this study,
it may be possible to extract the information that has
not been considered. Therefore, it is also important
from the viewpoint of information coding [4][5].

It is a future issue to apply these statistics for phys-
iological data and decode from the data and estimate
the properties of neuron and inputs.
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Abstract: Watson-Crick finite automata were inspired by formal language theory, finite states machines and some 
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(lower) strand and in the double strand. 
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I. INTRODUCTION 

Watson-Crick finite automaton (WKFA) [1] is a 
good example of how DNA biological properties can be 
adapted to propose computation models in the 
framework of DNA computing. A recent survey on 
WKFA has been published in [2]. The WKFA model 
works with double strings inspired by double-stranded 
molecules with a complementary relation between 
symbols (here, inspired by classical complementary 
relation between nucleotides A-T and C-G). Different 
restrictions over the model have been proposed, mainly 
devoted to restrict the number of final states (i.e., all 
final and stateless WKFA) and the way of processing 
the upper and lower string (i.e., 1-limited and simple 
WKFA). Here we propose a different characterization of 
the model based on a classical concept of formal 
language theory such as regular reversibility. 

Reversible languages were introduced by Angluin 
[3] as a subclass of regular languages. In her work, 
Angluin showed that they form an infinite hierarchy 
(namely, k-reversible languages are k+1- reversible 
ones) and she proposed an efficient method to identify 
any k-reversible language from samples of it.  

Here, we will introduce regular reversibility in 
different ways. First, we will introduce a representation 
theorem for languages accepted by WKFA, which 
allows us to study WKFA through linear and even linear 
languages. Then, we will study two possibilities of 
defining reversibility: in the upper (lower) strand and in 
the double strand. Finally, we will give some guidelines 
for future works. 

II. BASIC CONCEPTS AND NOTATION 
In this section we will introduce basic concepts 

from formal language theory according to [4] and 
[5] and from DNA computing according to [6].  

1.  Formal Language Theory 
An alphabet Σ is a finite nonempty set of 

elements named symbols. A string defined over Σ is 
a finite ordered sequence of symbols from Σ. The 
infinite set of all the strings defined over Σ will be 
denoted by Σ*. Given a string x ∈ Σ* we will denote 
its length by |x|. The empty string will be denoted by 
λ and Σ+ will denote Σ*-{λ}. Given a string x we 
will denote by xr the reversal string of x. A language 
L defined over Σ is a set of strings from Σ.  

A grammar is a construct G = (N,Σ,P,S) where N 
and Σ are the alphabets of auxiliary and terminal 
symbols with N ∩ Σ = ∅, S ∈ N is the axiom of the 
grammar and P is a finite set of productions in the 
form α→β. The language of the grammar is denoted 
by L(G) and it is the set of terminal strings that can 
be obtained from S by applying symbol substitutions 
according to P. Formally, w1⇒G w2 if w1 = uαv, w2 = 
uβv and α→β ∈ P. We will denote by ⇒*G the 
reflexive and transitive closure of ⇒G . 

We will say that a grammar G = (N,Σ,P,S) is  
right linear (regular) if every production in P is in 
the form A→uB or A→w with A,B ∈ N and u,w ∈ 
Σ*. The class of languages generated by right linear 
grammars coincides with the class of regular 
languages and will be denoted by REG. We will say 
that a grammar G = (N,Σ,P,S) is linear if every 
production in P is in the form A→uBv or A→w with 
A,B ∈ N and u,v,w ∈ Σ*. The class of languages 
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generated by linear grammars will be denoted by 
LIN. We will say that a grammar G = (N,Σ,P,S) is  
even linear if every production in P is in the form 
A→uBv or A→w with A,B ∈ N, u,v,w ∈ Σ* and 
|u|=|v|. The class of languages generated by even 
linear grammars will be denoted by ELIN. A well 
known result from formal language theory is the 
inclusions REG ⊂ ELIN ⊂ LIN. 

A finite automaton (FA) is defined by the tuple 
A=(Q,Σ,δ,I,F), where Q is a finite set of states, Σ is 
an input alphabet, I ⊆ Q is a set of initial states, F ⊆ 
Q is a set of final states and δ:Q×(Σ∪{λ})→P(Q) is 
a transition function where P(Q) denotes the power 
set of Q, that is the set of all possible subsets of Q. 
The automaton accepts an input string if there exist a 
sequence of transitions, according to δ, such that it 
begins in the initial state and, after analyzing the 
string, it ends in a final state. The language accepted 
by a finite automaton A is defined as the set of 
strings that it accepts and it is denoted by L(A). A 
particular case of finite automaton is the 
deterministic one where the transition function is 
defined as δ:Q×Σ→Q and the set I is composed by 
an unique state. Given any finite automaton 
A=(Q,Σ,δ,I,F), we will define the reverse automaton 
of A, and we will denote it by Ar, as the tuple 
Ar=(Q,Σ,δr,F,I) where δr(q,a)={p∈Q : q ∈δ(p,a)}. 

A homomorphism h is defined as a mapping h: 
Σ→Γ* where Σ and Γ are alphabets. We can extend 
the definition of homomorphism over strings as 
h(λ)=λ and h(ax) = h(a) h(x) with a ∈Σ and x ∈ Σ*. 
Finally, the homomorphism over a language L ⊆ Σ* 
is defined as h(L) = { h(x) : x ∈ L }. 

2.  Regular reversible languages 
Reversible languages were proposed by D. 

Angluin in [3]. There, she proposed an efficient 
method to identify these languages from samples of 
them. In addition, she studied different 
characterizations and relations between the k-
reversible language classes. Here we will introduce 
some concepts and definitions proposed in her work. 

We will say that a finite automaton A is zero-
reversible if A and Ar are deterministic. Given a 
finite automaton A=(Q,Σ,δ,I,F) and a state q ∈ Q, 
we will say that the string x is a k-follower of q if 
and only if |x|=k and δ(q,x)≠∅. We will say that a 
finite automaton A=(Q,Σ,δ,I,F) is deterministic with 
lookahead k if and only if for any pair of distinct 
states q and p, if q,p ∈ I or q,p ∈ δ(s,a) then there is 
no string that is a k-follower of both q and p. We 
will say that a finite automaton A is k-reversible if 
and only if A is deterministic and Ar is deterministic 
with lookahead k. We will say that a language is k-
reversible if there exist a minimum DFA with 
respect to the number of states which is k-reversible. 

The class of k-reversible languages will be denoted 
by k-REV. The following inclusion holds k-REV ⊂ 
(k+1)-REV. Finally the class of reversible languages, 
REV, will denote the class of languages that are k-
reversible for any k ≥ 0. 

3.  Watson-Crick finite automata 
Given an alphabet Σ = {a1, …, an}, we will use 

the symmetric (and injective) relation of 
complementarity ρ ⊆ Σ×Σ. For any string x ∈Σ*, we 
will denote by ρ(x) the string obtained by 
substituting the symbol a in x by the symbol b such 
that (a,b) ∈ ρ (remember that ρ is injective) with 
ρ(λ)=λ. 

Given an alphabet Σ, a sticker over Σ will be the 
pair (x,y) such that x = x1vx2,  y = y1wy2 with x,y ∈ 
Σ* and ρ(v)=w. The sticker (x,y) will be denoted by 









y
x

. A sticker 







y
x

will be a complete and 

complementary molecule if |x|=|y| and ρ(x)=y. A 

complementary and complete molecule 







y
x

will be 

denoted as 







y
x

. Obviously, any sticker 







y
x

or 

molecule 







y
x

can be represented by x#yr where # ∉ 

Σ. Here, we will use x#yr instead of x#y due to the 
grammar construction that we will propose in the 
following. Furthermore, inspired by DNA structure 
x#yr represents the upper and lower nucleotide 
strings within the same direction 3’–5’ (or 5’-3’). 

 Formally, an arbitrary WK finite automaton is 
defined by the tuple M=(V,ρ,Q,s0,F,δ), where Q and 
V are disjoint alphabets (states and symbols), ρ is a 
symmetric (and injective) relation of 
complementarity between symbols of V, s0 is the 
initial state, F ⊆ Q is a set of final states and 

δ:Q× 







*
*

V
V

 →P(Q). 

The language of complete and complementary 
molecules accepted by M will be denoted by the set 
Lm(M), while the upper strand language accepted by 
M will be denoted by Lu(M) and defined as the set of 
strings x such that M enters into a final state after 

analyzing the molecule 







y
x

. 

4.  A Representation Theorem 
Now, given any WKFA M, we will introduce a 
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representation theorem for the languages Lm(M) and 
Lu(M). First, remember that any double string  









y
x

can be represented by the string x#yr. Then, the 

following result holds 

Theorem 1. (Sempere,[7]) Let M=(V,ρ,Q,s0,F,δ) 
be an arbitrary WK finite automaton. Then there 
exists a linear language L1 and an even linear 
language L2 such that Lm(M)=L1∩L2. 

The construction for L1 and L2 proposed in the 
theorem is defined as follows. First, the grammar 
G1=(N,V∪{#},P,s0) where N = Q, s0 is the axiom of 
the grammar and P is defined as 

1. If q ∈ F then q → # ∈ P. 

2. If p ∈ δ(q, 








2

1

x
x

) then q →x1 p x2
r ∈ P. 

The language L2 is defined by the grammar 
G2=({S}, V∪{#}, P, S) where P is defined as follows 

1. S → # ∈ P. 

2. For every pair of symbols a,b ∈ V, such that  

  (a,b) ∈ ρ, S → a S b ∈ P. 

It can be easily proved that L(G2) = {x1#x2
r ∈  

V*#V* : |x1|=|x2| and ρ(x1)=x2}. That is, L2 can be 
established as the set of complete and 

complementary molecules 







y
x

in the form x#yr. 

From L1 and L2 it is clear that L1∩L2 is the set of 
complete and complementary molecules accepted by 
M in the form x#yr. 

In order to characterize the upper strand 
language we will provide the following result 

Corollary 1. (Sempere,[7]) Let M=(V,ρ,Q,s0,F,δ) 
be an arbitrary WK finite automaton. Then Lu(M) 
can be expressed as g(h-1(L1∩L2)∩R) with L1 being 
a linear language, L2 an even linear language, R a 
regular language and g and h homomorphisms. 

III. REGULAR REVERSIBILITY IN 
WATSON-CRICK FINITE AUTOMATA  

In this section, we will introduce regular 
reversibility in the upper or lower strand, and in the 
double strand of the WKFA model. Given that the 
languages accepted by arbitrary WKFA can be 
represented by linear and even linear languages, we 
will introduce two reductions from these language 
classes to the class REG. 

The first transformation, the so called σ operator, 

was first introduced in [8] and it was applied for the 
definition of local testable even linear languages in 
[9]. It is defined inductively as follows: 
σ:Σ*→(Σ×Σ)* (Σ∪{λ}) with 

1. σ(λ)=λ. 

2. (∀ a ∈ Σ) σ(a) = a. 

3. (∀ a,b ∈ Σ) (∀ x ∈ Σ*) σ(axb) = [ab]σ(x). 

The operation σ is applied over languages as 
σ(L) = {σ(x) : x ∈ L }. The inverse transformation 
σ-1 can be easily deduced from σ. It has been proved 
in [8] that for every even linear language L, σ(L) is 
regular. 

The second transformation is a grammatical 
construction that transforms every linear grammar 
into an even linear one. It is defined as follows. 

Let G1=(N,Σ,P,S) be a linear grammar. Then 
G2=(N,Σ∪{@},P’,S) is an even linear grammar 
where the productions of P’ are defined as follows 

1. If A→w ∈ P then A→w ∈ P’. 

2. If A→uBv ∈ P with |u|=|v|, then A→uBv ∈P’. 

3. If A→uBv ∈ P with |u| < |v|, then  

  A→u @|v|-|u|Bv ∈ P’. 

4. If A→uBv ∈ P with |u| > |v|, then  

  A→u Bv @|u|-|v| ∈ P’. 

The last grammar is an even linear one and it can 
be easily proved that g(L(G2)) = L(G1) where g is a 
homomorphism such that g(@)=λ and g(a)=a for 
every a ∈ Σ. 

1.  Regular reversibility in the double strand 
We will take the representation proposed in 

theorem 1. So, any molecule 







y
x

can be represented 

by x#yr. Let us take G1 as the linear grammar 
proposed in the theorem and let us take G2 as the 
transformed even linear grammar corresponding to 
G1. Obviously, for any string x#yr of L(G1) we obtain 
a string u#v in L(G2) such that g(u)#g(v)=x#yr, 
where g is the homomorphism defined before. 

Now, we can work with G2 and we apply the 
transformation σ over L(G2). Observe that σ(L(G2)) 
is regular. 

Example 1. Let M = (V,ρ,Q,s0,F,δ) be the 
WKFA defined by the following transitions 

δ(q0, 







λ
a

) = {qa} δ(qa, 







λ
a

) = {qa} 
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δ(qa, 







a
b

) = {qb} δ(qb, 







a
b

) = {qb} 

δ(qb, 







b
c

) = {qc} δ(qc, 







b
c

) = {qc} 

δ(qc, 







c
λ

) = {qf} δ(qf, 







c
λ

) = {qf}  

Let us take qf as the final state, q0 as the initial 
state and the complementarity relation ρ = {(a,a), 
(b,b),(c,c)}. Then, every complete and 
complementary molecule accepted by M takes the 

form 







nnn

nnn

cba
cba

with n ≥ 1. 

Now, the representation linear grammar GM, 
according to M is defined by the following 
productions (take q0 as the axiom) 

q0→ a qa  qa →a qa | b qb a 

qb→ b qb a | c qc b qc → c qc b | qf c 

qf→ qf c | # 

The corresponding even linear grammar is the 
following 

q0 → a qa @  qa → a qa @ | b qb a 

qb → b qb a | c qc b qc → c qc b | @ qf c 

qf → @ qf c | # 

Finally, we can provide the following right linear 
grammar to obtain the transformation σ over the last 
grammar 

q0 → [a@] qa  qa → [a@] qa | [ba] qb  

qb → [ba] qb | [cb] qc  qc → [cb] qc | [@c] qf 

qf → [@c] qf | # 

Observe that the last grammar generates the 
language defined as  

L ={[a@]n [ba]m [cb]p [@c]q # : n,m,p,q ≥ 1}.  

Then, if we take the morphism g with g(@) = λ  
and g(d) = d for every d ∈ { a,b,c,# } we can obtain 
g(σ-1(L)) = { anbmcp#cqbpam : n,m,p,q ≥ 1 } which, 
together with the complementary relation ρ, 
corresponds to the language accepted by M. 

So, the definition of regular reversibility will be 
applied over the regular language obtained by the 
result σ(L(GM)) for any WKFA M. Observe that 
every transformed language in k-REV has a 
corresponding regular reversible language defined 
by the transitions of the WKFA. 

2.  Regular reversibility in the upper (lower) strand 

Now, we will deal only with the upper (lower) 
strand. Observe that, the definition of the WKFA 
transitions can be transformed into FA transitions by 
taking the upper or lower strand (i.e., the transition p 

∈ δ(q, 







y
x

) implies that pu ∈δu(q,x) and pl ∈ 

δl(q,y)). So, for every WKFA we can obtain two 
different finite automata which control the 
transitions in the upper and lower strands. Here, we 
will work with simple WKFA [1]. We will say that a 

WKFA is simple if for every transition δ(q, 







y
x

), 

x=λ or y=λ. It has been proved that simple WKFA 
are normal forms for arbitrary WKFA. That is, for 
every arbitrary WKFA there exists an equivalent 
simple WKFA. Furthermore, we can work with the 
so called 1-limited WKFA which are simple WKFA 
where every transition is performed by analyzing 
only one symbol every time. Now, we will obtain 
finite automata from arbitrary 1-limited WKFA 
through the following construction. Let 
M=(V,ρ,Q,s,F,δ) be an arbitrary 1-limited WKFA. 
Then, we can define the finite automaton Au = (Q, V, 
δu, s, F), where δu is defined as follows 

1. p ∈ δu(q,a) if and only if p ∈ δ(q, 







λ
a

). 

2. p ∈ δu(q,λ) if and only if p ∈ δ(q, 







a
λ

).  

We can define the finite automaton Al = (Q, V, δl, 
s, F) where δl is defined as follows 

1. p ∈δl(q,a) if and only if p ∈ δ(q, 







a
λ

).  

2. p ∈ δl(q,λ) if and only if p ∈ δ(q, 







λ
a

). 

Example 2. Let us take the WKFA of example 1. 
Then Au is defined by the following transitions 

δu(q0,a) = { qa } δu(qa,a) = { qa } 

δu(qa,b) = { qbb } δu(qbb,λ) = {qb } 

δu(qb,b ) = { qbbb } δu(qbbb,λ) = { qb } 

δu(qb,c) = { qcc } δu(qcc,λ) = { qc } 

δu(qc,c) = { qccc } δu(qccc,λ) = { qc } 

δu(qc,λ) = {qf } 

In the previous definitions, the states qbb, qbbb, qcc 
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and qccc have been introduced in order to obtain an 
equivalent 1-limited WKFA from the one proposed 
initially. In this case L(Au) = a+b+c+. The same holds 
for L(Al). 

Observe that, in both automata Au and Al, the 
empty transitions correspond to the case that the 
WKFA is working in the other strand, so the finite 
automaton ignores all the movements in that way. 

Now, the definitions of regular reversibility 
come from a natural way of looking up to the FA Au 
and Al. We will say that a 1-limited WKFA is upper 
(lower) reversible if the language accepted by Au 
(resp. Al) is reversible. Observe that this definition 
implies the existence of different classes of 
languages accepted by WKFA which have regular 
reversibility. These classes are defined as follows 

1. The class k-REVu of languages accepted by 1-
limited WKFA which have k-reversibility in the 
upper strand. 

2. The class k-REVl of languages accepted by 1-
limited WKFA which have k-reversibility in the 
lower strand. 

We can make a step further the definition of a 
new kind of regular reversibility in every strand by 
introducing a combination of classes considered up 
to now in an isolated way. Let us take the finite 
automata Al and Au proposed before. Observe that if 
L(Al) is in j-REV, then L(Al) belongs to k-REV for 
every j ≤ k. The same holds for Au. So, we can 
combine different language classes in the upper and 
the lower strand and they define new classes (k,j)-
REV of languages accepted by 1-limited WKFA 
which have k-reversibility in the upper strand and j-
reversibility in the lower strand. 

V. CONCLUSION 
In this work we have introduced regular 

reversibility in Watson-Crick finite automata. Due to 
the representation theorem that we have introduced 
in section II, and the reduction to regular languages, 
we can introduce different characteristic features in 
WKFA by translating them from regular languages. 
This allows the inference of some restricted models 
of WKFA in order to apply them to practical 
approaches. In addition, it defines new language 
classes accepted by WKFA which will be explored 
in the near future. 
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I. INTRODUCTION 

Networks of Evolutionary Processors (NEP) were 
first introduced in [1] as a computation model to solve 
NP-complete problems. The model is inspired by point 
mutations in DNA strands (insertion, substitution and 
deletion of pairs of nucleotides). So, an evolutionary 
processor can be viewed as a cell with genetic 
information encoded inside and with some operations 
that can be performed over them in order to obtain new 
genetic codes. The network, as presented in [2], is 
composed by a finite number of evolutionary processors 
running in an independent way with some 
communication abilities to send strings from one 
processor to the rest of processors connected to it. The 
communication operations include the presence of input 
and output filters. It has been proved that this model is 
universal in the sense that it can generate any 
recursively enumerable language [2]. A modified 
version of this model was proposed in [3], the so called 
Hybrid Networks of Evolutionary Processors (HNEP). 
The main difference between a NEP and a HNEP is the 
way in which every operation is applied at every 
processor. In the first model, we have uniform actions 
(all the deletion and insertion operations are performed 
in the same positions), while in HNEPs every operation 
could be different from one processor to the others. 
HNEPs have been proposed as generating devices 
(GHNEPs), and accepting ones (AHNEPs). Both 

proposals have been proved to be universal [3]. A 
complete survey about NEPs can be viewed in [4]. 

In this work, we propose a full architecture of 
classes and interfaces in Java for evolutionary 
processors as a first step to implement a complete 
simulator of (Hybrid) Networks of Evolutionary 
Processors. The advantages of obtaining such a 
simulator are clear. Observe that NEPs were first 
proposed to solve NP-complete problems. So, the 
simulator that we will implement will be an adequate 
tool to solve such problems by introducing the correct 
user interface. Furthermore, if we supply a complete 
benchmark to the simulator for solving any problem, 
then we can study the problems under a different point 
of view by observing the work-load at any processor. 

Other simulators have been proposed for different 
computation models based on the cell. We could 
mention the proposal in [5] where a simulator for P 
systems is proposed. (P systems [6], also known as 
membrane systems, are universal models of 
computation based on the structure of membranes of the 
living cell.) 

In the next section, we will provide the basic notions 
and definitions of NEPs that we will implement in the 
simulator.  

II. BASIC CONCEPTS AND NOTATION 
An Evolutionary Processor is defined as the tuple  

Π = (M, A, PI, FI, PO, FO) where M is a finite set of 
evolution rules of the following forms only: 
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1. a → b (substitution rules) 

2. a → λ (deletion rules) 

3. λ → a (insertion rules) 

We will permit the application of insertion and 
deletion rules at every position of any string. 

A is a finite set of strings over the alphabet Σ with 
multiplicities (i.e. every string has an arbitrarily large 
number of copies) and PI and PO are subsets of Σ  that 
denote the input and output permitted contexts of the 
processor, while FI and FO (which are again subsets of 
Σ) are the input and output forbidden contexts of the 
processor. For a given couple of permitted and 
forbidden contexts P and F we will define four ways of 
running the filters to act over a string w. They will be 
defined as follows (alph(w) will denote the set of 
symbols that w contains): 

1. (P ⊆ alph(w)) ∧ (F ∩ alph(w) = ∅) 

2. alph(w) ⊆  P 

3. (P ⊆ alph(w)) ∧ (F ⊄ alph(w)) 

4. (alph(w) ∩ P ≠ ∅) ∧ (F ∩ alph(w) = ∅) 

In addition, we can assume P and F to be languages 
over Σ instead of symbols. Then, the filters can be 
adapted to keep the membership property instead of the 
⊆ and ∩ relations. 

We will denote the set of evolutionary processors 
over V by EPV. 

A hybrid network of evolutionary processors is a 
tuple Γ = (V, G, N, C0, β, i0) where 

1. V is an alphabet 

2. G=(XG, EG) is an undirected graph which 
represents the topology of the network 

3. N: XG → EPV is a mapping that associates to each 
node an evolutionary processor 

4. C0 : XG → 2V* is a mapping that associates to 
every node an initial set of words. Namely, it is 
the initial configuration of the network. 

5. β: XG → {(1), (2), (3), (4)} defines the type of 
input/output filters of every processor. 

6. i0 ∈ XG is the output node of the network 

 

Observe that in the definition given in [2], the 
network includes a component α that defines the 
application of the insertion and deletion rules at the 
right, left or at any position of any string. Here, we 
eliminate such component given that the rules will be 
applied at an arbitrary position. 

The running of a NEP starts by an evolutionary step 
where the rules are applied in every processor 

independently. All the combinations of rule applications 
are considered due to the presence of multiple copies of 
every string. Then, a communication step is performed, 
where the strings inside every processor are filtered as 
outputs and then they are sent out to the rest of 
processors which are connected to the source one. When 
the strings arrive at any processor they are filtered as 
inputs. These two phases are repeated as many times as 
possible. Finally, when the network stops (i.e. there is 
no application of rules and communication of strings) 
the result is collected in the processor i0. 

This model has been proved to be universal. That is, 
the model is able to recognize or generate any 
recursively enumerable language [2]. 

In the following section we will show a proposal to 
implement every component of the evolutionary 
processors. 

III. IMPLEMENTING EVOLUTIONARY 
PROCESSORS 

Here, we propose an implementation of evolutionary 
processors in Java [7]. This implementation is based on 
a set of interfaces that define the operativity of the 
application and the relations between the different 
classes that we will propose.  For every interface we 
can define different classes, so we have a high degree of 
flexibility and a robust formalism for every function 
that the operating units must perform. 

For example, the classes ExecEngineSequential 
and ExecEngineConcurrent represent a sequential 
running engine and a concurrent running engine 
respectively. They share the same interface to 
communicate with the rest of classes. 

The dependencies between classes and interfaces are 
showed in Figure 1 which represents the diagram of 
classes in UML. 

 

<<interface>>

IMultiSet

+removeWord
+addWrod
+words
+addMultiSet

+getNumnerOfCopies
+removeMultiSet

<<interface>>
IRules

+returnResult
+apply

<<interface>>
IFilter

+passFilter

<<interface>>
IExecEngine

+applyRules
+returnResult
+setRules

<<interface>>

+startOneStep
+endOneStep
+inFilteredWords
+update

IEvolutionaryProcessor

EvolutionaryProcessor

<<interface>>
IRule

+positions
+applyRule

FilterAut

FilterLOW

FilterLOS

FilterLOCh

ExecEngineThreadExecEngineSecuential

<<interface>>
Map

MultiSetTree MultiSetHash

Rule

Rules

1
2

2

1
1

1..n

 
Fig. 1. Diagram of classes in UML 

We will explain the diagram of Fig. 1. First, we can 
see that the application main class is 
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EvolutionaryProcessor which is implemented by the 
interface IEvolutionaryProcessor. In addition, this 
class has a set of components which are defined through 
their interfaces: One or more rules, two filters (one to 
act over strings and the other that acts as a buffer) and a 
running engine. 

The rules can be of insertion, substitution or deletion. 
The filters are defined as lists, and they can be lists of 
words (LOW), lists of segments (LOS), lists of 
characters (LOCh) which can be permitted or forbidden 
or finite automata (Aut) which define regular languages 
in order to make membership filters. The multisets have 
been implemented through the interface Map<K,V> in 
Java. We can use hashMap<K’,V> or treeMap<K,V>. 

Finally, for the running engine we have two 
implementations: one which is sequential and the other 
which is concurrent but it is based on the sequential 
engine. 

The operability of the evolutionary processor is 
composed of two phases: First we have a calculation 
phase which starts with a call to the method 
startOneStep of the evolutionary processor. This 
method calls to the method applyRules which applies 
the rules which have been previously passed through 
setRules. These rules are applied over the words of the 
multiset which has been passed as a parameter and, 
finally, the result is stored. The method of the 
evolutionary processor endOneStep, gets the last stored 
result and calculates the words which remains in the 
processor (they will be stored in buffer). In addition it 
calculates the words that will be sent out the processor. 
We can see the full operability of the evolutionary 
processor in Fig. 2. 

 

EvolutionaryProcessor ExecEngine Rules Rule

startOneStep
applyRules(words)

apply

applyRule(word,position)

endOneStep
returnResult

returnResult

outFilteredWords

[for each word in words]

positions

 
Fig. 2. Operability in the evolutionary processor. 

The second phase that we have referred before is the 
communication phase. After the running of endOneStep 
we have the set of words that will be sent out the 
processor to the rest of connected processors in the 
network. In addition, the rest of connected processors in 
the network will sent their words to the current 

processor. We will use the method inFilteredWords to 
collect these multisets and we store in buffer the words 
that pass the input filter. Finally the method update is 
called to update the multiset of words with the words 
stored in buffer. 

Interfaces and source code  
Now we will describe every component of the 

evolutionary processor defined by its interface. We will 
explain every interface and its methods. 

Rule 
We have the following interface to manage a single 

rule of the processor 
 

 public interface IRule { 
Vector<String> applyRule(Vector<String> s,  
                        int pos); 

    int[] positions(Vector<String> s); 
    String getType(); 

} 
 

 The main method is called applyRule and it takes 
a word and one of its positions as parameters. Then, the 
rule is applied over the word at the specified position 
and the method returns a new word. In order to calculate 
the available positions, we use the method positions 
which returns an array with all the positions in which 
we can apply the rule over the word. The method 
getType will be used in different classes to get 
information about the objects (usually the information 
returned is the type of the object). 

 The class RuleGram implements this interface. 
We use it in order to define deletion, substitution or 
insertion rules. Every rule has two Strings (the head and 
the body) with length greater or equals to zero (which 
represent the empty string). 

 
Rules 

We have the following interface to manage a set of 
rules of the processor 

 
 public interface IRules { 

 void apply(IMultiset m); 
    IMultiset returnResult(); 
    String getXML(); 
    String getType(); 
} 

 
 The main method is called apply and it takes a 

multiset as input and then it inspects every word that it 
contains and it applies an arbitrary rule to every copy of 
the word. The rest of the words remain stored in an 
auxiliary multiset that belongs to the running engine. In 
this phase we use the methods of the rule. We use the 
methods of the rule positions and applyRule. This 
process can avoid the random component to select rules 
in the case that we have an infinite number of rules 
given that we can apply all the available rules over the 
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words and we can obtain all the combinations with an 
infinite number of results. The method returnResult 
allows accessing the auxiliary multiset to obtain the 
result of the calculation step. The method getXML 
obtains the corresponding XML scheme and, finally, the 
method getType will be used in different classes to get 
information about the objects. In this case, it returns the 
type of rules that we are applying.. 
 
Filters 

The input and output filters of the processor are 
managed through the following interface 
 

public interface IFilter { 
    boolean passFilter(Vector<String> s); 

           String getXML(); 
    String getType(); 

} 
 

 The main method, passFilter, tells whether a word 
pass the filter or not, while getType returns the type of 
the filter. 

The class FilterLOW implements this interface and 
represents the filter which is defined by a list of strings. 
In order to pass the filter a membership query is 
performed. If a given word belongs to the vector of 
strings then it passes the filter, otherwise it does not. In 
order to create the filter, we impose a lexicographic 
order in the elements of the vector. So, when we are 
interested to test whether a word belongs to the vector 
or not, we employ a logarithmic time process instead a 
linear one. 

There are three more available implementations, 
(filterLOS, filterLOCh and filterAut). They represent 
filters that contain segments or characters which can be 
permitted or forbidden or a finite automaton in order to 
define membership filters. We can manage four different 
ways of running the filters. See the definitions in section 
2. We will use segm(w) instead of alph(w) when we 
apply filterLOS. Here, segm(w) represents the list of 
segments of w. 
 

We can observe that, when we use filterLOW there 
is only one way of running. 

 
Multisets 

The multisets that appear in the evolutionary 
processors can be managed through the following 
interface 
 

import java.util.Iterator; 
import java.util.Vector; 
public interface IMultiSet {  
 void addMultiSet(IMultiSet m); 
 int getNumberOfCopies(Vector<String>  
                       word); 
 void addWord(Vector<String> word,  
              Integer copies); 
 void removeWord(Vector<String> word); 

 Iterator<Vector<String>> words(); 
 void removeMultiSet(IMultiSet ms); 
 String getType(); 
 int size(); 
 String getXML(); 
} 

 
This interface represents a multiset of words and it 

includes the set of basic functions to manage it.  In 
order to add a word to a multiset we use addWord. 
Here we pass a word and its number of copies (the 
number of copies must be greater than 0 and we use -1 
to represent an infinite number of copies).  The method 
removeWord erases every copy of a given word.  
addMultiSet adds a multiset to  the current multiset (if 
they have common words  then it sums the number of 
copies) and removeMultiSet deletes all the words 
contained in the parameter multiset from the  current 
multiset. In addition, we have two more methods which 
allows the inspection of a multiset. They are  words, 
that obtains an iterator which contains every word, and  
getNumberOfCopies which tells the number  of 
copies of every word in the multiset.  Finally, to get the 
information of a multiset we have the methods getType 
which returns the type of the multiset and size which 
tells the number of words that it contains. 

This interface has two different implementations: we 
can use  MultiSetHash or MultiSetTree. Both classes 
depend from the interface Map and the unique 
difference between them is the concrete implementation 
from the interface Map. So, MultiSetHash uses a 
HashMap, while MultiSetTree uses a TreeMap. We 
will use these data structures to store every word (which 
acts as a key) and the number of its copies. 
 
The running engine 

The following interface implements the running 
engine 
 

public interface IExecEngine { 
       void applyRules(IMultiSet m); 
       IMultiSet returnResult(); 
       void setRules(IRules r); 
} 

 
The running engine is one of the main components 

of the implementation given that it will support most of 
the work. So, an efficient implementation is 
fundamental to obtain an application with a high 
performance efficiency. First, we must specify the rules 
to be applied before calling any calculation step. In 
order to make so, we use the method setRules. Then, 
we can start the calculation process which is divided 
into two different phases. In the first phase, applyRules 
calls the method apply of the class Rules. The method 
returnResult calls the method returnResult of the class 
Rules.  
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Evolutionary Processor 
The following interface implements the evolutionary 

processor. 
 

public interface IEvolutionaryProcessor { 
       void startOneStep(); 
       IMultiSet endOneStep(); 
       void inFilteredWords(IMultiSet m); 
       void update(); 
       Object info(String t); 
       IMultiSet getState(); 
       IRules getRules(); 
       IFilter getOutputFilter(); 
       IFilter getInputFilter(); 
       String getId(); 
       String getEngine(); 
} 

 
 This is the main interface of the processor given 

that it fully defines the operability of the application. 
The calculation step is implemented through two 
methods: startOneStep calls to the running engine 
method applyRules, and sends the multiset of words of 
the processor as a parameter. The second method,   
endOneStep, calls to the method returnResult, and 
then it returns a multiset. The method takes the last 
multiset and evaluates the words that pass the output 
filters, it returns these words. The rest of the words are 
stored in an auxiliary multiset. The communication is 
performed between returnResult (the words that are 
sent out) and inFilteredWords which takes a multiset 
(coming from a different processor) and inspects the 
words that can pass the input filter. These words are 
stored in the auxiliary multiset. After the running of the 
calculation and communication phases we have stored 
the words that must be kept in the processor inside the 
auxiliary multiset. In order to update the state of the 
processor we will use the method update. The rest of 
methods of this interface have been designed to get the 
information about the processor. We can obtain the 
general information by using info, or we can use 
concrete methods such as getState, getRules, 
getOutputFilter, getInputFilter, getId and getEngine. 
 

In order to store the descriptions of the processor 
and the results that it produces, we have decided to use 
XML files. This format allows a high compatibility and 
power to make descriptions. An additional advantage to 
use XML is that it is a well known standard with fully 
implemented parsers and it allows an easy definition of 
the structure of labels to be used. Whenever we wish to 
run the application, we must pass the location of the 
files which contains the definitions of the different 
processors that we want to use. We have defined a XML 
scheme for every component of the processor. 

 

IV. SOLVING THE SAT PROBLEM 

The Satisfiability Problem (SAT) is addressed as the 
first problem to be NP-complete as it was proved by SA 
Cook [8]. The problem can be enunciated as follows: 
“Given a finite set of boolean variables and a finite set 
of clauses over the variable. Is there any assignment for 
the variables that holds every clause true ?” 

Here, we propose a polynomial time solution for the 
SAT problem by using a NEP of 2n + 2 processors, 
where n is the number of boolean variables of the SAT 
instance. In the following, we give a formal definition 
of the NEP that we propose to solve SAT. 

 
The SAT instance can be encoded as a finite string 

x=<Q1><Q2>…<Q3> where Qj=b1b2…bk,. is the jth 
clause and bp is a literal (that is the boolean variable or 
its negated version). Let T={a1, a2, …, an} be the set of 
the boolean variables of the SAT instance and 
Tnot={¬a1, ¬a2, …, ¬an} be the corresponding negated 
variables. We will consider the set C={<, >, t, f } and 
V=T∪Tnot∪C.  The network that we propose is 
composed of 2n + 2 processors, namely Nin, Nout, N1t, 
N2t,…, Nnt, N1f, N2f, …, Nnf. Here, Nin is the input 
processor and Nout the output processor. The definition 
of every processor is as follows, observe that we will 
define every processor by the tuple (A,B,C,D) where A 
is the finite set of evolution rules, B is the finite set of 
initial strings in the processors, C is a language for the 
input filter and D is a language for the output filter (here 
we will use the class FilterLOW) 

 
Nin=(∅, x, ∅, V*) 
Nout=(∅, ∅, C*-C*<f+>C*, ∅) 
(∀ i 1 ≤ i ≤ n) 
Nit=({ai→t; ¬ai→f}, ∅,  
     V*(ai,¬ai)V*,V*-V*(ai,¬ai)V*) 
(∀ i 1 ≤ i ≤ n) 
Nif=({ai→f; ¬ai→t}, ∅,  
    V*(ai,¬ai)V*,V*-V*(ai,¬ai)V*) 
 

The topology of the network will be a complete 
graph. 

The network works as follows: Initially we 
introduce the encoded instance x in the input processor 
Nin. Then, given that the output filter is V*, the string x 
is communicated to the rest of the evolutionary 
processors and it is stored inside them with the 
exception of the output processor Nout due to its input 
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filter. Observe that, for any processor Nit or Nif, the 
string x will pass the input filter if the encoded instance 
has an appearance of the variable ai or its negated 
version ¬ai. In the following evolutionary step the 
encoded instance is assigned with true or false values 
for every variable. Observe that it is performed in any 
processor Nit or Nif with their corresponding substitution 
rules. Then, the assigned string is communicated to the 
rest of processors and the assignment process is 
performed in various steps as described before. Once 
the string has all its variables with an assignment value 
then it is communicated to the output node and it will 
pass its input filter if and only if all the clauses are 
satisfied.  

Some remarks: 
(1) The network assigns to the variables the same 

value in different clauses. That is, if we assign the true 
value to the variable ai then it is reflected in any clause 
(observe that a string only leaves the processor Nit or Nif 
if the variable ai has an assigned value at any clause due 
to its output filter). 

(2) The time complexity is polynomial with the size 
of variables and clauses. Observe that we make all the 
possible assignments in linear time (depending on the 
number of clauses) and we communicate the strings in 
linear time (depending on the number of variables). 

(3) All the combinations of  value assignments to 
the variables are tested due to the topology of the graph, 
which is complete. 

V. CONCLUSION 
We have proposed a full architecture of methods and 

classes in Java in order to implement Evolutionary 
Processors. This is the first step towards a full simulator 
of the NEP model. As an example we have proposed a 
solution for the SAT problem that holds the 
implementation that we have proposed.  

Actually we are performing a set of experiments in 
order to test our implementation for the solution of the 
SAT problem. The results will be reported in future 
works. In addition, we are developing a user interface in 
order to complete a full simulator for the NEP model. 
Again, it will be reported in future works. 
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Abstract
We propose a deterministic method for simulating

chemical reactions, Deterministic Abstract Rewriting
System on Multisets (DARMS), which is based on the
concept of Mass Action Low. The feasibility and util-
ity of DARMS are demonstrated by applying it to
the Oregonator, which is well-known model of the Be-
lousov Zhabotinskii (BZ) reaction.

1 Abstract Rewriting System on Mul-
tisets, ARMS

ARMS was proposed in 1996 [6] as an abstract
model of chemical reactions, Artificial Chemistry
(AC), in the context of the Artificial Life (AL). We
rigidly proved that an ARMS can be regarded as
a Chemical Master Equation (CME) and, through
continuous approximation, the deterministic Reaction
Rate Equation (RRE), which is denoted by a set of
ordinal differential equations can be obtained from an
ARMS [7].

Basically, an ARMS is a construct Γ = (A, w,R),
where A is an alphabet, w is a multiset present in the
initial configuration of the system, and R is the set of
multiset rewriting rules.

Let A be an alphabet (a finite set of abstract sym-
bols). A multiset over A is a mapping M : A 7→ N,
where N is the set of natural numbers; 0, 1, 2,. . . . For
each ai ∈ A, M(ai) is the multiplicity of ai in M , we
also denote M(ai) as [ai].

We denote by A# the set of all multisets over A,
with the empty multiset, ∅, defined by ∅(a) = 0 for all
a ∈ A.

A multiset M : A 7→ N, for A =
{a1, . . . , an} is represented by the state vector w =
(M(a1),M(a2), . . . ,M(an)), w. The union of two mul-
tisets M1,M2 : A 7→ N is the addition of vectors w1

and w2 that represent the multisets M1,M2, respec-
tively. If M1(a) ≤ M2(a) for all a ∈ A, then we say

that multiset M1 is included in multiset M2 and we
write M1 ⊆ M2.

A reaction rule r over A can be defined as a couple
of multisets, (s, u), with s, u ∈ A#. A set of reaction
rules is expressed as R. A rule r = (s, u) is also rep-
resented as r = s → u. Given a multiset w ⊆ s, the
application of a rule r = s → u to the multiset w pro-
duces a multiset w′ such that w′ = w − s + u. Note
that s and u can also be zero vector (empty).

The reaction vector, νji denotes the change of the
number of ai molecules produced by one reaction of
rule rj .

1.1 ARMS with chemical kinetics

We modify the ARMS for modeling chemical kinet-
ics and this enables us to use experimentally obtained
reaction rates directly, similar to the derivation of the
Gillespie’s “τ -leap method” [4].

In order to handle experimental data, we employ
multisets with real multiplicities; such a multiset X :
A 7→ R for A = {a1, . . . , an} is represented by the
state vector x = (X(a1), X(a2), . . . , X(an)). X(ai)
denotes the molar concentration of specie ai.

Let us assume that there are N ≥ 1 molecular
species {a1, ..., an}, ai ∈ A that interact through re-
action rules R = {r1, ..., rm}. As the time evolution
of x unfolds from a certain initial state, let us sup-
pose the state transition of the system to be recorded
by marking on a time axis the successive instants
t1, t2, ... as X(tj) (j = 1, 2, ...). We specify the dynam-
ical state of x(t) ≡ (X(a1(t), X(a2(t)), ..., X(aN (t))),
where X(ai(t)) is the molar concentration of ai specie
at time t, t ∈ R.

Chemical kinetics

We assume that all chemical reactions take place in
a well-stirred reactor; this assumption is required due
to the strong dependence of the reaction rate on the
concentration of the reagent species. We define the
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function fj , called the propensity function for rj ∈ R
by

fj(x) = cjhj , (1)

where cj denotes the average probability that a par-
ticular combination of rj reactant molecules will react
in the next infinitesimal time interval dt and hj is the
number of possible combinations of the species of rj

in dt.
fjx(t)dt means that the probability that reaction

rj will occur in the next infinitesimal time interval
[t, t + dt), (j = 1, ...,m).

The time evolution of x(t) is a jump Markov pro-
cess on the N -dimensional non-negative lattice. In
this case, an ARMS has a macroscopically infinitesi-
mal time scale, ∆, where reaction rules can be applied
several times simultaneously, yet since the stoichio-
metrical change of the state during ∆ is small enough,
none of the propensity functions change appreciably.

The parameter ∆ corresponds to τ (small time in-
terval) in the Gillespie’s method [4] and it satisfies the
Leap Condition given below; an amount ∆ that spans
a very large number of applying every reaction rules
still satisfies the Leap Condition.

Leap Condition: We require ∆ to be small enough
that the change in the state during [t, t+∆] will be so
small that no propensity function will suffer an appre-
ciable (i.e., macroscopically noninfinitesimal) change
in its value.

We also assume that the number of applications of
each reaction rule in ∆ obeys

⟨P(fj(x), ∆⟩ = fj(x)∆ ≫ 1(∀j = 1, ...,m), (2)

where P(fj(x),∆) is the Poisson random variables is
the number of reactions that occur in ∆.

Here, let us consider the probability function Q, de-
fined by Q(z1, ..., zk|∆,x, t), which means the proba-
bility, given X(t) = x, that in the time interval [t, t+δ)
exactly zj times of rule applications or rj will occur,
for each j = 1, ...,m. Q is evidently the joint probabil-
ity density function of the M integer random variables,
Zj(∆,x, t) means the number of times, given X(t)=x,
that reaction rule rj will apply in the time interval
[t, t + ∆) (j = 1, ...,m).

If the equation (2) is satisfied, the Poisson random
numbers will be practically indistinguishable from
normal random numbers, which are uncorrelated sta-
tistically independent normal random variables with
mean 0 and variance 1.

Then the jump Markov process can be approx-
imated by the continuous Markov process defined

by the standard form of chemical Langevin equation
(CLE).

λi =
m∑

j=1

zjνij =
m∑

j=1

fjνji =
m∑

j=1

[fj(x)∆ + (fj(x)∆)
1
2 nj ]νji

=
m∑

j=1

νjifj(x)∆ +
m∑

j=1

νjif
1
2
j (x)nj∆

1
2 , (3)

where nj is temporally uncorrelated statistically inde-
pendent normal random variables. Since Zj(∆,x, t) =
P(fj(x, ∆)), it is equal to fj(x)∆, by the equation (2).

In case fj(x)∆ → ∞, (2) implies that in the part
fj(x)∆ + (fj(x∆)

1
2 nj of the equation (3) the second

term becomes negligibly small compared to the first
term and λi in the limit (fj(x)∆ → ∞), because

λi =
m∑

j=1

zjνji =
m∑

j=1

[fj(x)∆]νji

=
m∑

j=1

νjifj(x)∆. (4)

This is the Euler formula (piecewise linear approxima-
tion) for numerically solving the RRE. It shows how to
derive the continuous and deterministic RRE of tra-
ditional chemical kinetics from the stochastic method.
Since νjifj(x) represents the stoichiometric change in
the next infinitesimal time, it can be regarded as the
reaction rate of rj , vj , and we obtain:

λi =
m∑

j=1

νjifj(x)∆ ≡
m∑

j=1

vj(x)∆. (5)

In the Gillespie τ leap method, the number of ap-
plications of each rule within τ is randomly generated
according to the Poisson or Normal distribution and
λi is calculated.

In the ARMS, λi is calculated by using the reac-
tion rate given by the equation (5). As in the nu-
merically solving an ordinary differential equation of
the form dX/dt = f(X) by the Euler method, a
leap down the stepwise time axis by ∆ according to
X(t+∆) = X(t)+f(X(t))∆ will produce errors when-
ever the function f changes during that ∆ increment.

It is well-known that the second-order Runge-Kutta
procedure can reduce these errors; use the simple Euler
method to estimate the “midpoint” value of X during
∆, and then calculate the actual increment in X by
evaluating the slope function f at that estimated mid-
point. The midpoint value can be obtained from the

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 517



expected state change λ as x + λ
2 . In the Gillespie’s τ

leap method, this procedure is used and it shows that
this procedure can reduce numerical errors [4].

1.2 Algorithm of DARMS

In Deterministic Abstract Rewriting System on
multisets (DARMS) [8], reaction rules are applied in
maximally parallel and deterministic way. Hence, the
DARMS accommodates P Systems, while it has back-
ground in theoretical chemistry.

Step 0(Initialization). The time t is set to 0 and the
set of vectors V = (δ1, δ2, ..., δN ) (j = 1, 2, ...,m), ex-
pressing the stoichiometric change of each species, are
initialized. Then all inputs of the system are assigned
to their respective variables,

• X(a1), X(a2), ..., X(aN ) are set to the initial
quantities of species;

• k1, ..., km to set m rate constants corresponding
to the m reactions;

• tstop to the ending instant of simulation;

• set the value of ∆;

Step 1(Calculation of state change vector Λt). Ac-
cording to reaction rules, stoichiometric change of each
specie λi is calculated as well as the state change vec-
tor; Λt = (λ1, λ2, ..., λN ) is calculated, where λi =∑m

j=1 νjivjx(t)∆.

Step 2(System update and branching). The quantity
of each species and t is updated, by using Λt and ∆:

x(t) = x(t − ∆) + Λt−∆,

t := t + ∆.

If t ≥ tstop or if there are no reactions left in the
reactor, the simulation is stopped and the results are
sent to the output stream. Otherwise, the simulation
returns to Step 1.

2 The Oregonator

The Belouzov-Zhabotinskii (BZ) reaction displays a
remarkable repertoire of exotic behavior, including pe-
riodic and chaotic temporal oscillations, multiple sta-
ble stationary states, temporally and spatially periodic
expanding target patterns, rotating multi-armed spiral
waves.

(Process A)
X,Y,H

k1→ 2W : (r1),

A, Y, 2H
k2→ X,W : (r2),

(Process B)

2X
k3→ A,W,H : (r3),

A,X,H
k4→ 2X, 2Z : (r4),

(Process C)
B,Z

k5→ 0.5Y : (r5).

Table 1: Oregonator

The chemical kinetic description of BZ reaction was
put forward by Field, Kőrős (FKN) [2]. FKN can be
considered as the best understanding of the process by
recognizing that there are two different over-all pro-
cesses that can occur in the system.

The FKN mechanism can be described as three con-
current (and at times competing) processes:

• Process A: The three steps reduction of bromate
to bromine.

• Process B: The introduction of hypobromous acid
to compete as a reducing agent for bromate.

• Process C: The reduction of the catalyst formed
from Processes A and B.

The Oregonator scheme is outlined in Table 1:
As for reaction constants, a combination of Tyson’s

”Lo” and Field-Főrsterling values (TFF parameter)
are used [5]: k1 : 106M−2S−1, k2 : 2M−3S−1, k3 :
2×103M−1S−1, k4 : 10M−2S−1, k5 : B×2×10−2S−1,
where M stands for one molar, and S stands for a
second.
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Figure 1: DARMS, ∆ = 0.0001: Population dynamics
of X,Y, Z, where the vertical axis illustrates the molar
concentration of chemicals (mole) and the horizontal
axis illustrates the time, where each stepwise is ∆. It
shows a typical pattern of oscillations
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2.1 Simulation of the Oregonator
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Figure 2: DARMS, ∆ = 0.1: Population dynamics of
X,Y, Z, where the vertical axis illustrates the molar
concentration of chemicals (mole) and the horizontal
axis illustrates the time, where each stepwise is ∆.
The amplitudes of oscillations are smaller than the
case when ∆ is smaller than 0.1.

In the Oregonator [3], chemicals A and B are re-
sources and assumed that they are continuously sup-
plied or largely existing in comparison with other
chemicals. W is the final product of these reactions
and typical oscillations among X, Y and Z emerge.
Reactions of generating X (HbrO2) are triggers of os-
cillations and these reactions increase the concentra-
tion of Z (C4+

e ) and then high concentration of Z leads
to reactions generating Y (Br); since this reaction re-
quired Z, the concentration of Z is decreased.

We simulate the Oregonator by using the DARMS
with the TFF parameter. We examine each case when
∆ = 0.0001,0.001,0.01,0.1,1.0. When the values of ∆
are between 0.0001 and 0.01, the stoichiometric change
of species show typical oscillations (Figure 1); these
typical oscillations can also be seen through numerical
simulation of the reaction rate equation that are ex-
pressed by a set of differential equations. At ∆ = 0.1,
the amplitude of oscillation becomes small, while the
patterns of oscillations were kept the same (Figure 2)

At ∆ = 1.0, the pattern of oscillations become dif-
ferent from the typical one, where the amplitude of
oscillation of X and Z become small, and the am-
plitude of Y declines to nearly zero (Figure 3). The
reason is that the value of ∆ becomes large: since the
calculation of the DARMS requires piecewise linear
approximation, as the ∆ becomes larger, the quality
of approximation decreases.
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Figure 3: DARMS, ∆ = 1.0: Population dynamics of
X,Y, Z, where the vertical axis illustrates the molar
concentration of chemicals (mole) and the horizontal
axis illustrates the time, where each stepwise is ∆. The
pattern of oscillation is different from the typical one.
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Abstract

We investigate an extended model of spiking neural P
systems incorporating astrocytes a¤ected by the ac-
tivity of spikes along axons and the excitatory or in-
hibitory in�uence on axons. Using very restricted vari-
ants of extended spiking neural P systems with astro-
cytes we can easily model Boolean gates. Computa-
tional completeness thus can easily be obtained for the
unrestricted model, whereas the bounded variant can
only compute regular functions and generate/accept
only regular sets of natural numbers.

1 Introduction

Astrocytes can be seen as an additional network of
cells aside the network of neurons, for example in the
human brain. For the biological background of the
network of astrocytes we refer to [3]. The in�uence of
astrocytes in the functioning of the human brain has
been investigated in [9], where to the interaction be-
tween the networks of neurons and astrocytes in addi-
tion the in�uence of the capillary system in connection
with the networks of neurons and astrocytes was mod-
elled. Based on this biological background, in [2] we
have developed a model of membrane systems consist-
ing of two interacting networks of neurons and astro-
cytes. There the model of extended spiking neural P
systems with astrocytes was based on the ideas of (ex-
tended) spiking neural P systems [1] with adding the
concept of astrocytes in�uencing the signals along the
axons and with the axons being a¤ected by neurons.
In this paper, we assume the astrocytes being a¤ected
by the spikes passing along axons.
P systems (membrane systems) were introduced as

a formal model describing the hierarchical structure
of membranes in living organisms and the biological
processes in and between cells (an introduction to this
�eld can be found in the monograph [8], for the ac-
tual state of research we refer to [10]). Combining

the ideas of P systems and spiking neurons (e.g., see
[6], [4], [7]), spiking neural P systems were introduced
in [5]: the contents of a cell (neuron) consists of a
number of so-called spikes; the rules assigned to a cell
allow for sending information to other neurons in the
form of electrical impulses (also called spikes) which
are summed up at the target cell; the application of
the rules depends on the contents of the neuron. Based
on the biological background of astrocytes, we have de-
veloped a model of membrane systems incorporating
the two interacting networks of neurons and astrocytes
in [2] with the astrocytes being a¤ected by the neurons
and e¤ecting the transmission of spikes along an axon.
In this paper, we consider a model of extended spiking
neural P systems with astrocytes where the astrocytes
are a¤ected by the spikes sent along axons.

2 De�nitions

N denotes the set of non-negative integers. The in-
terval of non-negative integers between k and m is
denoted by [k::m].
For the motivation and the biological background

of spiking neural P systems we refer the reader to [5].

An extended spiking neural P system with astro-
cytes (of degree m � 1) (in the following we shall
simply speak of an ESNPA system) is a construct
� = (m;n; S;R;	) where

� m is the number of neurons; the neurons are
uniquely identi�ed by a number between 1 and
m (obviously, we could instead use an alphabet
with m symbols to identify the neurons);

� n is the number of astrocytes; the astrocytes are
uniquely identi�ed by a number between m + 1
and m+ n;

� S describes the initial con�guration by assigning
an initial value (of spikes) to each neuron and the
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initial value of the (e¤ector) functions in the as-
trocytes on the axons.

� R is a �nite set of rules of the form
�
i; E=ak ! P

�
such that i 2 [1::m] (specifying that this rule is
assigned to cell i), E is the regular checking set
(the current number of spikes in the neuron has
to be from E if this rule shall be executed), k 2 N
is the �number of spikes�(the energy) consumed
by this rule, and P is a (possibly empty) set of
productions of the form (l; w) where l 2 [1::m]
(thus specifying the target neuron), w 2 N is the
weight of the energy sent along the axon from
neuron i to neuron l;

� 	 : [m+ 1::m+ n] ! F where F is a set of re-
cursive functions from N[1::m]2 to f�1; 1g[1::m]2 :
	 is a function which to each astrocyte k; k 2
[m+ 1::m+ n] ; assigns a function gk taking the
number of spikes along each axon as input for gk
and, for every axon (i; j) with i; j 2 [1::m] ; yields
a value from f�1; 1g : �1 means that the activity
along the axon (i; j) is inhibited; 1 means that
the spikes sent along the axon (i; j) are allowed
to pass.

A con�guration of the ESNPA system is described
as follows:

� for each neuron, the actual number of spikes in
the neuron is speci�ed;

� for each astrocyte k, the actual value of gk for
every axon (i; j) with i; j 2 [1::m] is speci�ed.

A transition from one con�guration to another one
now works as follows:

� for each neuron i, we �rst check whether a rule�
i; E=ak ! P

�
can be �activated �, i.e., if the

current value of spikes in neuron i is in E; then
neuron i �spikes�, i.e., for every production (l; w)
occurring in the set P we put the correspond-
ing package (l; w) on the axon from neuron i to
neuron l or astrocyte l, respectively;

� if and only if all values of functions gk for every
astrocyte k; k 2 [m+ 1::m+ n] ; is 1 for the axon
(i; l) ; the energy w in a package (l; w) on the axon
from neuron i to neuron l is sent to neuron l;

� for each neuron l, we now consider all packages
(l; w) on axons leading to neuron l that could pass
to neuron l; we then sum up all weights w in such
packages and add this sum to the corresponding
number of spikes in neuron l;

� for each astrocyte k; k 2 [m+ 1::m+ n] ; we com-
pute the new values of gk for every axon (i; j)
by considering every package (j; w) on the axons
leading from neuron i to neuron j that was al-
lowed to pass in the preceding substep (w corre-
sponds to the input taken for the axon (i; j) in
gk).

In order to illustrate the de�nitions given above,
we consider the ESNPA � = (2; 1; S;R;	) de�ned as
follows (also see Figure 1):

1
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Figure 1: ESNPA system omitting every second spike.

The single rule in R; R = f(1; fag=a !
f(1; a); (2; a)g)g, means that if we �nd one spike in
neuron 1; then this spike is consumed and one spike is
sent to neuron 1 as well as to neuron 2:
The initial con�guration S is given by one spike in

neuron 1 and no spike in neuron 2 as well as the initial
values for g3 for the astrocyte labelled by 3 set to be 1
for all axons ((1; 1); (1; 2); (2; 1); (2; 2)). As far as 	 is
concerned (also see Figure 1) we are only interested in
the e¤ect of astrocyte 3 on the axon (1; 2) depending
on the activities (spikes passing this axon) along this
axon which formally means that g3 is 1 for all inputs
and all axons except for the case that g3 yields the
value �1 for the axon (1; 2) if and only if a spike has
been sent along axon (1; 2): Hence, in Figure 1 we
have only speci�ed the a¤ector arc from axon (1; 2)
to astrocyte 3 (this is the only input which a¤ects
the value of g3) as well as only one e¤ector arc from
astrocyte 3 to the axon (1; 2):
If we consider the time evolution of this system we

immediately see that after the �rst spike has passed
axon (1; 2); in the next step, this axon is inhibited by
the astrocyte 3: For the third time step, this means
that the next spike from neuron 1 can again pass the
axon, because no spike has passed in the previous step,
and therefore, astrocyte 3 does not inhibit the passage
of this spike. In sum, we see that a spike can pass
from the source neuron 1 to neuron 2 in every odd
step, whereas in every even time step, the passage of
the spike sent along the axon (1; 2) from the source 1
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is inhibited by the astrocyte 3:
For the sake of conciseness, in the following we re-

strict ourselves to very simple functions of the form
= h;� h;� h and 6= h and as well as to only specify
a subset of the set of axons [1::m]2 as input for the
astrocyte k (these are called a¤ectors) and excitatory
and inhibitory arcs from astrocyte k to axons from
[1::m]2 (both will be called e¤ectors). According to
this convention, those axons which are not speci�ed
as a¤ectors have no in�uence on the value of gk and
for the axons not speci�ed to be e¤ected by the astro-
cyte k we assume the value of gk to be 1 in any case.
Distinguishing between excitatory and inhibitory ef-
fectors means that

� for an excitatory e¤ector, the value of gk is as-
sumed to be 1 if and only if the sum s of the
values of the inputs (a¤ectors) ful�lls the condi-
tion speci�ed by gk; i.e., if and only if s M h is true
for k being speci�ed as M h; M2 f=;�;�; 6=g;

� for an inhibitory e¤ector, the value of gk is as-
sumed to be �1 if and only if the sum s of the
values of the inputs (a¤ectors) ful�lls the condi-
tion speci�ed by gk; i.e., if and only if s M h is true
for k being speci�ed as M h; M2 f=;�;�; 6=g:

If several astrocytes e¤ect an axon (i; j); then spikes
can pass this axon if and only if every astrocyte k ef-
fecting this axon yields the value 1 for this axon with
the function gk; i.e., all excitatory e¤ectors are ac-
tivated (value 1) and all inhibitory e¤ectors are not
activated (do not have value �1)
According to the conventions described above the

ESNPA from Figure 1 can also be illustrated as in
Figure 2.
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Figure 2: ESNPA system with inhibitory e¤ector.

Figure 2 shows the variant where we use an in-
hibitory e¤ector, which variant directly corresponds
to the de�nition originally given for this system. On
the other hand, Figure 3 shows a system with the same
time behaviour yet using an excitatory e¤ector.
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Figure 3: ESNPA system with excitatory e¤ector.

3 Modelling Logical Gates with
Simple ESNPA Systems

Even when using only restricted functions in the as-
trocytes as described in the previous section, i.e., M h;
for M2 f=;�;�; 6=g; for excitatory and inhibitory ef-
fectors, we can easily model logical gates. In contrast
to the variant investigated in [2], we do not consider
neurons as input and output, yet instead the activities
along axons are taken as input and e¤ect the activity
along an output axon.
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�� ��
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Figure 4: Excitatory astrocyte.

Figure 4 shows the implementation of the logical
gate when using an astrocyte with an excitatory ef-
fector provided that in any case only one spike in any
time step may pass along an axon. Spikes passing
along two axons A and B a¤ect an astrocyte which in
an excitatory way e¤ects an axon C. Depending on the
function g used in the astrocyte, according to table 1,
we obtain the corresponding logical gate.
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Table 1 Functions g for implementing logical gates

with excitatory and inhibitory e¤ector.

excitatory inhibitory logical gate

= 2 < 2 AND
< 2 = 2 NAND
� 1 = 0 OR
= 0 � 1 NOR
= 1 6= 1 XOR

When using the corresponding functions g in the
column for inhibitory e¤ectors in table 1, we obtain
the corresponding implementations of the logical gates
with inhibitory e¤ectors (see Figure 5), again provided
that the a¤ecting axons only allow at most one spike
to pass in each time step. In contrast to the excitatory
e¤ecting arc, the inhibitory e¤ector is marked with a
dot at the end of the arc.
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Figure 5: Inhibitory astrocyte.

If more than one spike is allowed to pass along an
a¤ecting axon, then we have to use the simulation as
depicted in Figure 6, where the inputs from A and B
have to be normalized (to 1). In this case, for each in-
put (A and B), we need an intermediate layer with two
neurons with the source containing one spike in the
beginning and sending one spike to the second neuron
(sink) in each step and with an axon leading from the
source to the sink (where in each time step any arriv-
ing spike is consumed in the next step) which axon is
in�uenced by an astrocyte a¤ected by the input axons
A and B, respectively.

4 Computational Power

An ESNPA system can be considered as a computing
device as exhibited in the previous section, where we
considered logical gates which can be seen as a basic
for constructing universal machines. In that sense,
ESNPA systems have the same computational power
as Turing machines, etc.
This already follows from the results established

in [1], where extended spiking neural P system with-
out astrocytes were shown to be computationally com-
plete, i.e., able to compute any partial recursive func-
tion on N. Observe that computational completeness
was already established for the original model of spik-
ing neural P systems (see [5]). In the papers cited
above, spiking neural P systems were especially consid-
ered as generating devices, where for the unbounded
variants, i.e., without bounding the number of spikes
in the neurons, computational completeness could be
established for many variants when considering the in-
put to be the number of spikes in a speci�ed input
neuron and the result to be the number of spikes in
a speci�c output neuron. As special cases, (extended)
spiking neural P systems (with astrocytes) can be con-
sidered as generating or accepting devices.
As it was shown in [1] when bounding the number

of spikes in all neurons, only regular functions can be
computed and only regular sets can be generated/ ac-
cepted. If we only consider the restricted functions
as used for modelling the logical gates in the previous
section, the argumentations there immediately imply
that we stay within regular functions/sets when re-
stricting ourselves to ESNPA systems with a bounded
number of spikes in every neuron.
The variant of ESNPA systems considered in this

paper di¤ers from the variant considered in [2] in such
a way that here, the in�uence of an astrocyte on an
axon depends on the activities of spikes along other ax-
ons, whereas in the model considered in [2], the astro-
cytes were in�uenced directly by the neurons. Which
variant might be closer to the biological reality remains
as a challenging question for future research.
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Abstract

In this study, we discuss the baseline function for
the estimation of the natural policy gradient with re-
spect to the variance and show a condition that an op-
timal baseline function reducing the variance is equiv-
alent to the state value function. However, the state
value could be much different from the optimal base-
line outside of the condition. For such cases, an ex-
tended version of the NTD algorithm [1] is proposed,
where an auxiliary function is estimated to adjust the
baseline, being state value estimates in the original
version, to the optimal baseline. The proposed algo-
rithm is applied to simple MDP and a challenging pen-
dulum swing-up problem.

Keywords: policy gradient reinforcement learning,
natural gradient, variance reduction.

1 Introduction

Policy gradient (PG) methods for reinforcement
learning (RL) attempt to maximize the average (or dis-
counted cumulative) reward by improving the policy
parameter on the basis of the stochastic gradient de-
cent with the experienced system trajectories of states,
actions, and rewards [2]. Kakade proposed a “nat-

ural policy gradient (NPG)” as an efficient covariant
gradient of the average reward to reduce the effect of
plateau phenomenon [3]. The actor-critic framework
with the NPG is called Natural Actor-Critic (NAC),
i.e. the actor as the policy is updated by the NPG esti-
mated in the critic [4]. In our previous studies [1], the
natural policy gradient utilizing temporal differences
(NTD) algorithm as an implementation of NAC was
proposed, where the NPG is estimated without ma-
trix inversion. While the original NTD algorithm uses
the state value function as the baseline function for
estimating the NPG, it has not been clarified whether
the state value function is a valid baseline function for
reduction of the variance of the estimated gradients.

Here, we discuss the baseline function for the above

question by using the results of Greensmith et al. [5].
We introduce an optimal baseline function that mini-
mizes an upper bound of the variance of the NPG esti-
mates, and see that the optimal function can be differ-
ent from the state value function. We then show the
condition, under which the optimal baseline function
is equivalent to the state value function. Although the
state value function is a valid baseline function under
the condition, the state value could be invalid baseline
function outside of the condition, being much different
from the optimal baseline. For such case, we propose
an “extended NTD algorithm”, which compensates for
the differences between the state value function and
the optimal baseline function by introducing an aux-
iliary function. An algorithm to estimate the auxil-
iary function is also proposed. These proposed algo-
rithms are applied to simple Markov decision problems
to confirm their performances. The extended NTD al-
gorithm is also applied to a more challenging nonlinear
pendulum swing-up problem to show its effectiveness
compared with other PG methods.

2 Background of NTD Algorithm

2.1 Natural policy gradient

While PG is based on gradient decent, one of the
major limitations of standard gradient descent algo-
rithms is that the ordinary gradient of a function does
not necessarily indicate its steepest direction, because
a parameter as an input of the function might not
be expressed in orthonormal coordinates in terms of
change of an output from the function. In order to
overcome this problem, Amari proposed the concept of
natural gradient to define the steepest direction based
on Riemannian geometry [6]. The natural gradient of
an objective function R(θ) with respect to θ is

∇̃θR(θ) = G(θ)−1∇θR(θ), (1)

where G(θ) is a Riemannian metric matrix of θ, which
is defined by the Fisher information matrix (FIM) in
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the case that θ is a parameter of a statistical model,
and ∇θR(θ) is derivative of R(θ) with respect to θ.

While the above work deals with the case that a
training sample was independent and identically dis-
tributed, Kakade extends it to the case of Markov de-
cision process (MDP), which is a model of RL, and
propose the natural policy gradient (NPG) as the nat-
ural gradient of the average reward, being the ob-
ject function, of RL with respect to the policy pa-
rameter. A discrete time MDP with finite sets of
states X 3 x and actions U 3 u is defined by a
state transition probability p(xt+1|xt, ut) and a re-
ward function rt+1 = r(xt+1, xt, ut) at all time steps t

[7, 8]. The decision-making follows a stochastic policy
πθ(u|x) ≡ p(u|x; θ), parameterized by θ ∈ R

d. We
assume that the every policy π is differentiable with θ

for all x∈X and u∈U and makes an ergodic Markov
chain, i.e. the stationary state distribution always ex-
ists dπ(x′) =

∑
x,u p(x′|x, u)πθ(u|x)dπ(x).

In NPG, G(θ) and R(θ) of eq.1 are the time average
of −∇2

θ ln π and the average reward, respectively,

G(θ)= lim
T→∞

−1

T
Eπ

(

T−1
X

t=0

∇2
θ lnπθ(ut|xt)

)

=
X

x

dπ(x)F (x,θ),

R(θ)= lim
T→∞

1

T
Eπ

(

T
X

t=1

rt

)

=
X

x′,x,u

p(x′|x, u)πθ(u|x)dπ(x)r(x′, x, u),

where F (x,θ) ≡ −Eπ
˘

∇2
θ ln πθ(u|x)|x

¯

is the FIM of
π given x with respect to θ. It is noted that G(θ)
is equivalent to the scaled FIM of the system tra-
jectories [9, 4]. An important property of NPG

∇̃θR(θ) is the relationship with the linear function
approximator f

π
ω (x, u) ≡ ω

>∇θ ln πθ(u|x), where ω

is called the weight, for the action value function

Qπ(x, u) ≡ limT→∞ Eπ
n

PT

k=1
γk−1rt+k|xt = x, ut = u

o

with the discounted rate γ ∈ [0, 1), i.e.,1

∇̃θR(θ) ' ω
∗
. (2)

ω
∗ is the parameter minimizing the approximate er-

ror Eπ
˘

(Qπ − fπ
ω )2

¯

[3]. Here, we also notate the state
value function V π(x) ≡ Eπ{Qπ(x, u)|x} and show a fol-
lowing proposition for the policy parameterization:
Proposition 1 Let X and Ui denote the number of
states and available actions at state xi, respectively.
Let Ψ(θ) denote the subspace spanned by ∇θln πθ(u|x)
over states and actions. If the rank of Ψ(θ) is equal
to (or greater than)

PX

i=1
(Ui − 1), the policy parame-

terization is nondegenerate for the task:

fπ
ω∗(x, u) ≡ w

∗>∇θ lnπθ(u|x) = Qπ(x, u) − V (x)π. (3)

Proof sketch: It comes from the fact that there is a
constraint

P

u
Qπ(x,u) − V π(x) = 0 for each state.

1“'” in eq.2 is replaced “=”, in the limit γ → ∞, using an
undiscounted value function instead of Qπ , or using a discounted
average reward instead of R(θ) [3, 9, 4].

2.2 NAC and NTD algorithm

The actor-critic framework for NPG is called the
natural actor-critic (NAC) [4]. The critic estimates
NPG ω̂ and the actor executes the action drawn from
the policy πθ(u|x), which is updated by the critic’s
estimate: θ := θ + αω̂, where “:=” denotes the sub-
stitution of the right to the left and α is learning rate.

NTD algorithm in our previous work [1] is an im-
plementation of NAC without matrix inversion, com-
prising the repetition of following three procedures.
The first procedure updates the state value estimate
V̂ (x) by TD(λ) learning [8]. The second updates the
NPG estimate ω̂ through the regression with the linear
function fπ

ω̂ (xt, ut) = ω̂
>∇θ ln πθ(ut|xt) to the tempo-

ral difference (TD) given from the first,

δ(xt, ut) = rt+1 + γV̂ π(xt+1) − V̂ π(xt).

That is, the update direction of NPG estimate ω̂ is 2

∆ω̂ =
1

T

T−1
X

t=0

(δ(xt, ut) − fπ
ω̂ (xt, ut))∇θln πθ(ut|xt). (4)

The third updates the policy parameter θ is updated
by the weight ω̂ of fπ

ω̂ in the second.
Since fπ

ω (x, u) has the property for an arbitrary
function a(x), due to

∑
u ∇π = 0,

Eπ{a(x)∇θ ln π(u|x)|x} = 0,

the expectation of ∆ω̂ at a time-step t (eq.4) does
not depend on the value of V̂ (xt). Therefore, the NTD
algorithm uses the state value estimate at the current
time-step as the baseline function b(x) for estimating
the NPG. However it has not been clarified whether
the state value function is a valid baseline function for
the variance reduction of ω̂.

3 Variance Reduction for Natural Pol-

icy Gradient Estimates

3.1 Optimal baseline function b∗(x, ω̂)

Consider a trace of the covariance matrix of the
NPG estimates ŵ as the variance of ω̂, 3

Varπ(ω̂) = Eπ
{
(ω̂ − ω̂

∗)
2

}
,

where a
2 denotes a

>
a for an arbitrary vector a, and

ω̂
∗ ≡ Eπ{ω̂} has to be equal to w

∗ for the unbiased
regression. In gradient decent regressions, however, it
is difficult to treat directly with the variance of ŵ.
Instead we consider Varπ(∆ŵ), the variance of the

2While the NTD algorithm uses the eligibility trace in this
procedure, here is the decay rate λ = 0. We omit the cases of
arbitrary λ ∈ [0, γ], though results in this report are applicable.

3Peters et.al.[10] consider
˙

(ŵ − 〈ŵ〉)>G(θ)(ŵ − 〈ŵ〉)
¸

tak-
ing account of the metric of the policy parameters as a proper
variance about ŵ, instead of Varπ(ŵ). These results of this sec-
tion can be applied instantly to the case of the above variance.
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update direction ∆ŵ for ŵ (at a fixed policy θ). Al-
though a sequence of samples [x1, ..., xT ] is not drawn
independently in almost cases of RL, where the rela-
tionship Varπ( 1

T

∑
t f(xt)) = 1

T
Varπ(f(x)) does not

hold due to correlation between the different time-
step samples, Greensmith et.al.[5] derive useful results
about the variance at a finite ergodic Markov chain.
By applying Corollary 5 and Lemma 6 with the in-
creasing function hπ in [5], the following inequality
holds

Varπ(∆ŵ) ≤ o+ (5)

hπ

„

1

T
Varπ

“

`

Q̂(x, u) − b(x) − fπ
ω̂ (x, u)

´

∇θln πθ(u|x)
”

«

,

where o is independent with the choice of b(x), and

Q̂(xt, ut) = Eπ
n

rt+1 + γV̂ (xt+1)|xt, ut

o

and b(x) = V̂ (x).

Because we are interested in the choice of the base-
line function as b(x) = V̂ (x), the following looks for the
optimal baseline function b

∗(x, ω̂) that minimizes the
upper bound of Varπ(∆ŵ) with respect to b(x) and also
minimizes the part of the argument of the function hπ,

σ2
∆ŵ(b(x)) ≡ Varπ

“

`

Q̂(x, u) − b(x) − fπ
ω̂ (x, u)

´

∇θln πθ(u|x)
”

= Eπ



“

(Q̂(x, u) − b(x) − fπ
ω̂ (x, u))∇θ ln πθ(u|x) − Eπ{∆ŵ}

”2
ff

.

Accordingly, since the optimal baseline b∗(x, ω̂) holds

∂σ2

∆ŵ(b(x))

∂b(x)

∣∣∣∣
b(x)=b∗(x,ω̂)

= 0,
∀
x ∈ X,

it is derived as

b
∗(x, ŵ) =

Eπ
{
∇θln πθ(u|x)2(Q̂(x, u) − fπ

ω̂ (x, u))|x
}

Eπ{∇θln πθ(u|x)2|x}
.

(6)
Note that b∗ has arguments not only x but also ω̂ due
to fπ

ω̂ (x, u) = ω̂
>∇θ lnπθ(u|x).

3.2 Consistency of V π(x) and b∗(x, ω̂)
Proposition 2 If the condition of proposition 1 is

satisfied,
b
∗(x, ω̂

∗) = V̂ (x).

Proof sketch: It is obvious by substituting eq.3,
“Q̂(x, u) − fπ

ω̂∗(x, u) = V̂ (x)”, to eq.6. �
Proposition 2 means that the optimal baseline is equiv-
alent to the sate value, if following two conditions are
satisfied; (i) the policy parameterization is nondegen-
erate for the task and (ii) the NPG estimate converges
to the exact NPG.

In the NTD algorithm, the condition (ii), ω̂ ' ω̂
∗,

should be realized under appropriate updatings on
both the policy parameter as the actor parameter and
the NPG estimate in the critic parameter. It indicates
that the state value function would not be different
from the optimal baseline function so much in cases
using “appropriate” policy parameterization. There-
fore, the state value function could be a valid baseline
function in such cases.

4 Extended NTD algorithm

In this section, we deal with the cases where the
condition (i) and/or (ii) could be violated. In these
cases, the state value function can be much different
from the optimal baseline function. Therefore, we pro-
pose an extended NTD algorithm, which compensates
for the differences between the state value function
and the optimal baseline function by introducing an
auxiliary function,

B(x, ω̂) =
Eπ

n

∇θln πθ(u|x)2(Q̂(x, u) − V̂ (x) − fπ
ω̂ (x, u))|x

o

Eπ{∇θln πθ(u|x)2|x}
.

The extended NTD algorithm is the same as the orig-
inal one, except that the auxiliary function is sub-
tracted from TD as the regressand for the NPG es-
timation,

δ(xt, ut) − B(xt, ω̂) = rt+1 + γV (xt+1) − b∗(xt, ω̂). (7)

Although eq.7 seems roundabout to apply the optimal
baseline, it is useful for an eligibility trace technique
with estimated value functions (see fig.1). In order to
estimate B(x, ŵ), the gradient of σ2

∆ŵ(b(x) = V π(x) +

B̂b(x, ŵ)) with respect to the parameter b of B̂b(x) is
used. Fig.1 is one of the complete algorithms.

Input:

• Initial parameters; θ, ω, v, [ b ] are the parameters of

π(u|x), fπ
ω (x, u)=ω>∇θ ln πθ(u|x), V̂ (x), [ B̂(x) ].

• Metaparameters; γ is the discouted rate of the value function,
αθ , αω , αv , [ αb ] are the learning rates of θ, ω, v, [ b ].
λω , λv ,[ λb ] are the eligibility decay rates of ω, v, [ b ].
β is the forgetting rate of ω.

For t = 0, 1, 2 · · · do

a. Sampling

Execute action ut, observe next state xt+1 and reward
rt+1, and decide next action ut+1 ∼ π(ut+1|xt+1).

b. Critic update

◦ Forget TD estimator parameter
ω := βω;

◦ Compute TD-errors

δv := rt+1 + γV̂ (xt+1) − V̂ (xt)
δω := δv − fπ

ω (xt, ut);

[ δb := δω − B̂(xt, ω) + γλbB̂(xt+1,ω); ]
◦ Update critic eligibilities

zv := γλvzv + ∇vV̂ (xt);
zω := γλωzω + ∇θ ln πθ(ut|xt);

[ zb := γλbzb + ∇θ ln πθ(ut|xt)2∇bB̂(xt,ω); ]
◦ Update value function parameter[s]

v := v + αvδvzv ;
[ b := b + αbδbzb; ]

◦ Update NPG estimator parameter
ω := ω + αωδωzω ;

c. Actor update

θ := θ + αθω;

Figure 1: The [extended] NTD algorithm; The normal
NTD algorithm is specified by skipping the contents in
the square brackets. In the case of the extended NTD
algorithm, the square bracket symbols are ignored.
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5 Numerical Experiments

5.1 MDP with inadequate policy

The 3-state 2-action MDP is modified from Baxter
et.al.[11] at the points of a state-transition probability
and a parameterization of policy. We omit the detail
task setting because of space limitations. Under this
policy parameterization, the condition of proposition 1
can not be satisfied. Thus, even when ω̂ is equal to the
exact NPG, the state value could not be the optimal
baseline function by proposition 2. Fig.2 indicates that
the extended NTD suppresses the variance of the NPG
estimates than the normal NTD.

(a) (b)
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Figure 2: MDP; phase plane analyses; policy parameter
trajectories (a) the extended NTD, (b) the normal NTD.

5.2 Pendulum swing-up problem

This section gives the comparison between NTD al-
gorithms and other policy gradient methods; NAC[4],
Kimura Actor-Critic[12] in the same setting as [1].

The auxiliary function B(x, ω̂) in the extended
NTD is decomposed to two terms; B(x, ω̂) = b1(x) −
b2(x, ω̂), where

b1(x) =
Eπ{∇θln πθ(u|x)2(Q̂(x, u) − V̂ (x))}

Eπ{∇θ ln πθ(u|x)2}
,

b2(x, ω̂) = Eπ{∇θln πθ(u|x)2fπ
ω̂ (x, u)}/Eπ{∇θln πθ(u|x)2}.

When we use the Gaussian distribution policy [1],
while b1(x) has to be estimated, b2(x, ω̂) could be
solved analytically: bµ(x)≡∇θµθ(x), bσ(x)≡∇θσθ(x),

b2(x, ω̂) =
(2b

>
µ bµb

>
σ + 4b

>
µ bσb

>
µ + 8b

>
σ bσb

>
σ )ω̂

σb>µ bµ + 2σb>σ bσ

.

Fig.3 showed that the extended NTD algorithm works
better than the other PG algorithms.

6 Summary

This paper presented that the state value function
could become a valid baseline function with an ap-
propriate policy parameterization for a task. For the
case where the state value function diverges from the
optimal baseline function, the extended version of the
NTD algorithm was proposed, which compensates for

(a) (b)
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Figure 3: Swing-up pendulum problem; (a) The policy is a
three-layer neural network with 10 hidden units. (b) The
average rewards over 30 independent runs. Comparison
among PGs under the improper RBF setup, [5× 5], for the
state value estimation. Extended NTD* is the alternative
algorithm computing b1 analytically.

the differences between the state value and the op-
timal baseline by introducing the auxiliary function.
Additional theoretical and experimental analyses are
necessary to further understand the properties and the
effectiveness of the NTD algorithm.
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Abstract
Collaborative filtering is a marketing method to rec-

ommend items which will be preferred by customers,
where the degree of preferring each item by each user
is predicted by a pre-stored preference data matrix of
various users and items. A common approach to col-
laborative filtering is to approximate an observed tar-
get matrix and predict missing elements in the matrix.
The maximum margin matrix factorization (MMMF)
was recently suggested as an effective method for han-
dling binary or ordinal-discrete valued target matrix
(Srebro et al., 2005). In this study, we proposed a
weighted MMMF which extends the MMMF to deal
with the cases where some matrix elements may have
priorities to other elements. We divided a benchmark
user-movie matrix into sparse and dense sub-matrix
blocks, and put different weights to the blocks. By
setting appropriate weights to the blocks, we could
improve the mean prediction accuracy.

1 Introduction

From a standpoint of machine learning research,
collaborative filtering is defined as an estimation prob-
lem of a true matrix X behind the observed matrix Y
which includes noise and missing values.

A conventional approach to collaborative filtering
is to fit a low rank factor model to the target matrix,
so as to be used for further prediction [5][6][7]. A lin-
ear k-factor model is given by making a n × d target
matrix Y be well represented by a low rank decom-
position X ≡ UV ′, where U and V are n × k and
d× k matrices, respectively. To estimate the low-rank
matrix X, a usual way is based on minimization of
the sum-squared distance between the target matrix
Y and the approximated matrix X. The assumption
behind the linear low-rank model with k-factors is that
there are actually k factors which dominate the user’s
rating behaviors. In general, however, the rank, i.e.,
the effective number of factors, is unknown, and then,
we need to estimate it somehow.

Recently, Rennie and Srebro (2005) [1][2] proposed

a promising approach, the maximum margin matrix
factorization (MMMF) which is applicable for matri-
ces with binary or ordinal ratings values. The MMMF
employs the trace norm of X as a regularization term
rather than setting a pre-determined rank to the ap-
proximated matrix X. In addition, a hinge loss func-
tion is used as the objective function, based on the
idea of maximum margin, like in the support vector
machines.

To introduce a weight to the objective function is
one possibility to reduce prediction error, which leads
to the weighted low-rank matrix factorization [4]. For
example, better prediction can be achieved by putting
smaller weights to elements with possibly a large noise
and larger weights to reliable elements.

In this work, we propose a new approach for collab-
orative filtering, the weighted maximum margin ma-
trix factorization (WMMMF). The WMMMF includes
the above-mentioned two ideas: the MMMF and the
weighted low rank approximation where we assume
different weights between matrix parts with a small
and large missing-value rates. Such an assumption is
expected to be effective because items and users with
different patterns of missing entries can have different
levels of reliability. We apply our method to a bench-
mark movie-rating dataset and compare the prediction
performance with those by some conventional meth-
ods, and show that our new method exhibits better
than the MMMF with uniform weights.

2 Methods for collaborative filtering

In this section, we explain a method for collabo-
rative filtering, the MMMF, and our extension, the
WMMMF.

2.1 Matrix factorization

Given an observation matrix Y with noise and miss-
ing elements, our task is to predict the missing el-
ements in Y . The basic strategy for this problem
is to approximate the observation matrix Y ∈ Rn×d
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by a lower rank matrix X = UV ′ ∈ Rn×d. where
U ∈ Rn×k, V ∈ Rd×k, and k < min(n, d) is a rank
of X. We call X the low rank matrix approximation
of Y = X + E if the error matrix E ∈ Rn×d is small
enough under some criterion.

It is trivial the error matrix is minimum when Y =
X; this is a typical overfitting. In order to avoid such
overfitting, the most popular way is to set a rank of
the approximated matrix X to be appropriately small.
Another way is to introduce a penalty term defined
as the sum of squares of elements in U and V , i.e.,
||U ||2Fro + ||V ||2Fro where || · ||Fro denotes the Frobenius
norm of a matrix. This “conditional” problem does
not consider any restriction of the rank of X.

2.2 MMMF for binary target

Srebro proposed the maximum margin matrix fac-
torization (MMMF) for collaborative filtering, which
uses the trace-norm for a regularization term and a
hinge-loss function for the error criterion [2].

In the MMMF for a binary target matrix, Y ∈
{±1}n×m, we seek a real-valued matrix X which ap-
proximates Y with the smallest error. How good is the
approximation X is evaluated by the objective func-
tion:

J(X) = C||X||Σ +
∑
ij∈S

h(YijXij), (1)

where h(z) = max(0, 1 − z) is the hinge loss, C is
a trade-off constant, and summation is taken for all
observed entries in Y .

The trace norm ||X||Σ is the sum of the singular
values of X, and is given by the Frobenius norm of
the factored matrix as follows.

Lemma 1. If the matrix X is factorized as X =
UV ′, the trace norm ||X||Σ is given by

||X||Σ = min
X=UV ′

||U ||Fro ||V ||Fro

= min
X=UV ′

1
2
(||U ||2Fro + ||V ||2Fro).

By using the character of the trace norm in Lemma
1, Srebro et al. [2] also obtained a factored version of
the minimization of the objective function

J(U, V ) =
C

2
(||U ||2Fro + ||V ||2Fro) +

∑
ij∈S

h(YijXij), (2)

where min J(U, V ) is equivalent to min J(X).

2.3 Weighted maximum margin matrix
factorization for binary target

We introduce a weight parameter into the MMMF
and derive the WMMMF. This is a combination of the

ideas of MMMF [2] and weighted low-rank approxima-
tion [4]. In the WMMMF, a weighted loss is used as
the objective function

J(U, V ) =
C

2
(||U ||2Fro + ||V ||2Fro) +

∑
ij∈S

Wijh(YijXij). (3)

Wij is a weight value corresponding to the ij element
of the target matrix, Yij . The weight represents the
importance of elements of the target matrix for predic-
tion, so that, for example an unreliable element with
a large noise has a small weight and hence a low con-
tribution to the prediction.

2.4 Weighted MMMF for rating target

To consider ordinal rating data, Yij ∈ {1, 2, ..., R},
in collaborative filtering, we use an ordinal hinge loss
in place of the hinge loss used in [1]. Then, the ob-
jective function of WMMMF for ordinal rating data is
given by

J(U, V, θ) =
C

2
(||U ||2Fro + ||V ||2Fro)

+
R−1∑
r=1

∑
ij∈S

Wijh(T r
ij(θir − Xij)), (4)

where T r
ij is such a binary index that T r

ij = +1 for r ≥
Yij and T r

ij = −1 for r < Yij , and θi1, ..., θir, ..., θi(R−1)

are R − 1 thresholds for the ith user; the thresholds
define the relationship between a real valued Xij and
ordinal rating value of Yij , so that θi(Yij−1)+1 ≤ Xij ≤
θi(Yij) − 1 holds for each element. In the MMMF and
WMMMF, the thresholds θir should be determined
from data, and different setting of thresholds depen-
dent on users may cause better prediction. Therefore,
we try to minimize the objective function with respec-
tive to the matrix X = UV ′ and the thresholds θ.

We use a gradient descent method for locally mini-
mizing J(U, V, θ) based on the partial derivative with
respect to each element of U , V , and θ :

∂J

∂Uia
= CUia −

R−1∑
r=1

∑
j|ij∈S

wijT
r
ijh

′(T r
ij(θir − UiV

′
j )

)
Vja, (5)

∂J

∂Vja
= CVja −

R−1∑
r=1

∑
i|ij∈S

wijT
r
ijh

′(T r
ij(θir − UiV

′
j )

)
Uia, (6)

∂J

∂θir
=

∑
j|ij∈S

wijT
r
ijh

′(T r
ij(θir − UiV

′
j )

)
. (7)

In order to obtain stable derivative, we used a
smoothed hinge loss function in place of the naive
hinge loss function in the following experiments.
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Figure 1: The relationship between the sub-matrices,
the dense block and the sparse blocks, and their weight
values

3 Experiments

We examined our methods by a subset of the Each-
Movie dataset [3]. It contains a matrix of 5000 users
for 1623 movies, each of whose elements is a rating
value {1, 2, . . . , 6}. 1000 users were picked up out of
5000 from the original data into a 1000× 1623 matrix
among which there are 63592 observed entries. We di-
vided the observed elements in the data matrix into
70% for training and 30% for test; we randomly pre-
pared 10 different sets of training and test elements.

In the preprocessing phase, we divided users into
sparse and dense users according to the numbers of
missing values in their vectors, and also divided movies
into sparse and dense ones similarly. We called the
sub-matrix of dense users and dense movies a dense
block and the others sparse blocks. The dense block
contained about 8000 observed entries and missing
rate in this block was about 60%, and the sparse blocks
contained 36000 observed entries and missing rate in
these blocks was about 97%. We put different weights
2(1−λ) and 2λ to the dense and sparse blocks, respec-
tively (See Figure 1).

In the training phase, we applied the WMMMF
with various values of the weight λ and the trade-off
constant C. For each missing entry, a discrete rating
value was estimated by applying discretization.

In evaluation, we used mean absolute error (MAE)
as the prediction accuracy. We also examined how
the performance behaves for various values of the
weight λ and the trade-off constant C (Figure 2). We
found that the best result was achieved at λ = 0.65
and C = 1011/8 = 23.71. If appropriate values for
the weight and the trade-off constant are given, our
method obtained a better result than the MMMF
which is equivalent to our WMMMF with a special
setting of λ = 0.5.

The best prediction error for each method for each
training/test division is shown in table 1. The pre-
diction errors decreased by introducing weights in all
cases. It should be noted that the difference in the

Figure 2: A contour plot of MAE to show the depen-
dence of the weight λ and the trade-off constant C

average error between by the WMMMF and MMMF
was comparable to the standard deviation, implying
the improvement was not so substantial. And, the es-
timated accuracies should include overestimation be-
cause the weight parameter was optimized with re-
spect to the test accuracy, which leads to incom-
plete validation. However, the optimized values of the
weight λ was consistently larger than 0.5, suggesting
that putting a larger weight to the sparse blocks im-
proved the performance.

Next, we applied the WMMMF to another situation
where we perform prediction of only a part of matrix of
particular users and particular items. In a recommen-
dation system, there can be some cases to seek users
who will prefer particular items, or to seek items which
will be preferred by particular users. In such a situa-
tion, the requested users and items should be highly
weighted for better prediction. Here, we regarded the
dense part as to be estimated and evaluated predic-
tion errors only in the dense part. We compared three
ways of estimation; MMMF1 applies MMMF only to
the dense part, MMMF2 applies MMMF with uniform
weights, and WMMMF provides a best value of weight
to the dense part (Table 2). We found that the pre-
diction error was decreased by the WMMMF for every
training/test division, and then concluded the WM-
MMF is a good method in such a situation.

4 Discussion and Conclusions

In this study, we proposed a new method for col-
laborative filtering. The experiments showed that our
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Table 1: Prediction errors of user-movie rating data. MAE performed by MMMF and WMMMF, and the best
weight value λ in WMMMF are shown for 10 trials of training/test divisions.

Dataset 1 2 3 4 5 6 7 8 9 10 mean ± std.
MMMF 0.9012 0.9059 0.9121 0.9102 0.9084 0.9157 0.9136 0.9102 0.9135 0.9122 0.9103 ± 0.0043

WMMMF 0.8973 0.9045 0.9078 0.908 0.902 0.9118 0.9075 0.9053 0.9127 0.9086 0.9065 ± 0.0045
λ 0.65 0.55 0.55 0.6 0.65 0.55 0.6 0.6 0.65 0.6

Table 2: Prediction errors only on the dense part of user-movie rating data. Three different ways, MMMF1,
MMMF2, and WMMMF are compared. MAEs obtained by the three ways and the best weight values λ are shown
for 10 datasets.

Dataset 1 2 3 4 5 6 7 8 9 10 mean ± std.
MMMF1 0.8602 0.8701 0.8742 0.8726 0.8704 0.8789 0.8673 0.8696 0.8731 0.8877 0.8724 ± 0.0072
MMMF2 0.8364 0.859 0.8638 0.8505 0.8673 0.8442 0.8316 0.8385 0.8451 0.8382 0.8474 ± 0.0123
WMMMF 0.8352 0.8501 0.8537 0.849 0.8527 0.8408 0.8297 0.8443 0.8375 0.8321 0.8425 ± 0.0087

λ 0.35 0.4 0.3 0.45 0.3 0.45 0.4 0.45 0.45 0.45

WMMMF is effective. In our method, however, the
weight matrix W has been added to the variables of
the original MMMF, U, V, θ, so this method needs a
more computational cost than the MMMF. It is nec-
essary to devise a method for obtaining good values
of the weight and the trade-off constant in an effi-
cient manner. In addition, since the objective func-
tion J(U, V, θ) is not convex, the optimization process
sometimes falls into local minima as can be seen in
the original MMMF. To overcome these problems is
our future study.
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Abstract

Adaptation to the initial weight set of a neural net-
work and morphological disruptions is studied in a
simple simulated model of phototactic behaviour. To
achieve this adaptivity, a homeostatic neural controller
is used. A salient feature of the controller is that local
plastic adaptive mechanisms work only when neural
activations move out of a prescribed region. This idea
aims at creating a high dimensional bounded set in
phase space that corresponds to neural homeostasis
linked to suitable performance. An evolved homeo-
static controller shows no dependence on the initial
weights and adaptivity to the morphological disrup-
tions. keywords : homeostatic adaptation, learning,

plastic neural network, evolutionary robotics

1 Introduction

Homeostatic neural controller has been originally
proposed by Di Paolo [1] and is extended to other
models in terms of application to a legged robot [2],
increasing a sensitivity of the homeostatic neural con-
troller with a different form of a plastic function and
variable biases [3], and exploring minimal dynamics of
behavioural preference as a model of autonomy [4].

The idea of the homeostatic neural controller is
based on an ultrastable system proposed by Ashby [5],
which is a system that will tend to change its own con-
figuration plastically whenever stability is lost, until it
finds a new internal dynamics which will make the sys-
tem stable under the new conditions. In the Di Paolo’s
original work of the homeostatic neural controller in-
spired by this system, a local plastic adaptive mech-
anisms that change synaptic weights work only when
neural activations move out of a homeostatic region
that is defined in advance by a designer. The plastic-
ity keeps working until the activations return to the
region. Such a mechanism has been implemented in a
neuro-controlled simulated vehicle evolved with a fit-
ness function rewarding phototaxis and the mainte-
nance of neural activations within the homeostatic re-
gion. The use of intermittent plasticity in combination

with a selective pressure makes an association between
the homeostasis and a desired behaviour. Once the
neurocontroller gives rise to behavioural coordination
within a given environmental situation that results in
internal stability, synaptic weight changes no longer
happen. If the situation changes, such as in an inver-
sion of the visual field or some other perturbations,
this causes a breakdown of coordination. As this hap-
pens, the local adaptive mechanism is activated until
it finds a new structure (synaptic weight values) which
can sustain the activations within the homeostatic re-
gion and re-form the behavioural coordination. As
a result, the agent can adapt to perturbations it has
never experienced before.

The homeostatic neural controller provides a novel
kind of coupling between internal and environmental
dynamics. It is not a simple static sensor-motor cou-
pling but rather a dynamical creation of sensor-motor
coupling that gives rise to behavioural coordination.
However, in the original work, there are several diffi-
culties that should be overcomed to shape the notion
of dynamical creation view. One is a dependency to
the initial weight values which were sensitive param-
eters as initial configuration of learning. Another is
a difficulty of the re-adaptation to environmental sit-
uations. The reasons of the difficulties are because
a model setting of the plastic rule and the upper- or
lower-bound of the weight values tend to make the dy-
namics converge, and because the homeostasis is not
always associated with a desired behaviour. In the
original work, only a combination of homeostasis and
a desired behaviour is associated using the evolution-
ary technique. Therefore, some undesired behaviours
can also keep homeostasis in neural activations while
behaving.

In this paper, we propose an extended homeostatic
neural controller and evolutionary ways that can more
strongly develop an association between homeostasis
and a desired behaviour. As a result, it will be shown
that the proposed method can adapt to the various ini-
tial weight values and that can re-learn environmental
situations.
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2 Model

Our proposing method is implemented in a simu-
lated mobile agent with a plastic neural controller.
The simulated robot is faced with a single light source.
The task of the agent is to approach the light source.
Different from conventional studies, a set of weights of
a neural controller is given randomly at the beginning
of a trial. The agent needs to adapt to a new weight
set from the experience of a sensory-motor coupling
through an interaction with environment.

Agent. An agent is modelled as a simulated
wheeled robot with a circular body of radius 4 and
two diametrically opposed motors. The motors can
drive the agent forwards in a 2-D unlimited plane.
The agent has four light sensors mounted at angles
±π/4,±3π/4 radians to the forward direction. Light
from point sources impinges on sensors with a local
intensity proportional to the source intensity and the
inverse of the distance from sensor to source. The
model includes the shadows produced by the agent’s
body.

Plastic controller. A fully connected continuous-
time recurrent neural network (CTRNN) [6] is used
as the agent’s controller. The equations are modified
from the ordinary form in order to avoid that unde-
sired behaviours, i.e., going away from the light, can
generate homeostasis. Therefore, CTRNN needs to
have a property that going-away behaviours will cause
a same consequence that breaks homeostasis. To re-
alize it, two parameters, α and β, are added in the
equations. The time evolution of the states of neurons
is expressed by:

τiẏi = −yi +

N∑

j=1

α sin(wji)zj(yj) + β + Ii, (1)

zi(x) = 1/(1 + e
−x), (2)

where yi represents the cell potential of neuron i, zi

is the firing rate, τi (range [0.1, 10]) is its time con-
stant, Ii represents the sensory input, which is given
to only sensory neurons, and α sin(wji) determines the
strength of the connection from the neuron, j, to i. α is
a constant given genetically, which decides how much
the pre-synaptic neurons can affect post-synaptic neu-
rons. β becomes the equilibrium point unless neither
input nor stimulus from the other neurons are given.
β is fixed to −5 in this paper. A balance of two pa-
rameters, α and β, become very important, because
if α is too small, the firing rates converge to almost
0, and if it is too big, β does not affect the dynam-
ics so much. Therefore, with appropriate α, the firing
rates converge unless there is enough stimulus from
the sensors. and the CTRNN can produce a variety

of behaviours near the light source. The use of this
property in combination with an evolutionary tech-
nique will prohibit developing the association between
going-away behaviours and homeostasis as explained
later.

In the previous studies, the firing rate and the
synaptic weights tend to converge to a maximum or
minimum values where the learning mechanism cannot
work anymore or does not cause a qualitative differ-
ence. To overcome this problem, the proposed model
use the sin function in the effect of weights.

The connection weights between neurons, wij , are
randomly determined at the beginning of a trial and a
plastic mechanism allows for the lifetime modification
of the connections. A homeostatic region is described
by a plasticity function of the firing rate of the post-
synaptic neuron with a parameter, γ. Weights from
neuron i to j are updated according to :

∆wij = ηij(1 − zi)p(zj), (3)

p(x) =

{
0 x > γ

1 − x/γ else
(4)

where zi and zj are the firing rates of pre- and post-
synaptic neurons, respectively, ∆wij is the change per
unit of time to wij , ηij is a rate of change (range
[−1, 1]), which is genetically set for each connection,
and p(x) is the plastic function that defines the home-
ostatic region. The reason why this is called homeo-
static is that if zj is more than γ, the weight connec-
tion does not change. Otherwise, the plasticity works
and the weight connection keeps changing until zj is
stabilized in the homeostatic region (more than γ).

3 Evolutionary setup

A population of agents is evolved using a rank-based
genetic algorithm with elitism. All fixed network pa-
rameters, τi, ηij , α, γ and the gains are represented
by a real-valued vector ([0,1]) which is decoded lin-
early to the range corresponding to the parameters
(with the exception of gain values which are exponen-
tially scaled). Crossover and vector mutation opera-
tors, which adds a small random vector to the real-
valued genotype, are used [7].

In the evaluation process, half of trials start with
the light source and without the light in another half.
The light condition consists of the serial presenta-
tion of 8 distant light sources which the agent must
approach and remain close to. Only one source is
presented at a time for a relative long time period,
1000. In the dark condition, there is no light in the
arena. It means that no stimulus is given to the net-
work. The agent can freely move in the unlimited
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arena for the same time length as the light condition
while it is required not to be homeostatic, that is,
the network needs to maintain the dynamics outside
homeostatic regions. The evaluation under this condi-
tion is expected to evolve the networks that have an
association between going-away behaviours and non-
homeostasis. Therefore, the agents are evaluated by
measuring three factors such as the proportion of time
that the agent spends near the light source, fs, the
time-averages of the proportion of neurons that have
behaved homeostatically in the light condition, fh, and
that have not behaved homeostatically in the dark
condition, fNh. The fitness function is given by this,
F = fs ∗ fh + avg.(fs) ∗ fNh.

4 Results

The population can be successfully evolved by 4000
generations. After that, the fitness values does not
change so much. We selected one successful agent at
the 4000th generation in order to investigate the po-
tential of the adaptivity that the agent has by follow-
ing experiments.

4.1 Creation of sensory-motor coupling

The evolved agent can generate the phototactic be-
haviour in most cases even if the weight connections
are randomly initialized at the beginning of the trial.
The evolved agent constructs a new sensory-motor
coupling through the experience of interaction with
the environment. Examples of the established photo-
tactic behaviour (distances to the light source) and the
changes of the weight connections are shown in Fig. 1
and Fig. 2. At the beginning of the trials, the weight
connections are randomly given so that the produced
behaviour cannot be approaching to the light source.
If little light stimulus is provided, the network cannot
maintain the neural dynamics in the homeostatic re-
gions. This property is evolved by the fitness function
of the dark condition. Following the plastic rules, the
network starts changing the network structures that
can lead to homeostasis and phototaxis at the same
time. As shown in figures, the agent with different ini-
tial weight sets can successfully establish the phototac-
tic behaviour and homeostasis in both cases. Interest-
ingly, those converged weight values are very different.
It means that the established sensory-motor coupling
is dynamically constructed through the interaction.

4.2 Adaptation to the sensory inversion

The adaptation to the sensory inversion is exam-
ined. Since the agent has 4 sensors in the current
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Figure 1: Left: Distance from robot to sources. Each
source lasts for 1000 time steps. Right: Change of
synaptic weights corresponding to the same run of the
left. For the clarity, only three of weights are shown.
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Figure 2: Another result of distances(left) and
weight(right) changes starting from a different initial
weight set from Fig.1.

setting, each pair of diagonal sensors are swapped
(±π/4 ↔ ∓3π/4) so that the agent “sees” the light
source at an opposite direction in terms of back/forth
and left/right.

After an initial period with normal positions of
sensors, the swapping experiment is tested. Figure
3 shows the distances from the agent to the light
sources. The light sources appear at a new place in
every 1000 steps and the sensors are swapped when
the 13th light source appears. As shown in the pre-
vious section, the adaptation to the initial weight set
happens before swapping sensors. When the sensors
are swapped, the agent moves to an opposite direction
by the sensor-motor coupling learned through normal
embodiment. However, expected input stimulus can-
not be achieved because the agent goes away from the
light. That causes breakdown of internal homeostasis
and then the synaptic plasticity starts working. After
some adaptation processes, the network has been able
to find a new homeostatic state that can approach the
light. Once the proper new sensor-motor coupling has
been established, the synaptic weight becomes stable
(Fig. 4).

Re-learning is also tested in the way that the sensors
are swapped at 13th light source and their positions
are back to the original positions at 30th light. It is
observed that the agent can successfully recover the
phototaxis to the perturbations through the learning
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phase (not shown).
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Figure 3: Distance from robot to sources. The vertical
dashed line shows onset of swapping diagonal sensors
(±π/4 ↔ ∓3π/4). All initial configurations are same
as Fig. 1.
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Figure 4: Synaptic changes corresponding to Fig. 3.

5 Conclusion

We showed a novel way of adaptation to unexpe-
rienced perturbations such as sensory inversions and
adaptation to the random initial weights. In the con-
ventional neural network modelling in evolutionary
robotics, the sensory-motor connections as a low level
description are tightly related to the behavioural per-
formances as macro observations. In our model, the
sensory-motor connections are randomly determined
at the beginning so that the tight connection between
low-level dynamics and behavioural performances can-
not be created. Instead, the sensory-motor connection
is reconfigured to maintain the higher-level homeosta-
sis, which is associated with the desired behaviours.
At the same time, the neural network is evolved to
make it difficult for undesired behaviours to main-
tain homeostasis as a network property. Therefore,
the bottom-up construction from the sensory-motor
dynamics and the top-down regulation from the be-
havioural performances are mutually coupled and the

structure makes the homeostatic neural network more
adaptive.
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Abstract 
     A cost function is useful for a confirmation of neural 
network controller learning performance, but, this 
confirmation may not be correct for neural networks.  
Previous papers proposed a tracking method of neural 
network weight change and simulated it on the application 
of both learning and adaptive type neural network direct 
controllers.  This paper applies the tracking method to an 
adaptive type neural network feedforward feedback 
controller and simulates it.  The simulation results 
confirm that a track of the neural network weight change is 
separated into two trajectories.  They also discuss the 
relationship between the feedback gain of the feedback 
controller and the parameter determining the neural 
network learning speed. 
 
1. Introduction 
 
    Many studies have been undertaken in order to 
apply both the flexibility and the learning capability of 
neural networks to control systems.[1]-[4]  Learning rules 
of neural network weights are usually designed so as to 
minimize the error between a plant output (or neural 
network output) and a desired output (teaching signal). The 
essence of neural network learning is nothing but the 
change of the neural network weights.  However, in order 
to examine the performance of the neural network learning, 
most researchers use a cost function (squared error 
between the desired output and the neural network output 
(or the plant output)).  This is because it is not practical to 
examine the huge number of the neural network weights 
and the cost function is a scalar value which is easily dealt 
with.  However, the neural network weight change is not 
always reflected in the cost function.  This problem is 
especially serious in neural network controller applications. 
This is because the performance of the cost function is 
affected by dynamics of the plant. My previous paper[1] 
proposed a tracking method of the neural network weight 
change as an examination of the neural network controller 
learning performance.  This tracking method can realize 
to observe the neural network weight change directly on 
the 2D plane.  It was also applied to both a learning type 

and an adaptive type neural network direct controllers and 
its usefulness was confirmed.[1][2]  The neural network 
direct controller is simplest because the neural network 
output is directly connected to the plant input.  This is 
suitable to examine basic characteristics, but too simple.  
On the other hand, a feedforward feedback controller with 
the neural network was also proposed.[4]  The plant input 
is the sum of the neural network output and the feedback 
controller output in this feedforward feedback controller.  
It is expected that this type neural network controller is 
more practical in comparison with the direct controller.  
This is because it is based on a biological neural network.  
However, its learning performance is different from that of 
the direct controller.  This is because the learning rule of 
the feedforward feedback controller is designed so as to 
minimize the feedback controller output. 
       Thus, this paper applies the tracking method of 
the neural network weight change to the adaptive type 
neural network feedforward feedback controller.  A 
second order discrete time SISO (single input and single 
output) plant is selected as an example of dynamical plants.  
The simulation results confirm the usefulness of the 
tracking method for the adaptive type neural network 
feedforward feedback controller.  They also confirm that 
it is observed the neural network weight change 
trajectories are separated on the 2D plane.  This 
phenomena is observed when the tracking method is 
applied to the adaptive type neural network direct 
controller.[2]  The feedfoward feedback controller has a 
feedback gain and it takes effect on the neural network 
learning performance.  Simulation results confirm this 
effect and its relationship to the parameter determining the 
neural network learning speed on the 2D plane.. 
 
2. Tracking method of neural network  
   weight change 
 
        This section explains the tracking method of the 
neural network weight change briefly.  This tracking 
method is applied to the adaptive type neural network 
feedforward feedback controller for the SISO plant.  In 
this paper, an output layer of the neural network has one 
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neuron, the weights between the output layer and a hidden 
layer can be expressed as a vector ω and the weights 
between the hidden layer and an input layer can be 
expressed as a matrix W.  To simplify, the neuron 
number of the input layer is equal to that of the hidden 
layer.  That is, the weight matrix W is the square matrix.  
The tracking method uses the following steps. 
 
(Tracking method of neural network weight change) 
(1) We can derive one weight vector Γ from the neural 
network weight vector ω and weight matrix W as follows: 
 
!

T
 = ["1 " n W1 1 W1 nW2 1 W2 n Wn 1 Wn n]   (1) 

 
Where n is the neuron number both the input layer and the 
hidden layer.  
 
(2)We must define a standard vector Γ0.  Any vector, 
which has same order as that of the weight vector Γ, can be 
selected as this standard vector, for example, the weight 
vectors derived from the initial neural network weights, the 
final neural network weights and so on. 
 
(3) We can calculate an inner product of the weight vector 
Γ and the standard vector Γ0 because these vectors have 
same order.  We can also calculate an angle between the 
weight vector Γ and the standard vector Γ0 as follows: 
 

  X = ! cos ", 
  Y = ! sin "                    (2) 

! = cos-1 (
<"0#" >

"0 # "
)

                         (3) 
 

Where <!0"! > is the inner product between the vector 

Γ0 and the vector Γ, and !  is the norm of the vector Γ. 
 
(4) We can draw a new weight performance on the 2D 
plane by the use of X and Y in equations (2) and (3). 
 

 

Neural
Network

Plant

+

-

Yd

Y

z

z -1

z -1

z-1

Kp

+

+U1

U2

 
 
Fig.1 Block diagram of neural network feedforward 
     feedback controller for second order discrete 
     time plant. 

3. Simulation 
 
     This paper applies the tracking method of the neural 
network weight change to the adaptive type neural network 
feedforward feedback controller. The simulated plant is 
follows:   
 
Y(k) = - a1Y(k-1) - a2Y(k-2)  
       +U(k-1) +bU(k-2) -a3Y(k-3)+ CnonY

2
(k-1)    (4) 

 
Where Y(k) is the plant output, U(k) is the plant input, k is 
the sampling number, a1, a2 & b are the plant parameters, 
a3 is the parasite term and Cnon is the nonlinear term. For 
this simulation, a1=-1.3, a2=0.3, b=0.7, a3=-0.03 and 
Cnon=0.2 are selected.  The rectangular wave is also 
selected as the desired value Yd.   The output error ε is 
defined as follows: 
 
!(k)=Yd(k)-Y(k)                                (5) 
 
      For this simulated plant, the neuron number n in 
both the input and hidden layers is 6.  The neural network 
input vector I is defined as the following equation. 
 

 IT(k) = [Y
d
(k+1) Y(k) Y(k-1) U

2
(k-1) U

1
(k) U

1
(k-1)]    (6) 

 
Where U1(k) and U2(k) are the feedback loop output and 
the neural network output respectively.  We select the 
following sigmoid function f(x) as the input output relation 
of the hidden layer of the neural network. 
 

f(x)=
Xg{1-exp(-4x/Xg)}

2{1+exp(-4x/Xg)}                           (7) 
 
Where Xg is the parameter which defines the sigmoid 
function shape.  The neural network output U2(k) is 
composed as follows: 
 

  U
2
(k) = !T(k)f{W(k)I(k)}                         (8) 

 
When we use the P control (Proportional control), the 
feedback loop output U1(k) is composed using the 
feedback gain Kp  as shown in the following equation.  
 

 U
1
(k) = Kp{Yd(k)-Y(k)}                          (9) 

 
The plant input U(k) of the feedforward feedback neural 
network controller is the sum of the neural network output 
and the feedback loop output as follows: 
 

 U(k) = U
1
(k) + U

2
(k)                            (10) 

 
The block diagram of the adaptive type neural network 
feedforward feedback controller is shown in Fig.1.  The 
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learning rule of this neural network controller is designed 
so as to minimize the feedback loop output.  When we 
apply the δ rule to this learning rule, it is expressed as 
follows: 
 

  W
ij
(k+1) = W

ij
(k-1)+!U

1
(k)"

i
(k-1)I

j
(k-1)  

                         
!f
,
{ Wij(k-1)Ij(k-1)}!
j=1

n

 
                                            (11) 

   
!

i
(k+1) = !

i
(k-1)+"U1(k)f{ Wij(k-1)I j(k-1)!

j=1

n

}

       (12) 
Where η is the parameter to determine the neural network 
learning speed.  We select the weight vector derived from 
the initial neural network weights as the standard vector Γ0 
of the equations (2) and (3) 
   Figures 2 and 3 respectively show the plant output 
k=1~1000 and k=4000~5000.  As shown in these figures,  
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Fig.2 Plant output (k=1~1000). 
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Fig.3 Plant output (k=4000~5000). 
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Fig.4 Track of neural network weight change. 
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the neural network output decreases as learning progresses 
and it converges with the desired value.  Figure 4 shows 
the whole track of the neural network weights change 
(k=1~5000).  As shown here, it starts on the X axis and 
after, it separates to two trajectories.  Figure 5 shows the 
expansion of the track around the initial stage of learning.  
As shown in this figure, the start point is one, but, soon the 
track of the neural network weight change is separate to 
two trajectories.  The length between two trajectories 
seems to be periodic.  Figure 6 shows the expansion of 
the track around the final stage of leaning.  The 
trajectories are still separated and periodic.  This 
phenomena was also observed in the adaptive type neural 
network direct controller application. 
    Next, We examine the relationship between the 
feedback gain Kp and the parameter η determining the 
neural network learning speed.  Figures 7, 8 and 9 
respectively show the tracks of (η=0.001, Kp=0.01), 
(η=0.0001, Kp=0.1) and (η=0.00001, Kp=1).  As shown 
in these figures, fig.7 is almost same to fig.8. This fact 
shows that the feedback gain Kp has same capability to 
that of the parameter η for the convergence of the neural 
network weights.  However, the track of fig.9 is different 
from those of figs.7 and 8.  That is, the feedback gain Kp 
has the above capability in some restricted region.  
       
 
4. Conclusion 
 
       This paper applied the tracking method of the 
neural network weight change to the adaptive type neural 
network feedforward feedback controller.  The simulation 
results confirmed its usefulness.  They also clarified that 
the feedback gain has same capability to that of the 
parameter determining the neural network learning speed 
in some restricted region. 
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Nonequilibrium dynamics of reacting network system
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7-3-1, Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan

Abstract
As a first step to understand nonequilibrium dy-

namics of reacting network system, we propose a
model of reacting network system in which reaction
rates are determined by a simple dynamics of energy
flow.

1 Introduction

A great variety of plants and animals have been
living on earth, and we are living and evolving by ab-
sorbing energy from the sun, and at the same time
dissipating them. By the development of molecular
biology in 20th century, its activities are found to be
supported by complex reaction networks. However,
temporal understandings of nonequilibrium reacting
networks are far behind for understanding the life.

Phenomenological studies based on differential
equations have been mainly done so far, however, we
do not have enough understandins why the system
choose to let parameters in the equations have the val-
ues. Next step will be to include additional variables
to understand how the value of parameters are de-
termined, and most appropriate one would be energy
which flows though the system in various forms such as
substances, ATP, light, and so on. Recently, we pro-
pose a simple model in which energy flow is included
and reaction proceed depending on the variable[1].

In this paper, we applied the model in which reac-
tion paths form random networks.

2 Model

2.1 Reactions

We consider s chemicals Xi (i = 1, ..., s) are inside
the system. The following reactions will occur in the
system,

Xi + Xj → 2Xi + Xj , (1)

which means that new Xi will be produced by catal-
ysis of Xj . We construct random network of catalytic
relations. For every chemical, density of path of re-
actions is fixed to ρ, so that every chemical has sρ
catalyst on average.

2.2 Dynamics of energy flow

We assume a homogeneous system and that fre-
quency of reactions are proportional to the multiplier
of concentrations of reactants cicj where ci denote the
number of Xi divided by total number of molecules
NT . Therefore, the increase of Xi can be written as

∆Ni = γi
Ni

NT

Nj

NT
. (2)

where γi denote rate constant for Xi. We do not give
values of γi as parameters. Instead, following dynam-
ics are introduced in the system. We introduce a new
quantity J which represents resources to produce new
molecules such as substances, light, ATP and so on.
We refer to J as energy in this paper, and we also as-
sume J is a single quantity for whole of the system.
W assume that J is flowing into the system so that J
increase constantly by ∆J whether reactions occur or
not. We determine E for every reaction that is necce-
sary amount of J to proceed the reaction. We progress
the reaction if the amount of J is greater than E in the
system. These dynamics determine the rate constant.

The simulations are carried out as follows. We in-
troduce discrete simulation steps. In every step, we
pick up two molecules randomly from the system. If
there is a reaction path between the two molecules,
reaction may occur. If not, we just put them back to
the system. When there is a reaction path between the
two, and at the same time, if J is greater than E for
the reaction, we add new particle as eq.(1). As a cell
division, if the total number of molecules NT exceed
a threschold Nmax, we randomly remove half of them
from the system. We also add ∆J to J in every step
whether reactions occur or not.
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3 Results

3.1 In case of two species[1]

First of all, we consider two species case s = 2,

X1 + X2 → 2X1 + X2, (3)
X2 + X1 → 2X2 + X1. (4)

We denote the necessary amount of J for these re-
actions as E1 and E2, respectively. In case of E1 =
E2 = E, we can calculate the rate constant γ in a
steady state as γ = 4∆J/E. However, in asymmetric
case E2 > E1, interesting behavior is observed in a
steady state. Rate constant for X2 shows not only the
Arrhenius type γ2 ∼ exp(−E2/α∆J2) but also non-
trivial power-law dependence on E2 as ∆J is fixed to
be greater value. Further, we also observe crossover
behavior that the power changes from −1/2 to −1 at
some large value of E2. Details of results and analysis
are in Ref.[1].

3.2 Random network case

We simulate a random network case. We construct
the random reaction paths and we also determine the
value of E for every reaction randomly between 0 and
Emax. It is noted that in the case, mutually catalytic
reaction paths are eliminated. We fix parameters as
Nmax = 16000, ρ = 0.1, Emax = 30 and ∆J = 1.
Further, initial number of chemical species s is chosen
as s = 200.

3.2.1 Steady states and fluctuations

The system attains a steady state in which several
chemicals are survived as shown in Fig. 1

It is noteworthy that the survived chemicals can be
different for every simulation even if the parameters
are the same. This implies that a condition whether
some chemicals can be survived depends on genera-
tions of random numbers. We will not discuss which
chemicals or networks can survive, but examine the
properties of the survived networks.

In the reaction network, every chemical is catalyzed
by other chemicals in the network and the chemi-
cal also catalyze other chemicals. Thus, the survived
chemicals form a cycle like shown in Fig. 2.

As a general feature of replicating system with
catalytic networks, it is known that fluctuations
of the number of chemicals which are peripheral
to but catalyzed by the core cycle are log-normal
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Figure 1: Number of each chemicals in the system.
Several chemicals survived and they continues to re-
produce theirself.

Figure 2: The survived reaction network in our sim-
ulation. The number denotes a chemical and arrow
from chemical Xi to Xj denotes that Xi catalyzes Xj .
The reaction energies of the surviving chemicals are
E6 = 11.45, E7 = 6.31, E119 = 7.37, E152 = 2.65 and
E166 = 0.18.
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distributions[2]. The log-normal distribution is rep-
resented by a normal distribution of log(Ni) as

P (Ni) ≈ exp

(
− (log(Ni)− µ)2

2σ2

)
,

where µ and σ denote the mean and the standard de-
viation, respectively. The log-normal distributions of
the number of chemicals are found experimentally in
some cellular reactions[3]. In this model, the fluctu-
ations of the components of the core cycle 6, 7, 152
are small, but fluctuations of the chemicals which are
peripheral to but catalyzed by the core cycle, 119 and
166 shows log-normal distributions[4].

3.2.2 Dynamics of energy resources

We examine the microscopic dynamics of J in the surv-
ing cycle. We represent the distributions of J as PJ .
We also represent qi as

qi =

(∑

k

Nk

Nt

)
Ni

Nt
,

where k is summed up through chemicals which the
chemical Xi catalyze. Thus, the master equation of
PJ is written as follows,

PJ(t+1) = PJ−∆J(t)

(
1−

∑

i

qi

)
+

∑

i

PJ+Ẽi−∆J(t)qi,

(5)
where t denotes the simulation step, and Ẽi is written
as

Ẽi =
{

Ei (J ≥ Ei)
0 (J < Ei).

We obtain the steady state solution PJ by a condi-
tion PJ(t + 1) = PJ(t) numerically. For simplicity, we
assume that values of J are multiples of ∆J . First, we
assume that

PJ = k × PJ−∆J ,

for J > Emax where k satisfies the following equation,

k =

(
1−

∑

i

qi

)
+

∑

i

qik
Ei/∆J . (6)

Based on the master eq. (5) and the values of PJ

for J > Emax, we obtain PJ for J < Emax. Figure 3
shows the distributions of J obtained from the original
model and the master eq. (5). It is confirmed that the
value of the original model agrees with that of the
random walk analysis.
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Figure 3: Distribution of J represented as PJ in the
steady state. The points represented as “simulations”
show the results of the original simulations, and the
dotted line as “analysis” show that of the random walk
analysis with k = 0.813.

Consequently, we can derive the rate constants γi

for chemical Xi as

γi =
∑

J>Ei

PJ . (7)

3.2.3 Rate of Replicating “Heavy” Chemicals

In the previous subsection, we have shown that the
random walk analysis explained the distribution of J
and the rate constant of the survived chemicals.

As noted in the previous subsection, the survived
chemicals comprises the self-sustaining cycles. In this
subsection, we examine how the rate constant de-
pends on the reaction energy in case that the system
should possess a “heavy” chemical which means that
the chemical needs a very large energy E to reproduce.
In our model, the “heavy” chemical cannot survive by
itself in general because there is usually an alternative
cycle in which chemicals reproduce themselves more
easily.

However, it is possible that the chemical plays an
essential role in the system such as DNA even if the
chemical is difficult to obtain. Therefore, we consider
the case that the system should possess the “heavy”
chemical. It is obvious that chemicals should com-
prise the self-sustaining hypercycle for its survival. As
a simplest case in our model, the cycle is composed
by three chemicals, say A,B, and C. We refer to the
“heavy” chemical as A. B is a chemical which is cat-
alyzed by A. Finally, C is a chemical which is cat-
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Figure 4: Rate constant vs. reaction energy E of the
“heavy” chemical. The line E−1/2 is also drawn.

alyzed by B and it also catalyzes A.
It is obvious that the cycle is advantageous for its

survival when the values of energy E to obtain the
chemicals B and C are small. Thus we assume that
the values of E to obtain B and C are small compared
to that of A.

We simulate the system and show the dependence
of rate of replicating A on the reaction energy in Fig.
4. It is clear that the rate constant have power-law
dependence with regard to the reaction energy and
the power is -1/2.

This behavior is explained by the macroscopic rela-
tions of the system. In the steady state, the following
relations hold in the system: the conservation of en-
ergy in each step,

∆J = EA∆NA + EB∆NB + EC∆NC , (8)

the condition of steady state about the number

Ni + ∆Ni

Nt + ∆Nt
=

Ni

Nt
, (9)

where ∆ indicates the expecting increase of each num-
ber in one step, the index i represents every chemi-
cal A,B, and C, and Nt denotes the total number of
molecules. Furthermore, ∆Ni is written as

∆Ni =
Ni

Nt

N(i)

Nt
γi, (10)

where (i) indicates a chemical which catalyzes chemi-
cal i, and γi is the rate constant.

When we assume that γB and γC is fixed to one,
we obtain from eqs. (8) to (10)

(∆J−EB)γ3
A+(5∆J−2EA−EB)γ2

A+(8∆J−2EC)γA+4∆J = 0.
(11)

If we remind ourselves that the value of EA is large
compared with the other parameters and only the sec-
ond term of left-hand-side of the equation includes the
EA, we roughly observe that

EAγ2
A ≈ 1. (12)

Therefore, the rate constant have a power-law depen-
dence E

−1/2
A .

4 Summary

We have studied a reacting model of catalytic net-
work. By introducing energy flux which is acquired
from the outside, the rate is determined by the model
itself. We study the dependence of rate constant
on reaction energy, and the behavior is explained by
the asymmetric random walk model. We have found
the same dependences in a situation that the system
should possess a “heavy” chemical as observed in mu-
tually catalytic system.
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Abstract

The relation between the diversity and the inter-
species interactions in ecosystems is studied using
a simple population dynamics model. The interac-
tion terms have the characteristic form of xλ

i x1−λ
j .

Simple rules for addition and elimination of species
is also included. This model is called the “scale-
invariant” model and known to reproduce various sta-
tistical properties in real ecosystems. It is found that
this model system has two phases depending on the
parameter λ. When λ is smaller than a certain value
λc, the number of species fluctuates in finite range.
As λ approaches λc, the average number of species
diverges as (λc − λ)−1. When λ > λc, the number
of species grows to infinite. Further it is found that
larger λ yields both stabilization of the system and
enforcement of interactions at the same time.

1 Introduction

What is the difference between ecosystems in which
many species can coexist and those in which only few
species can survive? How does the interaction among
species (preying, competition, cooperation, parasitism
and so on) affect the stability of whole ecosystems?
Understanding the relations between diversification of
whole ecosystems and underlying dynamics of each
species has been one of the most challenging problems
in science of complex systems [1, 2, 3, 4, 5, 6].

Since real ecosystems are organized through Dar-
winian processes, it is natural to construct model
ecosystems through trial and error schemes: the model
should include some kind of rules of invasions, muta-
tions or extinctions. In this paper, we study a sim-
ple population dynamical model in which the ecosys-
tem self-organize to diverse structure through inva-
sions and extinctions.

The authors have proposed a simple population dy-
namics model called the “scale invariant” model in

∗shimada@ap.t.u-tokyo.ac.jp
†murase@serow.t.u-tokyo.ac.jp
‡ito@ap.t.u-tokyo.ac.jp

which the interaction term are given as follows:

aij(
xi

xj

)λxj = aijx
λ
i x1−λ

j , (1)

where 0 < λ < 1
2 . The model succeeded in organizing

diversifying ecosystems [7]. Furthermore, it was found
that the model reproduces statistical characteristics
of real ecosystems. For example, life span of species
obtained from the simulation shows good agreement
with fossil data and is well fitted by a q-exponential
function[8]. Topological feature of food web structures
is also reproduced by the model [9].

Those facts implies the simple model still captures
some essential features of the real ecosystem. There-
fore it is natural to expect that some features are uni-
versally shared in systems in which many species make
interactions with each other. In this paper, the rela-
tionship between the interspecies interactions and di-
versity and the stability of the system is systematically
studied using the scale-invariant model.

2 Model

2.1 population dynamics

The population dynamics of species is described as
follows:

ẋi = −cixi +
∑

aij<0

aijx
λ
i x

(1−λ)
j +

∑
aij>0

aijx
(1−λ)
i xλ

j ,

(2)
where xi is the population density and ci is the metab-
olization rate of i-th species. The equation consists of
the metabolization term and the scale-invariant inter-
action terms with the characteristic exponent 0 < λ <
1
2 .

We focus on energy transport in the food web and
only assumes prey-predator interaction for simplicity.
Hence interaction coefficients are assumed to be anti-
symmetric form : aij = −aij. All metabolization rate
ci are set to be 1 in the following. Without any inter-
action terms, x decays exponentially according to the
metabolization term.

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 589



For simplicity, λ is set to be uniform for all species
in each simulation. Preying term is limited to be con-
vex as a function of prey and predator. This corre-
sponds that preying rate per predator saturates under
the condition when prey and predator are abundant.
These saturation is not so unrealistic and will be com-
mon in nature.

Since species mentioned above do not have growth
term, we need some autotrophic species which have
growth term. Hence we introduce a unique producer,
which is called “plant” species in the following. And
we call the heterotrophic species mentioned above “an-
imal” species. The role of the plant species is to supply
energy to animal species. The population dynamics of
the plant species consists of a logistic growth term and
interaction terms. The equation is as follows:

ẋ0 = Gx0(1 − x0) +
∑

j

a0jx
λ
0x

(1−λ)
j , (3)

where G is the growth rate.
In our model, only the logistic growth term have

the scale dependent form and, therefore, this term de-
termines the scale of x of the whole system. Energy
generated by plant species are distributed to animal
species by preying interactions. Animal species dis-
sipate energy gained directly or indirectly from plant
species. Hence animal species can not survive without
energy supplied by plant. We consider the system to
be organized by one plant and many animal species.
In the following, growth rate is set to be large ( 100 )
in order to avoid the whole extinction caused by the
extinction of the plant species.

2.2 addition of new species and extinction

To see the dynamics of species richness, the rules of
invasions of new species and extinctions are introduced
in this model.

If the population of i-th species (xi) becomes 0,
the species is regarded as being extinct and eliminated
from the system. Animal species which become to
have no prey also go extinct.

Invasions of new species are applied when all the
populations of the system become stable. Only one
species invades at a time. The initial population den-
sity of new comer is chosen to be very low (10−8).
The number of interaction of new comer is selected
randomly from {1, 2, 3, . . . , m}. The interaction coef-
ficients are also selected randomly from uniform dis-
tribution ranging [−α, α]. Therefore m and α are the
parameters which determines the strength of interac-
tion. In the beginning of each simulation, there exists
only plant species in the system.

Figure 1: Temporal behavior of N when λ changes.
Four lines corresponds to the case when λ =
0.45(diversifying phase), 0.41(near critical value),
0.40(steady phase) and 0.38(steady phase) from top
to bottom respectively. The lines are averaged
over 10 samples(λ = 0.45) or 100 samples(λ =
0.41, 0.40, 0.38). The diversity saturates when λ < λc,
on the other hand, it continues to increase when
λ ≥ λc.

3 Results

3.1 diversifying behavior

First we investigated the dependence of temporal
behavior of the number of species, N , on the in-
teraction exponent λ. The parameters were set to
α = 1.0, m = 5.

Temporal behavior of N shows two phases as λ

changes. Fig. 1 shows typical dynamics of diversity
in both two phases. The first phase is observed when
λ is smaller than some characteristic value λc. In this
phase, the ecosystem tend to collapse and N do not
increase. The system remains to be a simple structure.
We call this phase “steady phase”. The other phase
is “diversifying phase”. This phase is found when λ

is larger than λc. In this phase, N begin to increase
with time and large scale community of species can
be organized. Diversity spontaneously emerges and
the system can maintain the diversity in this phase.
Near the boundary of these two phases (λ ≈ λc), N

fluctuates with neither trend to grow nor to collapse.
Sample average of N grows as ∝

√

t′ approximately,
here t′ is number of invasions.

The system has tendency to have more species with
larger λ in both two phases. Enlargement of λ enables
the system to have more coexisting species. The aver-
age number of species, 〈N〉, in steady phase are plotted
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as a function of λ in Fig. 2. We define the diversifying
phase as the phase in which N tend to increase after
40 thousands invasion times. Critical value λc is 0.41
and the 〈N〉 in steady phase diverges as (λc − λ)−µ.
The exponent µ is about 1.

The critical behavior can be understood as an asym-
metric random walk in diversity space. If the proba-
bility that N increases (p+) and the probability that
it decreases (p−) are independent of N , the tempo-
ral change in N should be described by asymmetric
random walk. When λ < λc, p+ is considered to be
smaller than p−. Hence N remains in certain range.
When λ = λc, two probabilities are considered to be-
come the same (p+ = p−). When λ > λc, p+ be-
comes larger than p−. Hence N diverges to infinite
as time when λ ≥ λc. N corresponds to distance of
random walker from its starting point because N is
bounded to be positive. Therefore the sample aver-
age of the N diverges as ∝

√

t′ when λ = λc ,which
is qualitatively consistent with the simulation result.
If ∆p ≡ (p− − p+) are proportional to (λc − λ), 〈N〉

diverges as (λc − λ)−1, which is also consistent with
the simulation result.

Behavior of N is also depend on m and α. Larger
m or α makes the system harder to organize diverse
structure. Therefore the observed phase is depend on
m,α and λ. Fig. 3 shows the phase boundary between
two phases and λc monotonously increase with m and
α. This can be explained that λ must be large enough
that the ecosystem can diversify when m or α is larger.
The result seems to be consistent with the “paradox
of ecology”: higher connectance and higher magnitude
of interactions make species prone to extinct.

3.2 stability of emerged ecosystems

Since the dynamics of populations is asymptotically
stable in almost all the case, we can estimate the sta-
bility of the whole ecosystem by calculating the eigen-
values of linear stability matrix (Sij = ∂ẋi

∂xj
) around its

fixed point. Although temporal behavior of N depends
not only on stability but also on feasibility, stability is
considered to be a key factor to diversification. In ad-
dition, comparison with May’s argument will be also
important.

We calculated the linear stability matrix and eval-
uated the stability using eigenvalues of linear stability
matrix. Since surviving species are selected through
extinctions, the linear stability can not be evaluated
directly from λ, m and α. They must be calculated
from the simulation results. We executed simulations
till N become 50 for each parameters and then calcu-
lated the eigenvalues of the linear stability matrix.

Figure 2: Average number of species in steady phase is
shown as a function of λ (left) and λ−λc (right). The
dotted line corresponds to a function proportional to
(λc − λ)−1. The critical value λc is 0.41.

Figure 3: Critical values λc as a function of α. Three
lines corresponds to the case m = 9,7 and 5 from top
to bottom.
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Fig. 4 shows the distributions of the real part of the
eigenvalues. The distributions moves to smaller side
(left side in Fig. 4) and becomes more sharp around
their peak as λ becomes larger. This means that the
whole ecosystem becomes more stable when λ becomes
larger. Fig. 5 shows the distributions of off-diagonal
elements of the linear stability matrix. This graph
shows that the off-diagonal elements of the linear sta-
bility matrix are widely distributed when λ is large.
the variance of the off-diagonal part become larger as
λ increases. According to May’s argument, large vari-
ance of off-diagonal part of the matrix destabilize the
system when elements are completely random. How-
ever this plot shows inverse results and seems to con-
flicting with May’s results. The reason why large λ

stabilize the system even though variance of the ele-
ments increases is that the matrix become more close
to anti-symmetric form from random matrix as λ in-
creases. Since we assume aij to be anti-symmetric
form, the matrix becomes closer to anti-symmetric
form when λ increases. The distribution in Fig. 5
certainly become more symmetric around 0 when λ is
large.

Figure 4: Distributions of eigenvalues when 50 species
coexist with each λ. The data are averaged over 500
samples.

4 Conclusion

We have found that the diversity of the system
in the scale invariant model shows a kind transition
from poor states to diversifying states as changing the
characteristic exponent λ. We could find a similarity
between the transition and the ordinal second-order
phase transition. The linear stability analysis illus-

Figure 5: Distributions of off diagonal part element of
the stability matrix when 50 species coexist with each
λ. The data are averaged over 500 samples.

trated that the larger λ brings both stronger interac-
tions and stabilizing of the system together.
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Abstract

In this paper, we propose a control system using ge-
netic programming (GP) for backward movement con-
trol of a two-trailer truck, known as a non-holonomic
system. We have already acheived the control of a
single trailer using GP. In this study, we aim to de-
sign a control system for complex problem of two trail-
ers. In order to verify the effectiveness of the proposed
method, it is compared to neurocontroller (NC) sytem
evolved by genetic algorithm (GA).

1 Introduction

Backward movement control of a trailer-truck sys-
tem is one of the typical nonholonomic system con-
trol problems. Difficulties of this control problem are
caused by the complex dynamics of nonliner system
and also by the need to consider its structural lim-
itations such as the “jackknife” phenomenon occur-
ring when the angle between truck and trailer exceeds
the limitation. Furthermore, this control problem be-
comes more difficult when the number of connected
trailers is increased. To achieve this control, fuzzy sys-
tem [1] and neuro controller (NC) have been proposed.
There are several training methods of NC, such as the
back-propagation (BP) algorithm [2], or the genetic
algorithm (GA) [3].

In this paper, we use genetic programming (GP)
method [4] for backward movement control of a trailer-
truck. GP genetically breeds populations of computer
programs and equations to solve problems, and the in-
dividuals in populations have hierarchical structures of
functions and its arguments (terminals). In our previ-
ous study [5], we have already acheived the backward
movement control of a single trailer with GP. As a
next study, we desire to increase the number of trail-
ers to two as a more difficult system. To examine the
effectiveness of the control system, we will compare
our system with a simple NC control system evolved
by GA.

2 Model of two trailers-truck system

Figure 1 and Table 1 show the simple diagram of a
model and parameters of the two-trailer truck system,
respectively. Dynamics of this system is represented
as follows:

x0(t + 1) = x0(t) +
v · ∆t

l
tan[u(t)] (1)

x1(t) = x0(t) − x2(t) (2)

x2(t + 1) = x2(t) +
v · ∆t

L
sin[x1(t)] (3)

x3(t) = x2(t) − x4(t) (4)

x4(t + 1) = x4(t) +
v · ∆t

L
sin[x3(t)] (5)

x5(t + 1) = x5(t) + v · ∆t · cos[x3(t)]

× sin

[
x4(t + 1) + x4(t)

2

]
(6)

x6(t + 1) = x6(t) + v · ∆t · cos[x3(t)]

× cos

[
x4(t + 1) + x4(t)

2

]
(7)

x0(t)

u(t)

x1(t)

x2(t)

x5(t)

x6(t)

x4(t)

x3(t)

L L l

0

Figure 1: Model of two trailers-truck system
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Table 1: Parameters of two trailers-truck system
l truck length (0.129[m])

L trailer length (0.124[m])

∆t sampling time (0.5[s])

v truck speed (−0.03[m/s])

x0(t) truck angle

x1(t) angle between truck and 1st trailer

x2(t) first trailer angle

x3(t) angle between 1st trailer and 2nd trailer

x4(t) second trailer angle

x5(t) vertical position of 2nd trailer

x6(t) horizontal position of 2nd trailer

u(t) front wheel angle (|u| ≤ π/2[rad])

3 Control system design for the trailer

The purpose of backward movement control is to
make the horizontal state with zero vertical position.
Namely that the desired states in this problem are
x1(t) = x3(t) = x4(t) = x5(t) = 0. Furthermore, it
is necessary to consider the limitation of front wheel
angle (|u(t)| ≤ π/2[rad]) and limitation of the “jack-
knife” phenomenon (|x1(t)|, |x3(t)| ≤ π/2[rad]) in this
control problem.

3.1 GP control system

GP method generates a tree structure, which is
composed of function and terminal nodes. In our
GP method, function trees receive errors of the de-
sired state and present state as an inputs, and output
front wheel angle. The terminal nodes shown in Ta-
ble 2 are errors dxi(t) between targets x

ref
i and present

states xi(t) (i = 1, 3, 4, 5), and a random number. The
function nodes shown in Table 3 are mathematical ex-
pressions, such as addition (+), subtraction (−), mul-
tiplication (∗), and moreover, hyperbolic tangent func-
tion (tanh) is adopted. The tanh function is a non-
linear function and it is used as activation function of
neural network as its shape is alike a sigmoid function,
and its values are within the range of [-1, 1]. There-
fore, we expect this function to take effect to generate
appropriate wheel angle not to exceed its limit. In ad-
dition, we consider that this function’s non-linearity is
suitable for the dynamics of the target system.

The number of GP population is set to N = 100, the
initial depth of function trees is set to 7, the maximum
depth after crossover is set to 30. The probabilities of
crossover and mutation are 0.8 and 0.2, respectively.
Figure 2 shows how to evolve function trees of GP.
Trees are updated by repeating crossover and muta-
tion of trees each other.

Table 2: Terminal nodes

terminal description

dx1(t) error of x1(t) and xref
1

dx3(t) error of x3(t) and xref
3

dx4(t) error of x4(t) and xref
4

dx5(t) error of x5(t) and xref
5

rand random number [−10, 10]

Table 3: Function nodes

function branch description

+ 2 sum of the branches

− 2 subtract 1 from 2 branches

∗ 2 multiply of the branches

tanh 1 hyperbolic tangent of the branch

Evaluation

Crossover

Mutation

New population

Selection
dx2

+
-* tanh

dx3dx1 1.0

+

5.0

+

dx2 dx1

parents

dx2

+

*

dx1

+

5.0

+

dx1

children

-

dx3 1.0

tanh

dx2

cross branches

dx2

+
*

dx1

-

dx3 dx2

tanh

10.0

mutation

mutate tree
dx2

+
*

dx1

tanh

10.0

Crossover

Mutation

Initial population
        (N=100)

End

Figure 2: GP trees evolution

3.2 NC control system evolved by GA

To examine the effectiveness of our control system,
we will compare with NC control system evolved by
GA. Like GP control system, the NC also receives the
error signals and outputs front wheel angle. The struc-
ture of the NC is a three-layered feedforward neural
network with 4-10-1 architecture. A sigmoid activa-
tion function is introduced into hidden layer while a
linear function is kept for the input and output layers.
NC has the connecting weights which are updated by
GA.

The number of NCs treated in GA is set to 100,
the gene length in GA is 16 bit. Similarly to GP, the
crossover and mutation rates in GA are 0.8 and 0.2,
respectively.
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4 Evaluation method

During the training with GP or GA of NC, evalua-
tion value E is computed using following equation,

E =
P∑

p=1

[(xref
1

− x
end
1p )2 + (xref

3
− x

end
3p )2

(xref
4

− x
end
4p )2 + (xref

5
− x

end
5p )2] (8)

where x
ref
i are the desired states (xref

i = 0, i =
1, 3, 4, 5), xend

ip are the final states for trailer-truck
which starts from initial position p. P denotes the
total number of initial positions, in this test P = 9.
Table 4 shows the nine initial positions of training, the
initial horizontal position is x6 = 0.6 [m]. Trailer sys-
tem starts from each position, and it is controlled for
100 steps.

Moreover, during the control, when the limitation
of front wheel angle is exceeded, or the “jackknife”
phenomenon occurs, the control sequence break and a
penalty of 100 points is added to E.

Table 4: Initial position for test

p
x0,x2,x4

[rad]
x5

[m]
x6

[m]
1 0
2 π/2 0.0
3 π
4 0
5 π/2 0.3 0.6
6 π
7 0
8 π/2 0.6
9 π

5 Simulation result

In this study, we use 200 generations for GP in the
proposed method and 300 generations for GA in NC
system. We judge that the control process succeeds if
its evaluation value is less than 10−4. Figure 3 shows
the evaluation result of GP training. It can be seen
that the evaluation fell into local minimum value until
the 97th generation, it caused a training delay. The
depth of the generated trees of GP is 2 and a typical
form is (tanh dx1) or (tanh dx3). However, after those
generations it turns to train. At the end of training,
evaluation E became 8.76×10−7 which is much smaller
than the judge value. In our opinion, the reason of
the turning of training is as follows: In local minimum
state there are only almost similar tree populations
with small depth therefore they could not generate

variety of populations. But, there are another type of
populations remained with wrong evaluation values.
If they have enough larger depth, they might generate
better populations.

To confirm generalization ability of the control sys-
tems, we set the trailer-truck to an untrained posi-
tion as initial position, with angle x0 = x2 = x4 =
2π/3 [rad], vertical and horizontal x5 = 0.5 [m],
x6 = 0.6 [m]. Figure 4 shows the control results
trained by GP and NC respectively (sampling every
14 steps). From this position, both control systems
performed good control of backward movement toward
the desired state. Figure 5 shows a detailed compari-
son of the control results. From this figure, the result
of GP control is earlier converged to the desired state
than NC control. Moreover, the evaluation values in
this control are E = 7.79 × 10−10 (using GP), and
E = 2.03 × 10−7 (using NC), hence GP performed
with a smaller error.

Figure 6 shows the front wheel angle. It appears
that both controllers are similar that the front wheel
angle is operated in the positive direction in the first
steps. NC control system operated to 0.92 [rad] which
is larger than the angle obtained by GP control (u =
0.63 [rad]). And then, the wheel is turned quickly
to positive direction and negative direction, then it
gradually converged to 0 [rad]. After these turns of
the wheel, GP control did not need further obvious
operations while NC control operated small turns of
the wheel about three times. From these observations,
it is clear that GP control has a ability to operate the
front wheel angle smoothly.

 1e-06

 0.0001

 0.01

 1

 100

 0  50  100  150  200

E

Generation

Figure 3: Evaluation value of GP training

6 Conclusions

In this paper, we proposed the method of backward
movement control for two-trailer truck system using
GP. The GP generates the function trees which con-
tain a nonlinear function and three mathematical ex-
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Figure 4: Control of the two-trailer truck system

-0.2

 0

 0.2

 0.4

 0.6

 0.8

-0.4 -0.2  0  0.2  0.4  0.6  0.8

x5
[m

]

x6[m]

Start

GP
NC

Figure 5: Comparison of the control systems

-1

-0.5

 0

 0.5

 1

 0  20  40  60  80  100

u[
ra

d]

t[step]

GP
NC

Figure 6: Front wheel angle u

pressions. The simulation results showed that GP is
possible to design the control system for two-trailer
system. Also, the GP control was compared to NC
control and the effectiveness of the proposed controller
was confirmed, that is the GP control could converged
to the desired state earlier than the NC. Moreover, the
GP control operated trailer truck more smoothly than
NC.
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Abstract

In this paper, we propose a detection system of dan-
gerous situation for safe driving using foveated image
processing and neural network (NN). This system de-
tects the situation of a man rushing out that must
be avoided while driving. A foveated image is trans-
formed by Log Polar Mapping (LPM) [1, 2] from an
image acquired from camera mounted on a car. LPM
imitates primate visual system and it is possible not
only to obtain both a high central resolution and a
wide field view, but also to significantly reduce pro-
cessing image data. This transformed image is suited
for detection of an object that moves toward the cam-
era. To detect this object, we calculate flow vectors
on time-scaled images, and process them by NN that
outputs a warning signal when a dangerous situaion is
detected.

1 Introduction

A driving support system is a system that acquires
informations of road and car environments by sen-
sor(s) such as a camera or ultra sonic sensors on a car
(inner type) or on road (outer type) and calls driver’s
attention to drive carefully by warning sounds or im-
ages when a dangerous situation is detected. There
are some advantages of this system as follows [3]:

(1) Accident reduction in intersection.

(2) Reduction of driver’s judgement load.

(3) Improvement of driver’s awareness to safe driving.

As described above, there are two types of sensor
mountings (inner and outer). We select inner type
sensor mounting and, in our experiment, use an USB
camera which is connected to a PC on a driving car

to obtain informations in front of the car. The ac-
quired images by the camera are transformed to LPM
images which can not only to obtain high resolution
in center and wide range, but also reduce data for
processing[1, 2]. In this paper, we propose a detection
system of dangerous situation for safe driving using
foveated image processing and Neural Network (NN).
We defined a dangerous situation which should be de-
tected while driving is a man rushing out from left for-
ward side of driver’s car. We use optical flow method
to extract motion in LPM images and apply them to
NN to judge the scene. NN outputs a signal which
notices dangerous situation. Finally we will show ex-
perimental results with actual road images. It will be
compared with results of shrink images to show ad-
vantages of the LPM method.

2 Using methods

2.1 Log Polar Mapping

If we want to acquire broad visual informations, we
use several cameras. However, this technique gets too
large volume of data for processing in real-time, there-
fore these are difficult to use as the source image of our
system. Instead of this, we can use a camera with a
wide angle lens. To obtain the same characteristics,
in this paper, the road image acquired by a camera
is transformed to Log Polar Mapping (LPM) image.
The LPM image is similar to human vision system,
high resolution in center of image and lower resolution
as being far from center. It can gain a wide range
information and reduce the volume of image data.

The LPM has two advantages for rushing out detec-
tion. The first one is polar coordinate transformation.
While an observer moving forward, background flows
turn to outside, and flows of a rushing object to cam-
era turn to inside of this transformed image. We think
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Figure 1: Lookup table representation of LPM (30 ×
30 → 10× 10))

that this characteristic is suitable to detect. The sec-
ond is logarithm coordinate transformation. It makes
an image lower resolution as being far from viewpoint,
so that it can reduce data for processing and it is eas-
ier to detect small flows in center of viewpoint than in
far away area.

For fast coordinate transformation, we create
lookup table that has u-v coordinate of every x-y pix-
els in advance. Transformation equations are

rmax =
√

(xmax − xc)2 + (ymax − yc)2 + rmin, (1)

r =
√

(x− xc)2 + (y − yc)2 + rmin, (2)
θ = arctan(y/x) (3)

where (xc, yc) is view point in source image, xmax and
ymax are the width and the height of source image,
rmin is the value to control the logarithm slope, and

u = (umax + ushift)
log r − log rmin

log rmax − log rmin
− ushift, (4)

v = vmax · (θ + π)/2π (5)

where umax and vmax are width and height of LPM
image, ushift is a parameter to shift coordinates to
outer and this can use LPM image effectively with
removing singularity of center. In this paper, we set
umax = vmax = 70, rmin = 300, ushift = 4. For fast
coordinate transformation, we use lookup table (LUT)
represented by transform equations of LPM to improve
processing speed.

Using LUT, a source image is transformed to LPM
image. When some pixels are transformed to the cor-

responding pixel in LUT, it takes pixels’ average value.
Inverse transform to x-y coordinate is not used for sys-
tem but for visualization. Fig. 2 (a) illustrates a sam-
ple road image that is taken with camera mounted on
a car, (b) is a LPM image.

(a) A source image

(b) LPM image

Figure 2: A road image (320×240) and LPM image
(70×70)

2.2 Optical flow

We use optical flow method to extract velocity vec-
tors of two time-scaled images. Optical flow gradi-
ent method is described as follows. When brightness
I(x, y, t) in every pixel (x, y) in time t does not change
in (t + δt),

I(x + δx, y + δy, t + δt) = I(x, y, t), (6)

p
∂I

∂x
+ q

∂I

∂y
+

∂I

∂t
= 0 (7)

where δx/δt = p, δy/δt = q. To determine these
values, it is needed to add other conditions. In this
paper, we add a restrict condition that minimize all
flows’ changing values, and calculate flow vectors (p, q)
iterately.
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Table 1: GA parameters
Generation 100
Population 40
Offspring 20

Percentage of mutation 30 %

Table 2: NN desired output signals
Inputed flows Desired output signal

Safe 0
Danger 1

2.3 Neural Network

The flow vectors acquired by optical flow are af-
fected not only by objects we want to detect, but also
by camera-self or other movements. LPM image has
advantages to detect moving object from background
flow as mentioned in Section 2.1. To ease these effects,
we use NN to train flow vectors (p, q) of every pixels.
NN outputs a judgment signal of road state s = [0, 1].

The number of input neuron is 9,800(= 2×70×70)
that is the number of flow vectors p and q in input
layer, 10 in hidden layer, and 1 that is a warning signal
in output layer. We use sigmoid activation function in
hidden and output layers. Fig. 3 shows three-layered
NN structure.

NN is trained by genetic algorithm (GA). Table 1
shows GA parameters. The error function E for NN
training is

E =
ft∑

f=1

| s− sd | (8)

where f t is the frames number, s is an sinal value,
and sd is a desired signal (0 for safe situation or 1 for
dangerous situation) of trained data showed in Table
2. We prepare two values to judge ability of NN; a
learning threshold value Et

lim and a detection thresh-
old value Ed

lim. If E is less than Et
lim, NN training

process is considered to be successful. After train-
ing of NN, the untrained data are inputted and tested
whether NN is able to detect situation correctly. If
the error between signal value obtained from untrained
data and desired signal value is less than Ed

lim, the NN
is considered to be able to detect the untrained situa-
tion.

3 Experiments and Results

To confirm the effectiveness of the proposed
method, we experiment using actual movies. We make
an actual road situation that a man rushing out from
left forward side to the center of road, and being
recorded as movie images. In this experiment, we use

uxy

vxy

Safe (s=0)
or

Danger (s=1)

Figure 3: Neural Network: it receives flow vectors p
and q as inputs, and outputs a judgment signal of road
state (s = [0, 1])

Table 3: Detection successful number
Image type successful number

LPM 8 /10
shrinked 2 /10

the flow data of safe frames f t
s = 7 and dangerous

frames f t
d = 6 for training, and safe frames fd

s = 3
and a rushing-man frame fd

d = 1 for detection. Here,
f t = f t

d+f t
s, Et

lim = 10−5 and Ed
lim = 10−2. Fig. 4 and

Fig. 5 show one of the trained frames as safe situation
and one of the detected frames as dangerous situation.
The arrows indicate the flow vectors in their point.

The experiment is tested 10 times with different
random seeds. To confirm characteristics of detec-
tion with LPM images, we prepare shrinked images
with the same size as LPM images. Fig. 6 shows the
mean error of two tests with of LPM and shrinked im-
age, and table 3 shows successful number of detections.
From this, we can see that the proposed method with
LPM image is easier to train and has higher ability of
detection than the method using shrinked image.

The proposed method with LPM image has more
successful number than the method with shrinked im-
age.

4 Conclusions

In this paper, we proposed a man rushing out de-
tection system for safe driving using LPM and NN. In
the experiment with actual movie of the rushing man
situation, both of training and detection, the proposed
method with LPM images got better results than the
method with shrinked images. As described above,
there are high resolution in the center of LPM image
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(a) Source image

(b) Flow vectors obtained from LPM images

Figure 4: A source image and flow vectors of
a trained frame as safe

and it is easy to detect a flow of an object rushing to
center. These results indicate the proposed method is
suited to detect a rushing-out situation.
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Abstract

This paper presents a control method using neu-
rocontroller (NC) and genetic algorithm (GA) for a
class of nonholonomic systems, known as difficult con-
trol problems. First, we introduce the design of NC
with GA and then we apply the NC to control two typ-
ical examples of nonholonomic systems: flying robot
and four-wheel vehicle. Simulations show that the NC
controls the systems effectively without the need of the
chained form conversion, which is used in time-state
control method, and the use of NN and GA provides
a straightforward solution for the problem.

Keywords: neurocontroller, genetic algorithm, non-

holonomic systems, four-wheel vehicle, flying robot

1 Introduction

Nonholonomic systems have been the subject of an
increasing number of researches, especially in control
engineering. Among several control methods available
for nonholonomic systems, time-state control method
using chained form conversion is well known [1]. How-
ever, it may have limitations in the controllable ranges
[1]. Also, symmetric affine nonholonomic system is un-
controllable with continuous differentiable state feed-
back control [2]. This paper focuses on control of such
systems. Since the use of neurocontroller (NC) with
genetic algorithms (GAs) has been applied effectively
to the systems that are difficult to be controlled by
conventional means, and particularly to nonholonomic
systems [3] – [4]. In this study we apply the NC to con-
trol two typical nonholonomic systems: a four-wheel
vehicle and a hopping robot in flight phase. Using the
method, a straightforward solution is provided with-
out using chained form conversion.

This paper is structured as follows: In Section 2 we
introduce the design of NC with GA. In Section 3 and
4 the NC is applied to control a flying robot and a
four-wheel vehicle, respectively. Finally we conclude
this study in Section 5.

2 Neurocontroller with Genetic Algo-
rithm

2.1 Control System

Let X = [x1, x2, · · ·]T be the state of the system, the
task of the NC is to control the system from a certain
configuration that has initial state variable X init to
the desired configuration that has state variable Xref .

Fig. 1 shows the proposed control system, a state
feedback controller. From the input u, the state X
of the system is determined, this state will be feed-
back and the deviation

(
Xref − X

)
will be the input

of the NC for producing output u. The error between
the desired and actual responses is used to update the
connecting weights of NC by GA.

Fig. 2 illustrates the structure of NC which uses
a three-layer I–J–K architecture NN consisting of
input layer, hidden layer, and output layer.

X

−

X ref +
NC

Control
object

GA
u

Figure 1: Control system

x1
ref − x1

x2
ref − x2

xI
ref − xI

u1

uK

Figure 2: Neurocontroller
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2.2 Genetic Algorithm in Controller De-
sign

This paper relates to the combination of GAs and
NNs in design of a controller, where GA is employed to
train NNs. In the training process, GA searches for the
optimal sets of connecting weights of NNs, which are
transformed into the genetic codes encoded by 16−bit
binary codes.

The algorithm flow of GA is as follows:
Step 1: Initializing a population of NCs with sets

of connecting weights drawn randomly from a uniform
distribution from the range of [−0.3, 0.3].

Step 2: Control simulations are performed using
the NCs. The control performance of each NC is then
evaluated.

Step 3: Offspring NCs are produced by the parent
NCs which are selected based on the evaluated perfor-
mances.

Step 4: Control simulations are implemented for
the offspring NCs, and their performances are then
evaluated.

Step 5: Ranking the NC individuals in the pool of
both parent NCs and offspring NCs. The poor-fitness
individuals are eliminated from the population.

Step 6: Stop if the termination condition is satis-
fied. Otherwise go back to Step 3.

In NC training, GA uses of Roulette wheel tech-
nique in selection of parents for evolution based on
the fitness of NC as:

F (i) =
1

E(i)
, i = 1, 2, · · ·N (1)

where E is error value of ith NC individual, and N is
population size. The error function is defined as:

E =
I∑

i=1

Qi

(
xref

i − xi

)2

(2)

where Qi is weight coefficient, xi is coordinate of the
state variable X , and xref

i is coordinate of the desired
state Xref .

3 Flying Robot Control by NC

In this section, we consider a hopping robot in flight
phase. The mechanism, which consists of a body and
an actuated leg which can both extend and rotate,
and its mechanical parameters are illustrated in Fig.
3. The configuration of the robot is given by the length
(extension) l and the angle ψ of the leg and the angle
of the body θ, thus we define the state variable of
the system as X = [x1, x2, x3]

T = [l, ψ, θ]T . Since
we control the leg extension and angle directly, we

choose their velocities as inputs of the system [1], i.e.

u = [u1, u2]
T =

[
l̇, ψ̇

]T

. The dynamics of the system
is as following:⎡⎣ ẋ1

ẋ2

ẋ3

⎤⎦ =

⎡⎣ 1 0
0 1

− b
a − c

a

⎤⎦[
u1

u2

]
(3)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a = J + c1+2c2 cos x2+c3
m0

b = m1M r sin x2
m0

c = c1+c2 cos x2
m0

c1 = m1 (m2 + M) x2
1 + 2m1 (m2 + 2M)x1d

+ (m1m2 + 4m1M + m2M) d2

c2 = rM {m1 (x1 + 2d) + m2d}
c3 = M (m1 + m2) r2

m0 = m1 + m2 + M

(4)

θ

2d

l

ψ
m2

M, J
r

m1

Figure 3: Flying robot

The control problem of this robot we are consid-
ering in this study is that from an initial configura-
tion X init in flight phase, the NC is desired to control
the robot to the configuration that has state variable
Xref = [0, 0, 0]T . In this study, parameters of the
robot are as:

M = 2, J = 2
3 , m1 = 0.5, m2 = 0.1, d = 1, r = 1

The system is tested with two distinct initial config-
urations as X init. 1 = [2.0, π/4, π/4]T , and X init. 2 =
[1.0, π/6, π/3]T (see Ref. [2]).

In this paper, fourth-order Runge-Kutta method is
utilized with step size of 0.005. While linear function
f(x) = x is used for input and output layers, the tan-
gent hyperbolic activation function f(x) = tanh(x) is
introduced into hidden layer, as it is known as an ef-
fective activation function for NN. The initial connect-
ing weights of NN is drawn randomly from a uniform
distribution from the range of [−0.3, 0.3]. The param-
eters of GA are selected to be small values in respect
to computation cost as depicted in Table 1.
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Table 1: Parameters of genetic algorithm
Parameter Value/scheme
Population N 50
No. of Offspring 0.6 × N
No. of generation 100
Bit number 16
Solution range [−20, 20]
Mutation rate 0.2
Selection scheme Roulette wheel
Qi 1.0
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Init. config. 1
Init. config. 2

Figure 4: Learning curves

Using the defined parameters and a 3–5–2 struc-
tured NN, simulations are implemented. The simula-
tion results are shown in Figs. 4, 5, and 6. We can see
that the NC evolves over generations and the trained
NC can control the robot effectively.

4 Four-wheel Vehicle Control by NC

Figure 7 shows a four-wheel vehicle system where
L = 2.5m is distance between two axles of the vehicle.

Let X = [x1, x2, x3, x4]
T = [x, y, θ, φ]T be state

variable of the system. The input of this system is
u = [u1, u2] =

[
v, φ̇

]
, where v and φ̇ is forward veloc-

ity of the rear wheels and velocity of steering wheel of
the vehicle, respectively. The dynamics of the system
is as: ⎡⎢⎢⎣

ẋ1

ẋ2

ẋ3

ẋ4

⎤⎥⎥⎦ =

⎡⎢⎢⎣
cosx3 0
sin x3 0
1
L tanx4 0
0 1

⎤⎥⎥⎦ [
u1

u2

]
(5)

The task of the control system is to regulate the ve-
hicle from a certain configuration X init to the desired
state at origin that has state Xref = [0, 0, 0, 0]T . We
implement the tests with four different initial config-
urations X init as described in Table 2. In this case, a
4–5–2 structured NN is utilized.
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Simulations are performed with the defined param-
eters and similar ones as in the last section. The sim-
ulation results are shown in Figs. 8, 9, and 10. It ap-
pears that the NC could control the vehicle effectively,
and due to the difficulties arising from the initial con-
figurations, it is harder for training the NC when using
the two later sets (see Fig. 8).

(x, y)

L
v

θ

φ

Figure 7: Four-wheel vehicle

5 Summary

This paper has focused on the nonholonomic sys-
tems control using NC and GA. Two typical examples
of such systems are investigated. By simulations we
have shown that the NC could control the systems ef-
fectively without the need of chained form conversion.
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Table 2: Initial configurations for testing
Set No. x [m] y [m] θ [rad] φ [rad]
Set 1 8.0 3.0 0 0
Set 2 -7.5 3.5 −π/2 0
Set 3 -7.0 -4.0 −5π/6 π/12
Set 4 8.5 -3.5 3π/4 π/6
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Abstract
A neuro-controller for vibration control of load in a

rotary crane system involving rotation about the ver-
tical axis only is proposed. As in a nonholonomic sys-
tem, the vibration control method using a static con-
tinuous state feedback cannot stabilize the load swing.
It is necessary to design a time-varying feedback con-
troller or a non continuous feedback controller. We
propose a simple three-layered neural network as a
controller genetic algorithm-based training in order to
control load swing suppression for the rotary crane sys-
tem. The controller is trained by a real coded genetic
algorithm, substantially simplifying the design of the
controller. It is demonstrated that a control scheme
with performance comparable to conventional meth-
ods can be obtained by a relatively simple approach.

1 Introduction

A rotary crane system is used to transport a load
mass to a desired position through rotation of the
boom and raising and lowering of the boom. This mo-
tion is accompanied by oscillation of the load, or load
swing. In order to suppress such load swing, rotary
crane systems are commonly operated using both the
rotation angle and the lean angle. Operation of the
rotary crane system solely by rotation around the ver-
tical axis results in a nonholonomic system for which
the control problem is complex and necessary to de-
sign a time-varying feedback controller or a non con-
tinuous feedback controller [1]. It is proposed in this
paper that such control can be achieved relatively sim-
ply by applying a neuro-controller (NC) [2] trained by

a genetic algorithm (GA) [3, 4, 5, 6, 7].
Many vibration control methods of load swing in a

rotary crane system have been proposed[8, 9, 10, 11,
12]. An example is a control method in which the
control law follows the most suitable trajectory along
which the load swing will be smallest[8]. The theory of
the optimal regulator for linear systems fuzzy reason-
ing, and the feedback law for nonlinear systems are ex-
amples of such control methods. These control meth-
ods can fundamentally stabilize the load swing in the
circumferential direction, but cannot suppress swing in
the radial direction. Some vibration control methods
for the crane system with only controllable rotation
operation have been reported [10, 11, 12]. Anti-sway
control method of the crane system based on a skill-
ful operator’s knowledge has been reported [10]. Load
swing suppression based on a linear feedback law by
switching the two modes in the radial and circumfer-
ential directions has been reported [11, 12]. However,
all of these control methods require knowledge of diffi-
cult control theories. In contrast, a neuro-controller
trained by an evolutionary computation technique
such as a genetic algorithm is substantially simpler
to realize than conventional control systems.

In this paper, a simple three-layered neural network
is applied as a controller with GA-based training, and
the performance of the resulting controller is compared
with that of conventional controllers using computer
simulations. The training algorithm of the neural net-
work uses a real coded GA. It is considered that a real
coded GA is faster than a bit-spring GA.
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2 Model of rotary crane system

Figure 1 shows the schematic diagram of the rotary
crane system. Rotation around the z axis is the only
controllable movement of the crane. Here, x, y, z are

r

θ

`

m

x

y

z

O

Jib

h

Fig. 1 Schematic diagram of rotary crane system

the coordinates of the load mass position, θ is the rota-
tion angle (control input), r is the radius of rotation,
h is the height from the tip of the boom, m is the
mass of the load, and ` is the length of wire which is
not elastic or slack. The aim of control purpose is to
suppress load swing from the arbitrary position to the
reference position by control of crane rotation alone.

Using a Lagrange equation for the constraint sys-
tem, the dynamic model of the rotary crane system can
approximately be described in terms of the following
equations:{

ẍ(t) + ω2x(t) = ω2r cos θ(t)
ÿ(t) + ω2y(t) = ω2r sin θ(t) (1)

where ω =
√

g/` is natural frequency. Because if the
vibration of the load swing is sufficiently small, only
the x–y plane needs to be considered.

It is difficult for a designer to control the rotation
angle of the rotary crane system by conventional meth-
ods because the dynamic model is a type of nonholo-
nomic system. As in a nonholonomic system, the vi-
bration control method using a static continuous state
feedback cannot stabilize the load swing. It is nec-
essary to design a time-varying feedback controller or
a non continuous feedback controller. The controller
is instead designed using a neural network with GA-
based training in this paper.

3 Structure of control system

Figure 2 shows the control system using a neural
network with GA-based training. The algorithm uses
a real coded GA. The NC receives the position error
and the velocity of the load mass as inputs, and out-
puts the rotation angle of the boom.

NC Rotary crane
θ(t)

X(t)

GA

+

−
Xr

Fig. 2 Control scheme for rotary crane system

The NC is composed of three hierarchical layers,
with 4 input neurons, 5 hidden neurons, and 1 out-
put neuron. A linear threshold function is used at
the input and output layers, and a hyperbolic tan-
gent function is used at the hidden layer. The control
method purposes to suppress the load swing accom-
panying movement from an arbitrary initial position
(x0, y0) to the reference position (xr, yr) by rotation
control.

The NC is trained using the real coded GA in an
off-line process. The algorithm of evolution process for
the NC is as follows:

STEP 1. Create initial NCs randomly. The initial connect-
ing weights wij and wjk are set in the range of
[−0.3, 0.3].

STEP 2. Calculate an error function E while demonstrat-
ing control simulation for all NCs.

STEP 3. Select the parent NCs by roulette wheel parent
selection.

STEP 4. Perform a crossover operation of BLXα method
to produce new NCs.

STEP 5. Alternate the NCs including the new NCs to the
next generation. Iterate from step 2 until the evo-
lution process reaches generation 5000.

Further information regarding the parameters of the
GA is provided in Table 2.

An error function E is used to evaluate the per-
formance of each NC during the GA-based training
process. The error function E is described by

E =
Te∑

t=Ts

{(xr − x(t))2 + (yr − y(t))2} (2)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 610



where xr and yr are the desired positions on the x and
y axes, respectively. The error function is defined so
as to settle the load at the desired position between
Ts (s) and Te (s). The fitness of the NC is expressed
in terms of the inverse of the error function E. In
the GA evolution, the connecting weights of the NC
are modified in order to maximize the fitness function
determined by the error function in Eq. (2).

4 Simulation results

The validity of the proposed NC was verified
through computer simulations using Runge-Kutta
method. Sampling time is 10 (ms). The parameters
of the rotary crane system and the initial conditions
are listed in Table 1.

In the GA simulation, the real coded GA parame-
ters were set as shown in Table 2.

Table 1 Parameters of rotary crane system and initial
conditions

Load mass m 1.0 (kg)

Rotation radius r 1.0 (m)

Length of wire ` 5.0 (m)

Acceleration of gravity g 9.8 (m/s2)

Initial rotation angle θ0 π (rad)

Reference position (xr, yr) (1, 0) (m)

Evaluation start time Ts 5.0 (s)

Evaluation end time Te 6.0 (s)

Table 2 GA parameters
No. initial NCs 100 individuals

No. children 100 individuals

Selection Roulette wheel

Crossover BLXα

α 1.0

Final generation 5000

The goal of the evolution progressed by the GA is
to obtain an NC that suppress the load swing of the
rotary crane system upon movement from the initial
position (x0, y0) to the reference position (xr, yr).

When the initial rotation angle θ0 is π and the ini-
tial positions (x0, y0) are set four patterns (x0, y0) =
(cos θ0 − 0.05, sin θ0), (cos θ0, sin θ0 − 0.05), (cos θ0 +

10−3

10−2

10−1

1

10

100

0 500 1000 1500 2000

E

Generation

Fig. 3 Evolution process

0.05, sin θ0), (cos θ0, sin θ0 + 0.05), the evolution pro-
cess affording the best NC with GA-based training is
shown in Fig. 3. The training involved 5,000 iter-
ations. The figure shows the evolution in the range
[0, 2000]. The result demonstrates the GA evolution
process of NCs is successful. The error values of the
GA initially decrease gradually, then decreases rapidly
after 150 generations until the evolution stagnates near
generation 1000. When the evaluation start time of
the error function E set to Ts = 0, the evolution pro-
cess stagnated immediately.

The simulation results for control using the trained
NC are shown in Fig. 4. Control by the trained NC
converges to the reference position on the x and y axes
in approximately 0 (s). The training is therefore effec-
tive for achieving good load swing suppression.

Figure 5 shows the trajectory of the load mass
in the x–y plane using the trained NC. The load is
transferred along the control trajectory with very lit-
tle swing oscillation.

5 Conclusion

A simple GA-based approach was applied to realize
a neuro-controller for load swing suppression in rotary
crane systems involving only rotation about the verti-
cal axis. Simulations confirmed that the real coded GA
training scheme is effective for generating a reliable
neuro-controller for the rotary crane system, with per-
formance comparable to conventional control schemes.

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 611



-2

-1

0

1

2

0 1 2 3 4 5 6

x,
y 

[m
]

t [s]

case 1
case 2
case 3
case 4

(a) position

-2

-1

0

1

2

0 1 2 3 4 5 6

x. ,y.  [m
/s

]

t [s]

case 1
case 2
case 3
case 4

(b) velocity

Fig. 4 Control results

References

1 M. Sanpei, Feedback Control of Nonholonomic
System (in Japanese), Journal of the Society of
Instrument and Control Engineers, Vol.36, No.6,
pp.396–403, 1997.

2 D. E. Rumelhart, J. L. McClelland, and PDP
Research Group, Parallel Distributed Processing,
MIT Press, 1989.

3 Edited by L. Davis, Handbook of genetic algo-
rithms, Van Nostrand Reinhold, New York, 1991.

4 D. B. Forgel, Evolutionary Computation, IEEE
Press, 1995.

5 J. H. Holland, Adaptation in Natural and Artifi-
cial Systems: An Introductory Analysis with Ap-
plications to Biology, Control, and Artificial Intel-
ligence, MIT Press, 1992.

-2

-1

0

1

2

-2 -1 0 1 2

y 
[m

]

x [m]

start end

case 1
case 2
case 3
case 4

Fig. 5 Trajectory on x–y plane

6 D. E. Goldberg, Genetic Algorithms in Search, Op-
timization & Machine Learning, Addison–Wesley,
1989.

7 L. J. Eshelman, D. J. Schaffer, Real–Coded Ge-
netic Algorithms and Interval–Schemata, Founda-
tions of Genetic Algorithms 2, Morgan Kaufmann
Publishers, pp.187–202, 1993

8 S. Yamazaki, T. Itoh, and T. Hisamura, Theoreti-
cal Consideration on a Control of Jib-Crane, Trans-
action of the Society of Instrument and Control
Engineers, Vol.15, No.6, pp.826–832, 1979.

9 Y. Sakawa and Y. Shindo, Optimal Control of Con-
tainer Cranes, Automatica, Vol.18, No.3, pp.257-
266, 1982.

10 M. Ohto and S. Yasunobu, A Rotary Crane Con-
trol Method Based on a Skillful Operator’s Knowl-
edge, Transaction of the Society of Instrument and
Control Engineers, Vol.33, No.9, pp.923–929, 1997.

11 R. Kondo and S. Shimahara, Anti-Sway Control
of a Rotary Crane via Two-Mode Switching Con-
trol, Transaction of the Society of Instrument and
Control Engineers, Vol.41, No.4, pp.307–313, 2005.

12 R. Kondo, Vibration Control of Rotary Crane via
Two-Mode Switching Control (in Japanese), Jour-
nal of the Society of Instrument and Control Engi-
neers, Vol.45, No.7, pp.632–637, 2006.

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 612



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 613



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 614



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 615



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 616



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 617



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 618



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 619



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 620



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 621



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 622



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 623



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 624



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 625



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 626



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 627



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 628



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 629



Barcode Design by Evolutionary Computation

Satoshi Ono Kensuke Morinaga Shigeru Nakayama
Department of Information and Computer Science,

Faculty of Engineering, Kagoshima University
1-21-40, Korimoto, Kagoshima, 890-0065 Japan
{ono, sc104059, shignaka}@ics.kagoshima-u.ac.jp

Abstract

This paper proposes a system for generating
2-dimensional barcode incorporated some illustra-
tions inside of the code without detracting machine-
readability and stored information. We formulate the
task that finding appropriate position, scale, and an-
gle of an illustration, photo, logo or other image item
put in QR code as an optimization problem. By us-
ing evolutionary computation algorithm, the proposed
system can find positions in which a given image item
can be merged without damaging machine-readability
and stored information.
keywords: barcode design, QR code, optimization,
evolutionary computation, genetic algorithm

1 Introduction

Barcode is used in various purposes such as mer-
chandise control, book collection control in libraries,
and so on. QR code1 , a kind of two-dimensional bar-
code investigated by Denso Wave, is used as so-called
shortcut to get a URL, e-mail address, phone number
and so on, in recent Japan. Most of Japanese mobile
phones have QR code scanner using equipped cameras.
By holding a mobile phone over QR code printed on
papers, billboards, or television screens, users there-
fore can get decoded information and browse Web site,
or send e-mail without typing URL or e-mail address
on their mobile phones.

Although QR code can involve various information
such as URL, e-mail address, short sound, and so on,
users cannot know what kind of information is im-
planted in it (from QR code itself). In addition, QR
code is dreary and occupies not a small area in limited,
worthy space of papers, billboards, or other media.

QR code has an error correction function which can
supplement at most 30% data loss. An illustration

1 QR code is trademarked by Denso Wave, inc.

therefore can be put inside of QR code. QR code with
an illustration is more attractive than a general, boring
QR code. In addition, it can let humans know what
kind of information is implanted in the code.

But putting an illustration into QR code often dam-
ages machine-readability or implanted information. It
is difficult to find an appropriate place in order to let
the error correction work well and to keep machine-
readability. Larger illustration or more images makes
this problem more difficult.

This paper proposes a system for generating 2-
dimensional barcode incorporated with some illustra-
tions inside of the code without detracting machine-
readability and stored information. We formulate the
task that finding appropriate position, scale, and an-
gle of an illustration, photo, logo or other image item
put in QR code as an optimization problem. By us-
ing evolutionary computation algorithm, the proposed
system can find positions in which a given image item
can be merged without damaging machine-readability
and stored information. The proposed system can also
incorporate more than one images into a QR code. Ex-
periments have showed that our system can generate
QR codes containing 3 illustrations without damaging
QR code function and embedded data.

2 Proposed QR-code design system

2.1 Basic idea

The principles of the proposed system for generat-
ing 2-dimensional bar code with illustrations are as
follows:

1. Formulating the task of decorating QR
codes by placing illustrations in the code
as an optimization problems.

Deciding the positions of illustrations requires it-
eration of trial production of the barcode with
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the illustrations and test for decode practicability.
This is because we cannot know the appropriate
place where the illustrations should be placed in
the barcode in advance. We therefore formulate
this task as an optimization problem. The objec-
tive function is composed of feasibility of decod-
ing evaluated by QR code decoder, and adequacy
of positions and other parameters of the incorpo-
rated image based on human-readability.

2. Using real-coded genetic algorithm to find
an appropriate image positions.
Genetic algorithm (GA) is well-known meta-
heuristics for optimization inspired by evolution-
ary biology. GA can produce better solutions
by recombining good “building blocks”[1]. Tradi-
tionally, genes are represented in binary, but real
values and other encodings are also possible in re-
cent years. Because positions and other parame-
ters providing a barcode with illsutrations should
be real numbers instead of sequences of binary
variables, the proposed system utilizes real-coded
GA[2, 3, 4].

3. Evaluating solution candidates by plural
QR code decoders.

Most of recent mobile phones on the market in
Japan involve a QR code decoder software devel-
oped by the mobile phone manufacturer or other
subcontract software developer. Although it is
hard to prepare and use the same QR code de-
coders as mobile phones use, we try to ensure the
robustness of generated QR codes by using plural
QR code decoders. The more QR code decoders
the proposed system uses, the more mobile phones
can read the generated codes.

2.2 Chromosome representation

QR code design problem involves continuous vari-
ables of which the number is four multiplied by the
number of illustrations: x- and y-axis positions xi, yi

, an inclination θi, and a scale si for each illustration
i. A chromosome, i.e. genotypic representation, con-
sists of the variables coded as integers and real values.
Positions and an inclination are coded as integers and
scales as real values. The phenotypic representation is
formed by placing illustrations along the variables, as
shown in Figure 1.

2.3 Process flow

The inputs of the proposed system are a QR code
and illustrations. The QR code can be easily generated

(x, y, s, θ) = (100, 85, 0.7, 20)

(a) Genotypic representation.

20θ =

100x =

0.7s =

85y =

(b) Phenotypic represenatation.

Figure 1: Chromosome representation.

Input QR code 
and illustrations 

Make initial population

Evaluate

Check stop 
condition

Output the best solution

Crossover

Select 
(Preserve elites)

yes

no

Mutate

QR Code 
Decode Library

QR Code 
Decode Library

QR Code 
Decode Library

QR Code 
Decode Library

Figure 2: Process flow of the proposed method.

by using open software or services on various web sites.
The proposed system iterates generation of dec-

orated QR codes with illustrations and test of the
QR codes by using software decoders. Real-coded
GA[2, 3, 4] is adopted to optimize the illustration
placement, as shown in Figure 2. The proposed
method utilizes blend crossover (BLX-α), a simple
crossover operator for real-coded GA proposed by
Eshelman[4].

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 631



2.4 Evaluation with QR code decoders

The proposed system uses more than one QR code
decoders to evaluate individuals, which is a QR code
with illustrations inside for the sake of enhancing ro-
bustness of the QR code. Fitness F (x) of an individ-
ual x is a product of success rate of decoding P (x) and
appropriateness of illustrations’ positions Q(x).

F (x) = P (x) × Q(x)

P (x) indicates how x can be decoded properly and
is calculated as follows:

P (x) =
∑

k pk(x) × w
(p)
k∑

k w
(p)
k

pk(x) is calculated from decode result of a decoder k;
pk(x) = 1 if a decoder succeeds in extracting informa-
tion. In the case that a decoder k does not produce any
data except the fact that the decoder failed to decode,
pk(x) = 0 when the decoder failed. In the case that a
decoder k can present decode error amount, pk(x) is
calculated by subtracting error rate from 1.0.

Q(x) indicates how x places illustrations appropri-
ately in its QR code, and calculated as follows:

Q(x) =
∏

l

ql(x)w
(q)
l

The proposed system uses following four functions to
calculate Q(x): how illustrations are overlapped each
other (q1(x)), how illustrations are placed appropri-
ately inside of QR code (q2(x)), how large illustra-
tions are magnified (q3(x)), and how illustrations are
magnified or reduced with the same scale between
illustrations(q4(x)).

w
(p)
k and w

(q)
l are weight parameters.

3 Example outputs

We implemented the proposed system with Psytec
QR Code Decode Library2 and Open Source QR Code
Decode Library3 .

Psytec library outputs information embedded in a
given QR code only when the code is decodable, and
does not produce any information when the code can-
not be decoded. Open Source decode library outputs
information embedded in the code even when the li-
brary cannot decode the code entirely. Thereby the

2 http://www.psytec.co.jp/product/03/
3 http://sourceforge.jp/projects/qrcode
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Figure 3: Fitness transitions.

decode error rate can be calculated by comparing the
library’s output and embedded information.

We tried to make QR code with one to three illus-
trations, and evaluated the generated QR codes with
10 mobile phones on the market. We performed 5 runs
for each number of illustrations. The number of indi-
viduals, the number of elites, and the generation limit
are set to 10, 2, and 200 × Ni, respectively, where Ni

is the number of illustrations.
Figure 3 shows transitions of average fitness, and

Figure 4 shows examples of generated QR codes.
When placing one illustration, the proposed system
can quickly find solutions whose fitness is 1.0 within
50 generations. As the increase of illustrations, it be-
comes difficult to find a solution x with F (x) = 1.0.

Table 1 shows results of decoding with 10 mobile
phones. Overall, most of generated QR codes are well-
decoded by the mobile phones. All QR codes with one
illustration could be decoded with all mobile phones.
The second QR code with two illustrations was hard
to be decoded and a mobile phone could not decode it.
In addition, two mobile phones could not succeed in
decoding the third QR code with three illustrations,
as shown in the right of Figure 4 (c). The reason can
be deduced that the position detection pattern on the
left-bottom corner is partly covered by an illustration,
which makes it difficult to recognize precise code area
for the mobile phones.

4 Conclusions

Proposed in this paper is a QR code design system
by placing illustrations, photographs, logo or so inside
of the QR code. The proposed system utilizes real-
coded GA to optimize illustration positions, scales,
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Table 1: Experimental results.
Number of

Runs Fitness
Decode results

Success rateillustrations SH703i D903i P902i SH902i N902iS W52S neon W41T A5516T A5512CA
1st 1.00

√ √ √ √ √ √ √ √ √ √
100%

2nd 1.00
√ √ √ √ √ √ √ √ √ √

100%
1 3rd 1.00

√ √ √ √ √ √ √ √ √ √
100% 100%

4th 1.00
√ √ √ √ √ √ √ √ √ √

100%
5th 1.00

√ √ √ √ √ √ √ √ √ √
100%

1st 1.00
√ √ √ √ √ √ √ √ √ √

100%
2nd 0.97

√ √ √
x

√ √ √ √ √ √
90%

2 3rd 1.00
√ √ √ √ √ √ √ √ √ √

100% 98%
4th 0.97

√ √ √ √ √ √ √ √ √ √
100%

5th 1.00
√ √ √ √ √ √ √ √ √ √

100%
1st 0.96

√ √ √ √ √ √ √ √ √ √
100%

2nd 0.94
√ √ √ √ √ √ √ √ √ √

100%
3 3rd 0.93

√ √ √
x

√ √ √ √
x

√
80% 96%

4th 0.89
√ √ √ √ √ √ √ √ √ √

100%
5th 0.87

√ √ √ √ √ √ √ √ √ √
100%

(a) With one illustration.

(b) With two illustrations.

(c) With three illustrations.

Figure 4: Example outputs

and angles, and software decoders of QR codes to eval-
uate generated QR codes involving illustrations.

In future, we plan to combine interactive evolu-
tionary computation [5] and multiple solution search
method [6], and apply the combined model to the pro-
posed QR code generation system.
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Abstract: Problems on multi objective optimization, time series prediction, the analysis of noisy observation data and the 
solution of implicit functions are all crucial in the consideration of real world issues. In this paper, we report the analysis 
for the characteristics of the time series periodic signals with genetic algorithms (GA) involving the dynamic range 
control for the genetic operations of GA. Subjects of this research have the same kinds of above problems. Analysis for 
the characteristics of the time series periodic signals means analyzing frequency components, the amplitudes and the 
phases of each frequency of the signals. As the time series prediction analysis is desired to converge as quickly as 
possible, we applied the dynamic bit range control for the genetic operations of GA. As the results of simulations, we 
could prove that GA has the applicability for the analyzing the characteristics of the noisy time series periodic signals 
and the dynamic bit range control for the genetic operations is effective for the early convergence of GA.  

Key words: Genetic algorithms, Dynamic bit control of genetic operations, Time series periodic signal analysis   

 

I. INTRODUCTION 

Researchers are already beginning to explore the 
applicability of evolutionary computation to the real world 
issues that contain the problems of multi objective 
optimization, time series prediction, the analysis of noisy 
observation data and the solution of implicit functions and 
so forth [1-8]. However, there are only a few examples of 
studies where evolutionary computation techniques have 
been applied to the issues that involve all of above 
problems at the same time. Some such examples are 
previous studies in which we reported about the 
effectiveness of genetic algorithms as a tool for tracking 
the moving object and the signal analysis (frequency 
components, amplitudes and phases) of the noisy time 
series periodic signals [9-15]. This paper is about the 
research on the analysis of the noisy time series periodic 
signals with GA involving the dynamic bit range control 
for the genetic operations. For the signal analysis, it is 
necessary to analyze the frequencies, amplitudes and the 
phases of each frequency. In many cases, Fast Fourier 
Transform (FFT) has been applied to the analysis of the 
time series periodic signal. However, if the period of the 
fundamental frequency of the time series periodic signals 
is unknown, FFT has the spectral leakage in its outputs in 
general [19]. Also, FFT needs the fitness valuation 
processing for its results because FFT does not have the 
valuation ability for its outputs. In this paper, we show 
that GA method of analysis can analyze the frequencies, 
amplitudes and phases concurrently without the spectral 
leakage and that the dynamic bit range control is effective 
for improving the settling time of the analysis.  

II. FORMULATION OF THE ANALYSIS FOR  
THE TIME SERIES PERIODIC SIGNALS  

Figure 1 shows the sound signal as a sample of the time 
series periodic signal S(t). If the period of the signal in 
Fig.1 is T and the angular velocity is 0ω , the result of 
Fourier series expansion is expressed by (1) [18]. 
Equation (1) contains an integral expression that is not  

 
 
effective for computer processing. Figure 1 also shows 
the signal S(n∆t) as quantum amplitude over an elapsed 
time. If ∆t is the division interval of elapsed time and N 
is the division number of the period T. N is calculated as 
T/∆t. Equation (1) can be transformed into (2) which is a 
quantum expression after the transformation by Euler’s 
formula on the condition that n ≥ N. A0 in (2) is the bias 
(direct current) component. A1, A2, A3, ··· , Ak, ··· are 
amplitudes of harmonic frequencies. fp is the 
fundamental frequency. ak and bk are the coefficients of 
sine and cosine components of the k-th harmonic 
frequency. In the case of k = 1, symbols ak, bk and φk 
express the fundamental frequency component. In the 
case of k ≥ 2, symbols ak, bk and φk express the k-th 
harmonic frequency components. If n is the order of the 
division, the quantum elapse time is expressed by n∆t 
and the quantum amplitude of the signal is expressed by 
S(n∆t), that is, the time series periodic signal is defined 
by fp, A0, a1, b1, a2, b2, ··· , ak, bk, ··· of (2). Accordingly, 
the problem addressed in the signal analysis of GA, that 
is, analyzing the frequencies, amplitudes and phases of 
time series periodic signals can be formulated as an 
inverse problem involving complex implicit functions 
where it is necessary to find fp, A0, a1, b1, a2, b2, ··· , ak, bk, 
··· of the time series signal by working backwards from 
the sampled amplitude S(n∆t). Harmonic frequencies, 
amplitudes and their phases are calculated by (2). 
 

 
 
 
 
 

 
 
 
 
 
 Fig.1. The time series sound signal S(t) and Quantum 

expression of S(n∆t ) for the sound signal S(t). 
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III METHOD OF APPLING GA 
1. Chromosome Coding Method 
We assumed a sound signal propagated from unknown 

sound source located at a remote position in sea as the 
periodic time series signal. This sound is observed 
(sampled) by a observation equipment. Therefore, 600Hz 
is selected as the maximum value of the fundamental 
frequency fp and 6 is selected as the maximum k because 
the higher frequency components of sound signals are 
absorbed in sea water [16]. In general, the larger k is, the 
smaller the amplitude of the time series periodic signal in 
sea is. Therefore, in the case of the individual of the 
sound signal analysis of GA, unknown components are fp, 
A0, a1, b1, a2, b2, ··· , a6 and b6. A0 is dependent upon fp 
as shown in (2) and can be analyzed concurrently with fp 
as a dependent variable of fp. Therefore, 13 chromosomes 
of fp, a1, b1, a2, b2, ··· , a6 and b6 are set as the 
chromosomes that constitute the individual of the sound 
analysis of GA. The structure of the chromosome is that 
of a binary integer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By assuming the maximum error being the composite 
observation error 0.1% and A/D conversion error 0.05%, 
of the weight of the LSB, that is, the resolution of fp must 
be less than 0.11% for bit control in the genetic 
operations. Therefore, a bit length of fp chromosome 
needs 14-bit integers. According to the same argument, 
ak and bk chromosomes need 14-bit integers. 
2. Fitness Function 
The fitness function for an individual I is given by (3). 

It is defined as the reciprocal of the sum of absolute 
value of the difference between the observed and 
estimated amplitude. The observed amplitude is obtained 
from the observation equipment at each elapsed time n∆t 
from the observation equipment. The estimated 
amplitude is calculated corresponding to the elapsed time 
n∆t based on estimated chromosomes esfp, esa1, esb1, 
esa2, esb2, ··· , esa6 and esb6 for fp, a1, b1, a2, b2, ··· , a6 
and b6.  m is the number of samplings and C is an 
appropriate constant.  Denominator of (3) is linear with 
respect to the differences between observed amplitude 
and estimated amplitude. This fitness score has a 
relatively lower sensitivity than the denominator of sum 
of the square type or square root type. Lower sensitive 
fitness function is adaptive for this analysis because there 
are many deceptive solutions [17]. 
 

∑
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3. Genetic Operation 
A. Exploration ( wide area searching ) 

The method for selecting the individuals carried 
forward to the next generation from the current 
generation is shown in Fig.2. All individual (the total 
number of chromosomes) P sent from the previous 
generation is evaluated by calculation of fitness and 
sorted in descending order. We retain a fixed proportion 
E as elite from the highest fitness individual and send 
them to next generation unconditionally, and the number 
of M (=P – E) discarded individuals are supplemented by 
roulette selection to preserve the original population P. 
Making up of the deficit for M is done as follows. One 
pair of individual is chosen as parent by roulette 
selection from all individual P of the current generation.  
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Figure.2. Flowchart of genetic operation. One pair of chromosome is selected by roulette 
selection, and crossover and mutation are done for each chromosome respectively and one 
pair of the new chromosome is produced. 

 
Previ-                        Current generation                           Next 
ous    Fitness Evaluation   

         & Sort 
 

   (High)                    Crossover             Mutation              Elite 
         Elite E           Parent-1        Child-1                 New individual-1  E 

Popu- 
 lation   Discard    
                     pf  Crossover                   pf  Mutation               Refill 
   P     M=P-E          1a  Crossover                     1a  Mutation           M  
                 Roulette                               
                 selection       M                             M  
                               6b  Crossover                   6b Mutation 
 
  

 (Low)                                                                
                          Parent-2        Child-2                 New individual-2 

61 ,,, baf p ⋅⋅⋅  61 ,,, baf p ⋅⋅⋅ 61 ,,, baf p ⋅⋅⋅

61 ,,, baf p ⋅⋅⋅ 61 ,,, baf p ⋅⋅⋅ 61 ,,, baf p ⋅⋅⋅
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The chromosomes fp, a1, b1, ···, a6, b6 of this one pair of 
individual is then subjected to one-point crossover 
between each of the same kind of chromosomes 
independently (that is. crossover between pf  and pf , 

1a and 1a ,…., 6b and 6b of both individual) to produce 
one pair of child individual. After crossover operation, all   
chromosome of produced one pair child individual is 
subjected to mutation independently. Through the 
crossover and mutation processes, one pair of new 
individual is produced and carried forward to the next 
generation. Above processes are repeated until the 
making up of the deficit for M is completed (M/2 times). 
In preliminary trials we found three phenomena. The first 
of those phenomena is that sub chromosome fp starts to 
converge earlier than the other chromosomes. So in the 
exact simulation, we selected different (reduced) mutation 
rate for fp from the other sub chromosomes. The second 
phenomenon is that the solution starts to converge around 
the 10th generation, so for subsequent generations we 
reduced the mutation rate for all chromosomes. We did 
those to avoid destroying the chromosome that had 
already approached convergence. In the exact simulation, 
the mutation rate is changed from the 20th generation 
onwards. The third phenomenon is as follows. From the 
10th generation onwards, new type individuals that are 
calculated from the fittest individual of the current 
generation are effective for the earlier convergence. These 
new type individuals consist of chromosomes that are 
modified the chromosomes of the fittest individual of the 
current generation as much as 2% uniform random 
numbers of the chromosome in the fittest individual. 
B. Exploitation ( local area searching ) 

We have already reported about the research on the 
analysis for the noisy periodic time series signals [11]. As 
the previous research had only the exploration (wide area 
searching) in it, it required many generations for settling 
to desired accuracy. We recognized that it needed any 
exploitation (local area searching). In this research, we 
applied the dynamic bit range control for the genetic 
operations as the local area searching. The purpose of the 
local area searching is to shorten the settling generations 
of GA analysis. Figure 3 shows the relationship between 
the wide area searching (non-dynamic bit range control), 
local area searching (dynamic bit range control) and 
generations. The processing for the three phenomena 
described in the wide area searching is applied here also. 
Switching generation from wide to local is done 
according to the fitness build up conditions.  

 Bcr = (Bmax – Bmin)×(1.0 – Fbc/Fmax) + Bmin         (4) 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

Bit control range is calculated by (4). In (4), Bcris the bit 
control range, Bmax is full bit range of each chromosome, 
Bmin is the minimum bit range, Fbc is the best fitness of the 
latest generation and Fmax is the maximum fitness selected 
by the preliminary trials. We selected 6 bits as Bmin by the 
preliminary trials. 

IV. EVALUATION METHOD 
1. Evaluation System 

Figure 4 shows the concept of the evaluation system 
applied to this analysis. This system consists of a Sound 
Generator and a Sound Analysis GA that is structured by 
an Estimate Sound Generator and a Sound Evaluator. The 
parameters of GA analysis are given in Table 1. 

 
 
 
 
 
 

 
 
 

 
 
 

2. Results of the Evaluation 
 Table 2 shows the errors in the harmonic frequencies, 
levels and phases of a sample of the sound characteristics. 
The error of fundamental frequency is 0.063%. The phase 
error corresponding to the fundamental frequency is 
0.061 deg. Little difference errors among the sampling 
frequency are detected. 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Value 
Population 3000  
Elite number 60 
Max gene 50 
Crossover  0.8/pair of chromosome 
Mutation  generation <20 

0.0001/bit pf  
0.0005/bit kk ba ,  

generation 20≥  
 0.00005/bit pf  

0.0001/bit kk ba ,
Sample Freq 6.1(Nyquist), ···, 12.2kHz 

Table 1. Parameters of GA applied to this analysis.

Fig.4. The flowchart of GA evaluation system. The GA evaluation system consists of a Sound Generator 
and a Sound Analysis GA that is structured by an Estimate Sound Generator and a Sound Evaluator. 

Fig.3. The dynamic bit range control for the genetic 
operations  
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Figure 5 shows the relationship between the best fitness 

of the dynamic bit range control, non-dynamic bit control 
and generations. The fitness fb on the vertical axis is 
normalized by fb = 1.0 – 1.0 / {1.0 + Fb(I)} from Fb(I) of 
(3). Settling of the best fitness for the wide area searching 
is improved around 10+% by taking into account the three 
phenomena described in 3.3.1. By the local area searching 
following after the wide area searching, settling of the 
generations is improved around 25%. 

V. CONCLUSION 
 Time series prediction analysis is one of the major 
problems in real world issues and this analysis is required 
to settle as quickly as possible. Through the computer 
simulations, we could prove the applicability of GA to the 
analysis for the noisy periodic time series signal that is 
one of the time series prediction. Also, we could prove 
the effectiveness of a technique of the dynamic bit range 
control for genetic operations for reducing the settling 
generation of GA. By this technique, the crossover and 
mutation area slide from the wide area searching to the 
local area searching along to the generations. We will 
continue to research on the searching techniques for GA. 
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Table 2. The accuracy of frequencies, levels and 
phases of a sample of the sound characteristics.

Fig.5. The relationship between the best fitness score of  
dynamic bit range control, non dynamic and generations. 

Observed Freq Phase Level Phase
Hz a b rad ×10-4 deg

Bias:A0 0.50 - - 1.60 -
1st: 502.52 1.00 1.00 π/4 4.22 0.040
2nd1005.04 0.70 -0.70 7π/8 7.12 0.042
3rd:1507.56 -0.40 -0.40 5π/4 4.04 0.054
4th:2010.08 -0.20 0.20 3π/4 4.32 0.044
5th:2512.60 0.10 0.10 π/4 5.08 0.064
6th:3015.11 -0.03 0.03 3π/4 6.50 0.100

0.061%
0.062Hz
0.059deg

Level Avg Error(for 1st)
Freq Avg Error(for 1st)

Level

Phase Avg Error(for 1st)

True Error
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Abstract
This paper experimentally observes the behavior of Dis-

crete Particle Swarm Optimization (DPSO), a variation of
Particle Swarm Optimization (PSO) to deal with binary
variables, in Number Partitioning Problem (NPP). PSO
and DPSO are optimization techniques inspired by flock-
ing birds. NPP is a combinatorial optimization problem
with binary variables to partition a set of numbers into two
sets, so that the sum of them in each set is as close as pos-
sible. Experiments have been performed with problems in
which phase transition (a phenomenon of abrupt change of
average complexity) was observed in previous works.
keywords: discrete particle swarm optimization, number
partitioning problem, phase transition

1 Introduction

Particle Swarm Optimization (PSO) has been developed
by Eberhart and Kennedy in 1995 [1], inspired by the
movement of flocking birds. PSO updates each individual’s
position in the search space based on its velocity and some
best found solutions in the past. In PSO, the position of
each particle denotes a potential solution to the optimiza-
tion problem. PSO has been introduced as an optimization
technique in real-number spaces, where the trajectories are
defined as changes in position on some dimension.

Discrete Particle Swarm Optimization (DPSO) is a
modification of the PSO algorithm for solving problems
with binary-valued solution elements [2]. In DPSO, a par-
ticle position is a binary value changing between 0 and 1.
A particle velocity is a probability that its position takes on
0 or 1. Several other forms of discrete optimization have
been explored using PSO other than DPSO [3, 4].

Number Partitioning Problem (NPP) is a famous combi-
natorial optimization problem whose variables are binary:
given a set of numbers, partition it into two sets, such that
the sum of the numbers in each set is as equal as possi-
ble [5]. NPP is NP-complete, and is contained in many
scheduling applications.

This paper experimentally observes the behavior of
DPSO in NPP. We focus on particle movements with

Personal best pi
(The best position
of individual i)

Global best pG
(The best position
of  all individuals)

Inertial velocity

2k
i

−x

1k
i

−x
k
ixk

iv k
iv

1k
i

+v

1k
i

+x

Figure 1: Calculation of velocity vector

varying inertia coefficient, and the search performance of
DPSO with instances in which a phase transition was ob-
served in previous works.

2 Discrete Particle Swarm Optimization

PSO’s optimizing process is quite simple. Each particle
remembers the best previous position of it and the best pre-
vious position of all particles in the swarm. Each particle
searches a good solution using two calculations. One is ve-
locity update based on the present velocity of a particle, the
best previous position of any particle and the best previous
position of all particles in the swarm (Figure 1). Another is
position update based on the present velocity.

vvvk+1
i = w ·vvvk

i +c1 · r1 ·
(

pppi −xxxk
i

)
+c2 · r2 ·

(
pppg−xxxk

i

)
(1)

xxxk+1
i = xxxk

i +vvvk+1
i (2)

wherevvvi , xxxi , pppi are the velocity, position, and best previous
positions of particlei at stepk respectively, andpppg is the
best previous position of all particles in the swarm.w is
the inertia coefficient which slows the velocity over time to
prevent explosions of the swarm and ensure ultimate con-
vergence,c1 is the weight given to the attraction topppi and
c2 is the weight given to the attraction topppg. r1 and r2

are samplings of a uniformly-distributed random variable

in [0,1]. Velocity
∣∣∣vk+1

i j

∣∣∣ does not go beyondvmax, where j

is the dimension of particle.
DPSO is a modification of the PSO algorithm for solv-

ing problems with binary-valued solution elements [2].
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c 1
(a) c1 = 1.0 , c2 = 1.0. (b) w = 0.8 , c2 = 1.0. (c) w = 1.0 , c2 = 1.0.
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(d) w = 1.2 , c2 = 1.0. (e) w = 0.8 , c1 = 1.0. (f) w = 1.0 , c1 = 1.0.
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Figure 2: Experimental results on parameterw , c1 , c2 .

Similar to the optimization process of PSO, DPSO iterates
velocity calculation and position update. However, a parti-
cle position in DPSO is expressed as a set of discrete value
(0 or 1) to solve problems with binary-valued solution ele-
ments, while a particle position in PSO is expressed as a set
of real value. In DPSO, each velocity value is transformed
to the range (0, 1) bys(vi j ), and the particle position value
is obtained by comparing this transformed element with a
uniform random value.

xk+1
i j =

{
1 if (r() < s(vi j ))
0 otherwise

(3)

s(x) =
1

1+e−x (4)

where (4) is the sigmoid function, andr is a value sampled
randomly from 0.0 to 1.0.

3 Number Partitioning Problem
NPP is a famous combinatorial optimization prob-

lem whose variables are binary: a finite setA =

{
ak

∣∣ k∈ {1. . .N}
}

of N positive integers, find a partition
of A into two subsetA1 andA2 such that difference

E(A) =

∣∣∣∣∣ ∑
i∈A1

ai − ∑
i∈A2

ai

∣∣∣∣∣ (5)

is minimized [5]. A solution withE = 0 or E = 1 for ∑A
even or odd is called “perfect solution” for obvious reasons.

The phase transition in NPP is a phenomenon that there
is a boundary that separates the “easy-to-solve” from the
“hard-to-solve” phase. Phase transitions have been ob-
served in many different NP-complete problems [7]. NPP’s
phase transition goes hand in hand with a transition in prob-
ability of perfect solutions [6]. Mertens [6] has showed
that NPP has a phase transition in average complexity
from experiments using complete differencing and com-
plete greedy.
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(c) A success case whenw = 1.0,
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Figure 3: Analytical results on varyingw.

4 Computational Experiments
4.1 Pre-experimental planning

Section 4 evaluates the effectiveness of DPSO which
is applied to NPP. In this paper, “search costs” is
the fitness calculation time, which is calculated by
number of particle× iterations counts. “Optimal solution”
is a solution with minimal value ofE(A) calculated by (5)
in each problem instance, which is not always a perfect so-
lution. The number of particles,vmax, iteration limit were
500, 5.0, 20,000, respectively. We performed 20 runs for
each condisiton.

4.2 Experiment 1

At first, we experimented with DPSO performance
changing parametersw, c1, andc2 in Experiment 1. This
experiment uses an instance involvingN = 100 positive in-
teger numbers less than 1,000,000.

First, we examined the effect of modifying parameter
w between 0.0 and 3.0 with fixedc1 = 1.0 andc2 = 1.0.
Figure 2(a) shows the result on discovery rate of optimal
solutions and search costs. The graph shows a tendency
that DPSO could find the optimal solution with higher rate
whenw < 1.0 than whenw > 1.0.

Next, we examined the effects of parametersc1 andc2

changed between 0.0 and 10.0, in turn.w was set to 0.8,
1.0, and 1.2. Figure 2(b), (c), and (d) show the results on
c1, and Figure 2(e), (f), and (g) show the results onc2.

From Figure 2(b) and (e),c1 and c2 did not seem to
affect the search performance of DPSO whenw = 0.8. In
particular, the fact that the case withc2 = 0.0 was not so
worse than the cases withc2 > 0.0 means that interaction
between particles did not work properly whenw = 0.8.

Figure 2(c), (d), (f), and (g) indicate that values ofc1

lower than 1.0 or values ofc2 higher than 1.0 causes dete-
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riorations in search performance.

4.3 Experiment 2

We analyzed DPSO behaviors with varyingw in Ex-
periment 2. Parameters(w,c1,c2) are set to(0.8,1.0,1.0),
(1.0,1.0,1.0), (1.2,1.0,1.0), and(1.0,2.2,0.2), which was
is the best parameter set in Experiment 1. The same prob-
lem instance is used as in Experiment 1.

Figure 3 shows transitions of some criteria in a success
and failed cases: averageE(pppk

g), average hamming dis-

tance betweenxxxk
i andxxxk−1

i (D(xxxk
i ,xxx

k−1
i )), average hamming

distance betweenxxxk
i andpppk

i (D(xxxk
i , pppk

i )), average hamming

distance between allpppk
i (D(allpppk

i )), and average
∣∣∣vk

i j

∣∣∣.
From Figure 3(a) and (b),D(xxxk

i ,xxx
k−1
i ) and D(allpppk

i )
were steady at around 50, which denotes that particles
moved quite actively, rapidly and separately like random

search whenw = 0.8. Note that average
∣∣∣vk

i j

∣∣∣ leveled out at

about 1.0. In DPSO, lowervk
i j means that a particlei moves

fast, oppositely to the meaning of the word “velocity”.
From Figure 3(e) and (f),D(xxxk

i ,xxx
k−1
i ) and D(allpppk

i )
rapidly converged at around 1.0 and 50 respectively, which
denotes that each particle moved and converged at scattered
places indifferently to each other whenw = 1.2. Average∣∣∣vk

i j

∣∣∣ steeply grew and keptvmax.

From Figure 3(c) and (d),D(xxxk
i ,xxx

k−1
i ) and D(allpppk

i )
gradually decreased, which denotes that particles slightly
slowed down and crowded into a solution. The best param-
eter set(w,c1,c2) = (1.0,0.2,2.2) also allowed particles to
move cooperatively, as shown in Figure 3(g).

4.4 Experiment 3

Finally, we tested DPSO with instances in which NPP’s
phase transition has been observed. According to the per-
vious work [6], instances whose numbers of elementsN
are from 8 to 120 were used. Element numbers of them
were less than 220. 100 instances were generated for each
number of elements.

Figure 4 shows the discovery rate of optimal solutions
and the probability that a given instance has a perfect solu-
tion. Figure 5 shows the transitions of the discovery rate of
optimal solution. As shown in these figures, the discovery
rate drastically falls down at the same pointN = 24 as in
the previous work [6].

5 Conclusion

In this paper, we studied the performance of DPSO in
NPP. Experiments have showed that the behavior of DPSO
deeply depends on a inertia coerricientw, and the existence
of a phase transition of DPSO. In future, we plan to exam-
ine other discretize methods for PSO.
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Abstract 
In this paper we describe how we have exploited 
Evolutionary Computation (EC) to generate creative 
building designs. The algorithm has been implemented to 
create a design tool for architects called Design Inspiration 
system (DIS). The interactive design inspiration tool is 
able to generate initial design concepts of architectural 
plans. Our approach illustrates what we regard as an ideal 
strategy towards an organic architecture that is inspired 
from living organisms and not concerned with 
architectural style. The current capabilities of the system 
are demonstrated by the example of designing a library 
building.  
 
The paper ends by describing a comprehensive experiment 
with a total of 28 volunteer architects as a cognitive 
performance measurement tool, capable of accurately 
positioning participants' performance using the design 
system.  

Introduction 

Although there is much evidence of the utilization of 
evolutionary and adaptive computing technologies for 
system optimization there appears to be little recognition 
or investigation of their design exploration and search 
capabilities. Such capabilities support their appropriate 
integration with conceptual and preliminary design 
processes to support search within predefined design 
spaces whilst also allowing exploration in less well-
defined areas that lie outside of initial constraint, objective 
and variable parameter bounds [1]. Noguchi has pointed 
out the necessary requirements of design imagination 
support. It is thus important to make designers realize the 
missing elements, factors, or methods in their designing 
process, not to support them to make an easy output [6]. 
Suwa stated that design sketches are not just images but 
they can inspire designers with new ideas in process of 
design [5]. DIS is a design tool for architects developed by 
Multimedia Engineering Lab at Kagoshima University. 
The aim of DIS is innovation in architectural design by 
exploiting and exploring new algorithms from computer 
science. In particular we are interested in applying ideas 
from Evolutionary Computation (EC) and Artificial Life 
(ALife) to architectural design. In addition to designers’ 
own interpretations for the system outputs, DIS can help 
make new design concepts and explore new architectural 
forms. DIS provides more opportunities to enhance and 
support designers’ creativity. 
Interactive Evolutionary Computation (IEC) 
Interactive evolutionary computing relates to partial or 

complete human evaluation of the fitness of solutions 
generated from evolutionary search. This has been 
introduced where quantitative evaluation is difficult if not 
impossible to achieve.Evolutionary Design is derived from 
biological principles, specifically those of the theory of 
natural selection. Interactive genetic algorithm (IGA) is 
defined as a genetic algorithm that uses human evaluation. 
These algorithms belong to a more general category of 
Interactive evolutionary computation [7]. Aesthetic 
Selection is a general term for methods of evolutionary 
computation that use human evaluation. Human evaluation 
is necessary when the form of fitness function is not 
known .The number of evaluations that IEC can receive 
from one human user is limited by user fatigue which was 
reported by many researchers as a major problem [7]. In 
computer bimorphs, ring of 18 possible mutants, of which 
a representative six are drawn in (Figure.1). Each member 
of the ring is only one mutational step away from the 
central bimorph, it is easy for us to see them as children of 
the central parent. A child differs from its parent at only 
one gene, all mutation occurs by +1 or -1 being added to 
the value of the corresponding parental gene. The shape of 
each child is not derived directly from the shape of the 
parent. Each child gets its shape from the values of its own 
nine genes (influencing angles, distances, and so on) [2]. 
System Implementation 
In our system, organic architecture is divided into 
symmetric and asymmetric architecture (Figure 2)[3][4].  
Design Inspiration System (Figure 3) is designed to 
generate asymmetric architecture designs (Figure 5,6) and 
based on BioArchitect that we developed in 2006 to 
generate symmetric architecture  forms(Figure 4) [3][4]. 

 
Figure 1   Biomorph 

 
 

Organic Architecture 

Symmetric Architecture Asymmetric Architecture
 

Figure2   Distinction in design 
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Both of BioArchitect and Design Inspiration System are 
inspired from computer bimorphs developed by Richard 
Dawkins in his work of " The Blind Watchmaker"(Figure 
1), and the possible mutants, of which a representative six 
are shown in the system interface. The Interactive 
evolution consists of endless repetition of reproduction, 
which takes the genes that are supplied to it by the 
previous generation, and hands them on to the next 
generation. 
Genotype-phenotype distinction 
The genotype-phenotype distinction refers to the fact that 
while genotype and phenotype of an organism are related, 
they do not necessarily coincide. The genotype of an 
organism represents its exact genetic makeup, that is, the 
particular set of genes it possesses. Two organisms whose 
genes differ at even one locus (position in their genome) 
are said to have different genotypes. The term "genotype" 
refers, then, to the full hereditary information of an 
organism. The phenotype of an organism, on the other 
hand, represents its actual physical proper ties, such as 
height, weight, hair color, and so on. The mapping of a set 
of genotypes to a set of phenotypes is sometimes referred 
to as the genotype-phenotype map. In DIS (Figure 3), the 
individual is represented by an array of four types of 
strings for initializations `A', `C', `T', and `G' that are used 
to represent the DNA. In general, a string `A', `C', `T', and 

 
Figure 3   DIS 

 

 
Figure 4   Bioarchitect 

 
Figure 5   Sample output 1 

 

 
Figure 6   Sample output 1 drafting 

 

 
Figure 7    Sample output 1 (exterior 3d view) 

 
Figure 8   Sample output 1 (interior 3D view)
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`G' of the individual is considered as a gene. The gene row 
is GENOTYPE, and the new design generated from 
GENOTYPE to be PHENOTYPE. Conversion from 
GENOTYPE to PHENOTYPE occurs from starting point 
according to the gene structure. DIS is a very creative tool 
because the total amount of genetic difference from the 
original ancestor (Figure 5,6). 
Empirical Research Methodology 
Interviewing and questionnaires with architects from 
multicultural backgrounds 
A task of designing Kagoshima university library building 
was given to 19 Japanese architects working at TojoSeki 
architecture firm in addition to 9 architecture students 
from Kagoshima University as a cognitive performance 
measurement tool, capable of accurately positioning 
participant performance using SIA. Participants included 
architects from multicultural backgrounds such as Japan, 
USA Jamaica, Vietnam, China, Australia and the United 
Kingdom. 

 
Usability Questionnaire 
In order to evaluate the system, and describe the 
participants' performance towards the implementation of 
SID, they responded to each question of usability 
questionnaire. The results were then converted into 
percentage. The questionnaire is available at 7 questions. 
Each of the questions had rating scales ascending from 0 
on the left (Figure 13) to 7 on the right and anchored at 
both end points with strongly disagreed and strongly 
agreed. The options used by the scripts include: 
 
• Overall, I think the system is user-friendly.  
• The system speeds up my design process and reflects my 

sense of space. 
• The system produces creative designs that are guided by 

my own interaction  
• This system supports my imagination and helps me to 

find what I am looking for in a very short time.  
• It was easy to learn to use system. The interface is very 

simple and well designed to help designers.  
• I became productive quickly using system because I can 

work on several high quality designs simultaneously.  
The main assessment criterion is to check whether the 
system can produce creative designs guided by user 
interaction .As shown in figure 7, the illustrated 3D graph 
shows that the system helped to produce creative designs 
and forms in a very short time span. Design samples 
(Figure 5,8) were selected to be processed into AutoCAD 
architectural plans (Figures 6 and Figure 10) then into 
three-dimensional drawings (Figures 7,8,11,12). 
Summary  
Artificial Creativity demonstrated by the 
interaction between genetic algorithms and the 
architect using DIS suggests that creativity in 
organic architecture can result from a 
combination of (Logical/Mathematical) and 

 
 Figure 9   Sample output 2 

 

  
Figure 10   Sample output 2 drafting 

 
Figure 11   Sample output 2 (exterior 3d view) 

Figure 12   Sample output 2 (exterior 3d view) 
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(Visual/Spatial) intelligence regardless of the 
socio- cultural the background of the designer or 
a particular style. The creative input from the architect 
is still essential. The difference is that architects will 
have to concentrate on generic ideas and leave specific 
instances to the computer and the environment. In the 
computer-based design future, the generic idea will be 
encapsulated in a genetic language and DNA.  
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Figure 13   Usability questionnaire results 
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Abstract

Multiagent technologies enable us to explore their
sociological and psychological foundations. Amedical
dignostic support system is built using this.

Moreover, We think that the data inputted can ac-
quire higher diagnostic accuracy by sorting out using
a determination table.

In this paper, the recurrence diagnostic system of
cancer is built and the output error of Multiagents
learning method into the usual Neural Network and a
Rough Neural Network and Genetic Programming be
compared.

The data of the prostates cancer offered by the med-
ical institution and a renal cancer was used for verifi-
cation of a system.

Keyword:

Multiagent System, Neural Networks, Medical Di-
agnostic Support System

1 Introduction

An agent is a computational entity such as a soft-
ware program or a robot, and can be viewed as per-
ceiving and acting upon its environment. This agent
is autonomous in that its behavior at least partially
depends on its own experience.

Multiagent systems have the capacity to play an
important role in developing and analyzing models
and theories of interactivity in human societies. Hu-
mans interact in various ways and at many levels: for
instance, they observe and model one another, they
request and provide information, they observe and
model one another, they request and provide informa-
tion, they negotiate and discuss, they develop shared
views of their environment, they detect as terms, com-
mittees, and economies. Many interactive processes
among humans are still poorly understood, although
they are an integrated part of our everyday life. Mul-
tiagent technologies enable us to explore their socio-
logical and psychological foundations.

A medical diagnostic support system is built using
this. Moreover, We think that the data inputted can
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acquire higher diagnostic accuracy by sorting out using
a determination table.

In this paper, the recurrence diagnostic system of
cancer is built and the output error of Multiagents
learning method into the usual Neural Network and
a Rough Neural Network and Genetic Programming
be compared. Generally, medical data is complicated,
and when building a diagnostic system using such data
including some errors, the calculation with expression
is difficult in many cases. Then, the diagnostic systems
configuration from a data pattern is effective using the
Neural Network who is excellent in pattern recognition
to such a problem.

Furthermore, in order to treat effectively the error
included in data, a Rough Neural Network is formed
using the extended type Rough Neuron defined from
Rough Aggregate Theory. Moreover, change of the di-
agnostic accuracy by using Genetic Programming to
changing the number and combination of the data in-
putted is seen. Back Propagation generally used in a
Neural Network is used for study of a network.

The data of the prostates cancer offered by the med-
ical institution and a renal cancer was used for verifi-
cation of a system.

2 Intelligent agents and Multiagent
System

Artificial Intelligence (AI) has made great strides
in computational problem solving using explicitly rep-
resented knowledge extracted from the task. If we
continue to use explicitly represented knowledge ex-
clusively for computational problem solving, we may
never computationally accomplish a level of problem
solving performance equal to humans. From this idea,
the paper describes the development of a multiagent
system that can be used to support the assessment of
design performance in the cellular automata model.
Agents represent objects or people with their own be-
havior, and take the structure of cellular automata
lattice.

Intelligent agents and multiagent systems are one
of the most important emerging technologies in com-
puter science today Weiss21. The advent of multia-
gent systems has brought together many disciplines in
an effort to build distributed, intelligent, and robust
applications. They have given us a new way to look
at distributed systems and provided a path to more
robust intelligent applications.

Multiagent systems deal with coordinating intel-
ligent behavior among a collection of autonomous

Figure 1: Rough Neuron

agents. Emphasis is placed on how the agents coor-
dinate their knowledge, goals, skills, and plans jointly
to take action or to solve problems. Constructing the
multiagent systems is difficult Abul, Khosla14. They
have all the problems of traditional distributed and
concurrent systems plus the additional difficulties that
arise from flexibility requirements and sophisticated
interactions.

3 Rough Neural Networks

Rough neural network is the neural network which
enabled that I input the value that considered an acci-
dental error by having a revolving underwriting facility
neuron into input with a rough set theory.

I get possible to handle uncertain data than a rough
neuron.

I can think about a rough neuron in rough neural
network like a pair of a neuron. Therefore I can gain
the favor by a rough set theory as a rough neuron and
define two normal neuron as revolving underwriting
facility neuron of one and take a lower limit of input
as the other with an upper limit of input including
an accidental error for one input as input of revolving
underwriting facility neuron.

Revolving underwriting facility neural network gen-
erally depends on medical data for normal neural net-
work by what a lot of things including an accidental
error input the upper limit and a lower limit into, and
high diagnosis accuracy is provided.

4 Genetic Programming

In this section, we study evolution as it occurs in our
model. Learning in an observable and non-stationary
environment is still one of the challenging problems
in the area of multiagent systems. Our algorithm of
learning for our model requires learning from inter-
actions in an environment in order to achieve certain
goals. At each time step, the agent observes its en-
vironment and selects the next actions based on that
observation. In the next time step, the agent obtains
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Figure 2: Rough Neural Network

the new observation that may reflect the effects of its
previous action and a payoff value indicating the qual-
ity of the selected action.

The Rough Neural Network hidden layer considered
in this subsection is 2 states where states are denoted
0, 1. The learning or evolution of the rule that the
agent may use is achieved by using technique similar
to genetic programming Koza6.

An individual in the population of genetic program-
ming is a tree structure form; therefore, the agent
needs to convert the rule into tree structure. Followed
that applied the genetic operators. The mutation op-
eration will modify the rule of the agent, while the
crossover operator depends on the interaction between
the agent’s rule and the neighbor agents’ rules.

The function set is AND, OR, NAND, NOR, NOT,
IF, XOR.We can summarize the evolutionary algo-
rithm as: Step1: Convert the agent ’s rule and the
rules of its neighbors into trees. Step2: Perform muta-
tion operation according to the probability Pm on the
tree of the agent. Step3: Perform crossover operation
according to the probability Pc between the agent ’s
tree and randomly selected tree from the neighbors.
The offspring tree is replaced with the agent ’s tree.
Step3: convert offspring tree into rule and store it in
the agent controller.

5 The medical diagnostic support sys-
tem using Multiagent

In this section, we study combined as it occurs in
genetic Techniques into agent learner. We used as a
tool for searching wide and complex solution space in
Intelligent agent learns data. Intelligent agent using
complex techniques of related research. It combined

Figure 3: The precision comparison in Neural
Network and Rough Neural Network

on genetic programming same function of genetics al-
gorithm using rough neural network input data. These
techniques supported by graphical data in tree struc-
ture that retrieval of optimal end point. Because,
This techniques consider with using Intelligent Agent
Learner expanded of diagnostic support.

Multiagent is state in a filed. These fields in-
clude other Learner kept in Intelligent Agent. Other
Learner support anything AI techniques and genetic
techniques of input data. Intelligent Agent has made
combined these techniques into the Machine Learning.

The medical diagnostic support systems create
other Agent Learner. This Agent learner using Neu-
ral Network, Rough Neural Network, Neural Network
combined Genetic Programming and Rough Neural
Network combined Genetic Programming.

Agent Learner used to Neural Networks parameter
: Input Layer Neuron of 12, Hidden Layer of 2, and
Neural Network in Neuron of 30. Other Learner used
to Two Rough Neuron combinative Input Layer Neu-
ron of 12, Hidden Layer of 2, and Neural Network in
Neuron of 30.

The data of the prostatic cancer offered by the med-
ical institution and a renal cancer included to this Re-
nal cancer 20 % ( Difficult Problems).

Rough Neuron sends to input data : Chief Com-
plaint, Grade, pT2, pN2, NHS2, PS, Score, pV2, INF2,
PDT2, The diameter of a tumor. but Age and Men or
Female using default neuron of input data.

Training Data check Republication of 5 years after
of output data. Intelligent Agent using case of Learner
in training Data 112 and Test Data:50.(Figure 3)

Figure 3 shows the change in output error for the
untrained dataset of the proposed neural network then
Rough Neural Network.

Intelligent Agent includes other learning method
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Figure 4: The precision comparison in Genetic
Programming Complex Agent Learner

using genetic techniques. but, This Intelligent Agent
considers revising Learner good parameter of output
data. So, Intelligent agent duplicated on these good
parameters Learner into this output data. Duplicated
Intelligent Agent cross learner supported by genetic
techniques. In this case, Intelligent Agent Learner
used Neural Network and Rough Neural Network.
Because, Genetic techniques consider combined in a
Learner method only. This point join to that used
to neural network wait link. New Intelligent Agent
have make in this hybrid learner. Hybrid Learner is
Neural Network or Rough Neural Network and genetic
techniques. Genetic Techniques consider with many
method support of algorithm into this data. This case
used to parameter based on network wait and neu-
ron input data and learning wait after output data.
So, This control wait of neuron support Genetic Pro-
gramming using tree stricture model based on graph-
ical techniques.

Figure 4 shows the change in output error for the
untrained dataset of the proposed neural network or
Rough Neural Network combined Genetic program-
ming.

Table 1 shows the Agent between learners in other
learning method. This Learner has made be able to
smaller than network size and output error count.

Table 1: The precision comparison in various networks

Agent Learner Output Error Error Countes
NN 0.14 7 / 50

NN + GP 0.12 6 / 50
RNN 0.12 6 / 50

RNN + GP 0.10 5 / 50

6 Conclusion

In this research we have applied best choice of ge-
netic programming complex system buildings. We
have been able to searching wide and complex solu-
tion space. We have created agent learner in compact
network system.

For future works, we will consider methods quick
running of genetic programming in learning techniques
and noise input data. We try to delete noisy filter on
input data. We consider that we delete noisy filter on
input data.

Future versions of this model will aim to show how
the system in communication response in a more nat-
ural, unscripted scenario, involving multiple parts in
addition to other forms of process and contingency.
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Abstract
In reinforcement learning, a large state space makes the

value function estimation infeasible, and hence it is of-
ten approximated as a linear combination of basis func-
tions whose linear coefficients constitute the parameter.
However, the basis function construction needs some prior
knowledge and is often troublesome. To overcome this dif-
ficulty, Keller et al. proposed an automatic basis function
construction technique [2], but it may cause serious compu-
tational cost. We propose a novel approach to this context,
where the computational cost can be drastically reduced
from that of the existing method, due to our sequential ap-
proximation.

1 Introduction

Reinforcement learning (RL) is a machine learning
method through interactions with environments to maxi-
mize the long-term reward accumulation (return). In usual
RL schemes, it is important to estimate the value func-
tion which predicts the return starting form each state. In
many realistic RL problems, however, a large state space
makes the value function estimation in its original function
space infeasible, and hence, the value function approxima-
tion using a parametric linear model comes to be impor-
tant; the value function is represented as a linear combi-
nation of basis functions whose linear coefficients consti-
tute the parameter. While the parameter is obtained by the
conventional RL methods based on sample data, the ba-
sis functions must be determined by a designer at hand in
advance, but the determination is very difficult due to the
small amount of available prior knowledge. A poor setting
of basis functions may increase the potential error of ap-
proximating the value function, and a large approximation
error makes the policy’s control fail.

One possible idea to deal with this problem is to con-
struct the basis functions automatically based on the avail-
able data in an online manner. Keller et al. proposed an au-
tomatic basis function construction technique [2], in which
appropriate basis functions were generated based on tem-

poral difference (TD) error. However, this approach had
some difficulties. First, the basis functions were generated
in each time step, and then, all the basis functions, whose
number could be huge, were used to approximate the value
function by means of the least-squares optimization. This
may cause serious computational cost, as the number of
bases increases. Second, the value function approximation
can be unstable due to the singularity in the least squares
solution, especially as the number of highly correlated ba-
sis functions increases.

To overcome these problems, in this study, we propose a
novel approach to the automatic construction of basis func-
tions, where the number of basis functions and the com-
putational cost can be drastically reduced from those of
the existing method. According to our method, the basis
functions, are constructed in to approximate the TD error
at each time step instead of the value function, and the
learned parameters are fixed in the subsequent optimiza-
tions. In other words, our method decomposes whole the
approximation problem in the Markov decision processes
(MDPs) into small approximation problems which are eas-
ily to be solved with a small number of basis functions, so
that the parameter is optimized within each sub-problem.
This method has some theoretical foundations, given by
Bertsekas and Castanon [3], which showed that the se-
quential calculation of analytic approximation of the TD
error with appropriate basis functions can geometrically re-
duce the approximation error along the whole time-series.
Computer simulation shows our method could drastically
reduce not only the number of basis functions but also
the computational time in comparison to the Keller et al.’s
method [2].

2 MDPs and the value function approxima-
tion

We consider finite MDPs, which is composed of the dis-
crete time t, a set of states S, a set of actions A, a set of
transition probabilities P , and a scalar reward r ∈ R. At
time t, the agent selects an action at ∈ A according to a
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stationary policy π at a state st ∈ S, and then it moves to
the next state st+1 ∈ S and simultaneously recieves the re-
ward rt+1. The objective is to find a policy that maximizes
the value function:

V π(s) = E

[ ∞∑
t=0

γtrt+1|s0 = s

]
(1)

where γ ∈ [0, 1) is a discount factor.
One of the approaches of searching for the optimal pol-

icy is policy iteration [1]. The policy iteration is con-
structed of two steps, i.e., the policy evaluation step and
the policy improvement step. In the policy evaluation step,
the value function V π for the current policy π is calculated
or approximated. In the policy improvement step, the pol-
icy π is improved by using the learned value function. In
this article, we focus on the policy evaluation step. The
Bellman equation under π is defined as

V π(s) = Eπ [rt+1 + γV π(st+1)|st = s] . (2)

For the sake of later convenience, we introduce the matrix
notations; the value function vector V π ∈ R|S| whose i-th
element is the value at the i-th state in S, the state transition
matrix P ∈ R|S|×|S| whose i,j-th element is the state tran-
sition probability under policy π from the i-th state to the
j-th state in S, and the reward vector r ∈ R|S| whose i-th
element is the expected reward with respect to the next state
conditioned on the i-th state and policy π. Then, the Bell-
man equation Eq.(2) is represented as V π = r + γPV π .

In the dynamic programming context, the policy evalu-
ation in average operates successive approximations of the
value function V using Bellman operator T (·):

V k+1 = T (V k) ≡ r + γPV k, (3)

where k denotes an iteration step and V k converges to
Vπ in the limit of k → ∞ [1]. In usual RL set-
tings, the vector r and the matrix P are unknown, so
the value function is estimated by using sample trajectory,
〈s0, r1, s1, r2, . . . , st, rt+1, . . . 〉.

In realistic RL problems, however, the state space is
large, and the value function estimation is very difficult.
Then the value function is often approximated by using
a paramatric linear model, that is, represented as a lin-
ear combination of basis function whose linear coefficients
constitute the parameter:

V (s) ≈
M∑

m=1

φm(s)′θm = φ(s)′θ, (4)

where (’) is the transpose, and the basis function vector
φ(s) and the parameter θ are both M -dimensional vec-
tors. Note that the designer of the system must prepare

the basis functions at hand. The parameter θ is tuned in
the policy evaluation step by using the sample trajectory.
One of the learning methods is least-squares TD learning
[4], which is the closed-form estimation method for the
linearly-approximated value function.

3 Previous method for automatic basis func-
tion construction and aggregation theory

In usual, the basis function construction requires de-
signer’s trial and error. The poor setting of basis functions
may increase the approximation error of the value func-
tion, and a large approximation error makes the policy’s
update fail. One possible idea to deal with this problem is
to construct the basis functions automatically based on the
available data in an online manner.

Keller et al. [2] proposed an automatic basis function
construction technique, in which appropriate basis func-
tions were generated based on the aggregation theory, pro-
posed formerly by Bertsekas and Castanon [3]. According
to this theory, automatically produced aggregated states are
used to speed up the value iteration in dynamic program-
ming, even if the original operations of the Bellman op-
erater (Eq.(3)) are very slow. In section 5, we show that
our proposal method is also based on this theory, actually
a more appropriate application of this theory rather than
Keller et al.’s. In this theory, the Bellman operator (Eq.(3))
is replaced by aggregation iterations of the form:

V k+1 = V k + Ψy, (5)

where Ψ ∈ {0, 1}|S|×M is such an aggregation matrix that
Ψij = 1 if state i is assigned to group j or 0 otherwise.
The grouping of the states is determined by the ranking of
the Bellman residual: T (V k) − V k. y is the parameter
vector corresponding to Ψ, which is derived by analytical
calculation. Ψy is the orthogonal projected vector of the
Bellman residual onto the subspace spanned by sparse ma-
trix Ψ. By using the Bellman operator T ,

T (V k+1) = T (V k) + γPΨy, (6)

is obtained, and by using the definition of orthogonal pro-
jection: Π = Ψ(Ψ′Ψ)−1Ψ′, the following holds [3]:

T (V k+1) − V k+1 = g1 + g2, (7)

where

g1 = (I − Π)
(
T (V k) − V k

)
,

g2 = γ(I − Π)PΨy.

Based on the above ranking scheme of the Bellman residual
T (V k) − V k, the maximum norm of the first approxima-
tion error g1 can be minimized under a restricted number
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of groups M . Moreover, it is know experimentally that g2

often decreases as g1 decreases [3]. So we may focus only
on the minimization of g1.

In the Keller et al.’s method, by applying this theory to
an RL context, the value function is updated as

Vk+1 = Φkθk + Ψθnew

= [Φk Ψ]
[

θk

θnew

]
= Φk+1θk+1, (8)

where Φk ∈ {0, 1}|S|×kM is the basis function matrix:
Φk = [φk(1),φk(2), . . . , φk(|S|)]′, φk(s) ∈ {0, 1}kM is
a kM -dimensional binary vector corresponding to a state s,
and M is the number of basis functions produced in each
step. In this method, the basis functions are constructed it-
eratively based on the TD error (the Bellman residual for a
sampled state), and the parameters are evaluated by least-
squares TD learning (LSTD) [4]. By using a sample tra-
jectory, the parameter vector θk+1 is optimized so as to
minimize the cost function:

JLSTD(θk+1) = 1
2t

∑t−1
i=0(ri+1 − γV k(si+1)
−φk+1(si)′θk+1)2, (9)

where t is the current time step. Then, in each iteration
step k, kM -dimensional vector θk is estimated by the least-
squares optimization.

Because the number of the parameters increases by
M after each iteration, the computation (in the order of
O((kM)3) due to the inverse calculation of the design ma-
trix ) can be intractable. Furthermore, the value function
approximation can be unstable due to the singularity of
the design matrix as the number of highly correlated ba-
sis functions increases.

4 Sequential approximation method for au-
tomatic basis function construction

To overcome these diffculties, we propose a novel ap-
proach for automatic basis function construction, where the
computational cost is only of O(M3), which is indepen-
dent of k, and stable learning can be achieved by avoid-
ing the singularity. While in the previous approach shown
above, the value function is approximated by all parame-
ters, we consider the approximation of the TD error instead
of the value function with restricted parameters θnew, and
learned parameters θk being fixed after each optimization
and embedded in V k. To this end, we adopt least-squares
policy evaluation learning (LSPE) [5] instead of LSTD. In
this method, the TD error instead of the value function is
approximated by least-squares optimization, so as to have
a form:

Vk+1 = Vk + Ψθnew. (10)

Note that only M -dimensional vector θnew is learned, and
the others are fixed. The cost function is given by

J(θnew) = 1
2t

∑t−1
i=0(ri+1 + γV k(si+1) − V k(si)

−ψ(si)′θnew)2, (11)

where ψ(si) ∈ {0, 1}M is a newly produced basis func-
tion and is the transpose of the row vector in Ψ, evaluated
at the state si. TD error: ri+1 +γV k(si+1)−V k(si) is the
target of ψ(si)′θnew in this regression problem. In the min-
imization of this objective function with respect to θnew,
the least-squares solution is given as

θnew = B−1c, (12)

where

B =
1
t

t−1∑
i=0

ψ(si)ψ(si)′,

c =
1
t

t−1∑
i=0

ψ(si)
(
ri+1 + γV k(si + 1) − V k(si)

)′
.

Then, the TD error can be successively approximated by
sequentially constructed basis functions. Note that the
newly produced basis functions are only used for each se-
quential approximation. Then, the computational cost is
of O(M3), which is much smaller than O((kM)3) of the
Keller et al.’s method. Moreover, it can be seen that our
method is the straightfoward application of the Bertsekas
and Castanon’s aggregation theory shown in Eq.(5)-(7),
since the TD error is orthogonally projected onto the space
Ψ. The algorithm is depicted in Fig 1.

Figure 1: single iteration step

input
ht = 〈s0, r1, . . . , st, rt〉 : a sample trajectory until t
M : the number of basis functions
Vk : estimated value function

For i = 1:t-1
ei ← ri+1 + γVk(si+1) − Vk(si)

End
Ψ ← GenerateBasis({e},M)
θnew ← LSPE (ht,Vk,Ψ)
Vk+1 ← Vk + Ψθnew

return Vk+1

The process of the adaptive basis function construction
is described by GenerateBasis. This function generates
basis functions according to the TD errors e. The param-
eter θnew is estimated by LSPE (Eq.(12)), and then the
value function is updated. Since the previous parameters
are fixed, serious instability due to the singularity can be
avoided in our method.
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5 Experimental results

To verify the performance of our method, we evaluate
the maximum norm1 between the true value function and
the estimated value functions by several methods in sim-
ulation experiments. Since the maximum norm is associ-
ated with the worst case policy improvement, this measure
is important for the convergence property of RL [1]. We
compared our method with the following three methods:
(a). LSPE with fixed basis functions, which is a usual setting of

conventional RL methods,

(b). LEPE with randomly generated basis functions,

(c). LSTD with adaptive construction of basis functions (Keller
et al.’s method).

By comparing with (a), we can show the effective-
ness of sequential construction of basis functions. By
comparing with (b), we can show the effectiveness of
the adaptive constructions based on TD error. By com-
paring with (c), we can show the effectiveness of our
method compared with the Keller et al.’s method. We as-
sume that the number of states is 100, the discount fac-
tor γ is 0.97, the number of basis functions (M ) is 2,
and the transitional matrix under the fixed policy π is as
P = Z (0.03 × Prand + (1 − 0.03) × I) , where the com-
ponents of Prand are drawn from the uniform distribution
in (0, 1]|S|×|S|, I is a unit matrix, and Z is a normal-
ization term. Then the true value function is given by
Vtrue = (I − γP )−1

r.Samples are drawn from the tran-
sition matrix P step by step starting from an initial state
s0. We generated new basis functions and the estimated
value function every 10 sample generations. Fig 2 shows
the performance comparison where the horizontal axis is
the number of generated samples. The performances were
averaged over 100 independent runs.
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Figure 2: The performance comparisons

With setting (a), the performance saturated immediately
due to the restricted expression of fixed basis functions.
With setting (b), the performance gradually increased, ac-
tually much better than (a) every time step. The Keller et

1For an N -dimensional vector x = [x1, x2, . . . , xN ]′, the maximum
norm is difined as ‖x‖∞ ≡ max{|x1|, |x2|, . . . , |xN |}.

al.’s method (setting (c)) drastically improved the perfor-
mance, but it showed substantial instability behavior due
to simultaneous optimization of all the parameters. In the
following learning phase, the design matrix was always
singlar, so we had to use the singular value decomposition.
Moreover, the computational cost of O((kM)3) was a haz-
ard for examination of longer time-steps behaviors. In our
method, the performance was improved similar to (c), but
did not show any instability in contrast to (c). Furthermore,
since the computational cost is of only O(M3), the learn-
ing can be continued for any period in on-line manner; this
is an important feature for scaling-up the application.

6 Conclusion and future works

We proposed a novel scheme for automatic construction
of basis functions, without huge computational cost. In this
method, the value function was estimated by sequential ap-
proximation of the TD errors with adaptive basis functions.
In our experiments, we showed that the performance of our
method was much better than previous methods in spite of
small computational cost.

Although our method was formalized by using aggre-
gated discrete states, many realistic problems have continu-
ous state space. We need some modifications of our method
to be applicable to continuous-state space problems. One
possibility is to extend the value function approximator to
that with continuous-state basis functions such as the radial
basis functions, but this extension hinder direct application
of the aggregation theory, and the performance assureness
can be abused. So theoretical foundations are desired in
continuous-state settings. Furthermore, the combination
of the automatic dimensionality reduction method, such as
neighborhood component annalysis, explored by Keller et
al. [2], could be interesting, but this orientation does not
have sufficient theoretical backgrounds yet.
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Abstract
A self-replicating automaton capable of being pro-

grammed to construct a wide range of objects in
addition to a replica of itself may be termed a
self-replicating programmable constructing automa-
ton (SRPC).

An open problem in the field of self-replication is
the design of a physical SRPC made from simple parts
taken from a small set and using for its supply of parts
(from which to construct things) a disorganised col-
lection of parts distributed in a random fashion in its
environment.

A machine capable of doing this will need to contain
a subsystem capable of taking an unknown part from
its environment and determining which kind of part it
is. The architecture of a discriminating subsystem of
this kind is of course highly dependant on the precise
nature and size of the set of parts used.

General principles of this type of disciminating sys-
tem are discussed, and a specific design for such a sys-
tem in an abstract discrete-space kinematic simulation
environement is presented.

1 Introduction

The concept of parts closure in self-replicating sys-
tems was first clearly defined in [1]. In the context in
which the term was first used, it referred to the abil-
ity of a system to manufacture all of the parts from
which it is made. The definition assumed that a sys-
tem would process raw materials from its environment
to make parts. When applied to the class of automa-
ton that this paper is concerned with, in which parts
are not manufactured from raw materials but are dis-
tributed at random in the automaton’s environment,
the term ‘parts closure’ can be defined as the ability of
such an automaton to recognise and classify all parts
from which it is made. The kinematic self-reproducing

automaton concept described by von Neumann in [3]
depends upon this ability. Other proposed or actual
kinematic self-replicating systems depend upon having
known parts in known locations, for example [2] and
section 5.6.4 of [1].

2 General Principles

In its most general form, a part discriminating sub-
system D of an SRPC takes an unidentified part p from
a set P as an input and generates some indication of
which type of part p is. Since p will be used later by
the self-replicating system, part p is also output from
D. Since D is part of a self-replicating programmable
constructor, D is itself made from parts taken from
the set P .

There are various ways in which D may identify p.
An obvious and intuitive way is to use visual inspec-
tion; this is the way that many large animals recognise
the objects that we encounter. An advantage of using
visual inspection is that it is a very general method:
it can be used to distinguish between any parts which
differ in external appearance. There are several dis-
advantages of this method, however. Firstly D must
contain a camera, a light source and a computer suf-
ficiently powerful enough to be able to process images
from the camera. This adds considerable complexity
to D and requires that P be rich enough to support
these devices.

To make the job of D easier, parts can be deliber-
ately designed to be easily distinguishable. For exam-
ple, for easy recognition by a visual inspection system,
parts could have different reflectivities. Bar codes,
shape-fitting and having different masses for different
parts from P are other possible methods of providing
for easy recognition.

If we choose not to use a visual method for identi-
fication, nor deliberately augment parts from P with
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features that make them easily distinguishable, then
parts must be identified by examination of their geo-
metrical or physical properties, or by their function.
This examination may be done explicitly. For exam-
ple, if the part is prodded in a particular way and as a
result exhibits a particular behaviour, then this behav-
iour may distinguish it from other parts. Alternatively
identification could result from the interaction of parts
from P with some substrate. For example, in chemi-
cal chromatography, different molecules are identified
by their speed of passage through a medium which se-
lectively hinders molecules according to their shape or
nature.

The discriminating process need not be determin-
istic. Figure 1 is a schematic diagram of a discrimi-
nating system D in which a particular type of part p
enters through input i and will emerge from exit on of
D with probability F (n, p).

Figure 1: A schematic diagram of a non-deterministic
discriminator.

Assuming that F (n, p) is independent of previous
tests of p, and also that for different types of part p and
q there is at least one n such that F (n, p) 6= F (n, q), p
can be identified with any required degree of certainty
by passing p through D as many times as necessary to
reach that degree of certainty. The logic required to as-
sess whether a particular degree of certainty has been
reached need not be sophisticated, and could consist
of a set of resettable counters to count the number of
times p emerges from each On and a set of comparators
to determine when counts reach a level at which p can
be reliably identified. A non-deterministic discrimi-
nator of this kind is likely to be easier to implement
than one which must always give a definite identifica-
tion. Indeed, for some systems almost any vertically
mounted conduit with one entrance and two or more
exits containing obstructions to parts dropped into the
top may function as a non-deterministic discriminator.
Such a discriminator is depicted in figure 2. The func-
tion F (n, p) may need to be obtained empirically by
dropping known parts through the discriminator.

Figure 2: A non-deterministic discriminator.

3 A specific design

This section describes a specific design for a dis-
criminating system, based around a set of 6 simple
parts that in some sense span the range of elemen-
tary operations that a physical self-replicating pro-
grammable constructing machine needs to be capable
of. The environment in which the design exists is a
three dimensional discrete space (and discrete time)
kinematic environment which, although not directly
physically realistic, has more physical realism than
the cellular automaton environments that have been
used to investigate self-replicating programmable con-
structing automata in the past. The design has been
fully simulated in this environment.

Parts are moveable cubes, each type of part per-
forms a particular function. The six part types used
are described briefly here with reference to figure 3.

A wire part receives a boolean input value at its
base and propagates this value to all five of its outputs
after one time unit.

A nor-gate part receives boolean input values from
all five of its inputs, and propagates the logical NOR
of these values to its top-most output after one time
unit.

A slide part receives a boolean input value from its
base. If this value is true, then one time unit later it
will move any part immediately above it one unit to
the right.

A rotate part receives a boolean input value from
its base. If this value is true then one time unit later it
will rotate any part directly above it counterclockwise
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Figure 3: Six types of part.

about the axis joining the centres of the rotate part to
the part above it.

A connect part receives a boolean input value from
its base. If this value is true then one time unit later
it will connect together the parts lying immediately
above it, and above right.

A disconnect part receives a boolean input value
from its base. If this value is true then one time unit
later it will disconnect the parts lying immediately
above it, and above right.

The discriminating system consists of a series of six
filters, each of which tests for a specific part in a par-
ticular orientation. The part being tested passes from
one filter to another, unless identified by a particular
filter, in which cases it is put to one side and a new
unknown part is obtained from the environment. If a
part passes through all filters undetected, its orienta-
tion is altered and it is sent through the set of filters
again. A part will be identified after at most 24 passes
through the set of filters.

Figure 4: The logical structure of the discriminator.

The logical structure of the discriminating system
is shown in figure 4. Wire and slide parts can be used
to make paths along which individual parts can be
transported, an example of which is shown in figure 5.
In figure 5, when a signal is applied to the input of the
left-most wire part, any part above the left-most slide
part will move rightwards along the path.

Figure 6 shows a nor filter. A single path leads

into the filter, and two paths lead out. The filter is
capable of detecting a nor part, orientated such that
its output points south (see axes in figure 6). A part p
part travels into the filter along path A, passing above
the input to part B as it does so, and arrives at point
C. Since a southward pointing nor part is the only
possible part that can cause a signal to enter part B
as it passes above it, a signal taken from B to path
D can be used to divert part p if and only if p is a
southward pointing nor part. If p is any other part,
or is a nor part in any other orientation, it will exit
the filter when part E slides it out of the filter (after
having waited at C for long enough for any possible
diversion to happen).

Figure 5: A path along which other parts can travel.

Figure 6: A filter for detecting nor parts.

A wire filter can be constructed in a very similar
way to the nor filter, except that in this case a sig-
nal must be fed into the part being tested so that any
possible output from it can be detected. Since a south-
ward pointing wire is the only part that will output a
signal one time unit after receiving a signal on its in-
put, a part from which such a signal is detected can be
diverted and identified as a southward pointing wire.

Filters for connect and disconnect parts are more
complex. Both work in a similar way, so only the
connect filger will be described.

Figure 8 shows a connect filter and figure 9 shows an
expanded view of the filter, so that the internal parts
of the filter can be seen. A part P is fed into the filter
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Figure 7: The complete discriminating system.

at A at the same time that a signal is fed into the filter
at B. p is transported to location C. A signal derived
from B is applied to disconnect parts G so that there is
no connection at joints F . After this, a signal derived
from B is applied to the northward face of p by part D.
If and only if p is a southward-facing connect part will
the rightmost of the joints F become connected. Slide
parts I will slide the structure beneath them back and
forth, as a result of which, the signal output by nor
part G will arrive at H, but only if p was a southward-
facing connect part. A signal derived from H can then
be used to divert p along J , otherwise p will exit from
the filter at L.

Figure 8: A filter for detecting connect parts.

The slide filter is the most complex of all the filters
and is the first one that parts encounter when entering
the discriminator. The main reason for the complexity
arises from the need to detect a slide part in any of
the four possible southward pointing orientations be-
fore passing the part onto successive filters. If such a
part were to enter any other filter the result would be
unpredictable because if a test signal were applied to
the part it would cause the part beneath it to move,
and possibly cause the discriminator to move one unit
east, west, back or forth in an undesirable way.

A full description of the slide filter is omitted here
due to space limitations. The rotate filter is relatively

Figure 9: Expanded view of figure 8.

simple, but again a full description is omitted here.
Figure 7 shows the discriminating system in its en-

tirety.
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Abstract

Recently much attention has been paid to intel-
ligent systems which can adapt themselves to dy-
namic and/or unknown environments by use of learn-
ing methods. However, traditional learning methods
have the disadvantage that learning requires enor-
mously long amounts of time with the degree of com-
plexity of systems and environments to be consid-
ered. We thus propose a novel reinforcement learning
method based on the adaptive immunity. Our pro-
posed method can provide a near-optimal solution
with less learning time by self-learning using the con-
cept of the adaptive immunity. The validity of our
method is demonstrated through two simulations for
Sutton’s maze problem.

Keywords: reinforcement learning, adaptive immu-
nity

1 Introduction

Much attention has recently been paid to intelli-
gent systems which can adapt themselves to dynamic
and/or unknown environments by use of learning
and memory function. However, traditional learn-
ing methods have the disadvantage that learning re-
quires enormously long amounts of time with the de-
gree of complexity of the systems and environments.

On the other hand, there exist a lot of approaches
for modeling the various functions of a living crea-
ture and the evolution of a creature and then ap-
plying them to optimal solution search methods and
learning methods. Especially among the approaches,
the immune system has gotten much attention in
research[1]. As for a typical immune system, Farmer,
et al.[2] have proposed an engineering model based
on Jerne’s idiotypic network hypothesis[3]. But,
Ref.[4] does not have a learning mechanism, whose
performance depends on the designer’s experience.
Ref.[5] has a learning mechanism, by which self-

Fig. 1: Adaptive immunity

optimization can be performed autonomously. But,
it has the disadvantage that learning needs an expo-
nentially increasing amount of time with the degree
of complexity of environments.

As well known, “reaction” which is called the
adaptive immunity among immune systems makes it
possible to detect and eliminate pathogens in coordi-
nation with cells having multiple different roles and
makes self-optimization possible in a learning mecha-
nism (Fig. 1). This paper proposes a novel reinforce-
ment learning method based on the adaptive immu-
nity. The proposed method can select a suitable ac-
tion based on a rule selection using the concept of
adaptive immunity, and can provide a near-optimal
solution with less learning time by introducing the
concept of immune system to learning and memory.
Lastly, the validity of our method is demonstrated
by two simulations for Sutton’s maze problem.

2 Proposed Method

2.1 Summary of adaptive immunity

This chapter considers the mechanism of the adap-
tive immune system eliminating pathogens which in-
vades the human body. The pathogenic is called anti-
gen. The antigen is recognized by the antigen pre-
senting cells. The antigen presenting cells includes
the B cells. And the information of the antigen is
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Fig. 2: Engineering model of adaptive immunity

Fig. 3: Example of state, antigens and B cells

presented to T cells. The T cells which the infor-
mation is presented release cytokines, and send the
signal to the B cells for activation. The activated
B cells then produce the antibody to neutralize the
antigen. Therefore, the invaded antigen can be elim-
inated. The T cells playing the above role are called
Helper T cells (Th cells). The relationships of B cells
- antigens and B cells - Th cells are specific. Gen-
erally, T cells and B cells die after eliminating the
antigen. But, some activated T cells and B cells have
a long lifetime, circulate through around the human
body and survive as memory cells. As a result, the
adaptive immunity becomes able to respond quickly
and eliminate effectively the same type of antigen.

2.2 Modeling of adaptive immunity

The dynamics of adaptive immunity is modeled as
shown in Fig. 2. First of all, the set of all the states

where the agent can exist is defined as S. The state
where the agent exists is defined as si(∈ S). These
two correspond to all the states which the human
body can take and the current state of the human
body. On the other side, the B cells are considered
as a pair of conditions and actions. The condition
means the state where the B cell should be activated.
This state corresponds to the antigen Ag. The ac-
tion means that the agent performs it if the B cell is
selected. This condition-action pair is the rule.

Now let us consider an action of a mobile robot,
the relation between the state, antigen information
and B cell is shown in Fig. 3. The state consisting
of the x- and y-coordinates and the direction, is ex-
pressed as (x, y, θ). The current state si is expressed
as (xi, yi, θi). For this, the antigen information is ex-
pressed as the conditions for the elements of S. And
the B cell is expressed as a pair of the antigen and
the action where the robot should do.

When the agent exists in si, kth B cell Bk in the
agent is stimulated if the si satisfies this condition
Agk of Bk. If si does not satisfy it, Bk is not stimu-
lated. In Fig. 2, mk means the degree of stimulation
in Bk. If si contains Agk, mk becomes 1. Otherwise,
mk becomes 0.

On the other hand, the Th cells is considered as
the agent’s memory where the value of B cells eval-
uated for each state is recorded. Th database is a
group of Th cells. The database receives the informa-
tion of current state si from the antigen presenting
cell. After then, a Th cell corresponding to si re-
leases the evaluation of each B cell w= (w1, w2, · · ·)
as a cytokine signal.

Finally, the adaptive immune system selects a B
cell based on m= (m1,m2, · · ·) and w. B cell select-
ing method shall be explained in the next section. If
Bk is selected, the agent executes the action which
has been specified by Bk. Just then, the information
set composing of a current state si and a selected B
cell number k is produced and released as antibody
Ab(si,k).

By repeating B cell selection with the above
method, the agent aims toward the target state.

2.3 Algorithm for B cell selection

An algorithm for B cell selection with using the
Th database is presented as follows:

1. The agent exists in si, Th database releases a
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cytokine signal wk(si) according to the state.
On the other side, B cells present the degree of
stimulation mk according to the current state.

2. After calculating vk = mk × wk(si), a B cell
is selected through the roulette selection with
using vk as the selection probability for Bk.

3. Antibody Ab(si,k) is produced by Bk. The an-
tibody has the parameter called concentration
which means the antibody’s lifetime. When the
antibody is produced, its concentration is set to
1 (Ab(si,k)= 1). If the same antibody has al-
ready been produced, or if the same B cell has
already been selected in the past same state, a
new antibody is not produced, and the existing
antibody’s concentration is reset to 1.

4. The concentrations of other antibodies produced
in the past are updated with the following equa-
tion:

Ab ← β × Ab (1)

where β (0 < β < 1) is the discount rate.

By performing the above process, the agent de-
cides the B cell which it should select. When the
agent receives a reward from environment after it
executed an action, the Th database is updated. It
means that each wk(si) is updated.

2.4 Update of Th database

When the agent receives a reward from its envi-
ronment, each wk(si) is updated as follows:

wk(si)←wk(si) + α(rk(si) − wk(si)) (2)

rk(si) =
{

Ab(si, k) × R : Ab(si, k) was produced

0 : otherwise (3)

where R is the reward which the agent receives from
its environment, and α (0 < α < 1) is the learn-
ing rate. This update is performed for all w. After
updating, all antibodies are erased.

The agent becomes able to select an appropriate
rule for its environment by repeating the learning
with the above process of rule selection.

3 Simulation

This chapter shows two simulation results of our
proposed method applying to Sutton’s maze prob-

Fig. 4: Sutton’s maze

lem. This problem is one of the standard ones for
reinforcement learning.

3.1 Simulation setting

We set a problem that the agent located at ○
aims to reach the destination ☆ as shown in Fig. 4.
The agent can move to one of four adjacent areas of
“front”, “back”, “right” and “left” by one-time rule
selection. We set mk = 1 in all the states of this
simulation. Obstacles are shown as ■ in the Fig.
4. When selecting the obstructed movement direc-
tion, the agent continues to stay at the existing area.
The circumference of in Fig. 4 should be considered
as an obstacle. When arriving at the target area
through the optimal path in this environment, the
agent needs 14 times in rule selection.

When reaching the destination, the agent receives
a reward and is returned to the starting area. After
repeating 1000 episodes, we examined the change in
the number of times of the rule selection which the
agent needed to reach the destination. The num-
ber of times is defined as step. Here, the parame-
ters used in the proposed method are α = 0.1, β =
0.1, initial w = 1 and R = 1. The following figure
plots the average of ten trials.

3.2 Simulation result with deterministic
state transition

Fig. 5 shows a simulation result for the environ-
ment in Fig. 4. The horizontal axis is the number
of episodes, and the vertical axis is the number of
steps which the agent needs to reach the destination
in each episode. The learning almost converges at
about 300 episodes. In addition, the number of steps
at 1,000 episodes is 14, that is, the optimal solution
14 is gained for all the ten trials.
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Fig. 5: Simulation result with deterministic state
transition

Fig. 6: Simulation result with probabilistic state
transition

3.3 Simulation result with probabilistic
state transition

Next, we show the other simulation result in the
environment with a probabilistic state transition. In
this case, once a movement direction is decided, the
agent is assumed to move in the direction with the
probability of 70% in this simulation. Then, the
agent is assumed to move in the other direction with
the probability of 10%. Fig. 6 shows the result in
this case. The learning almost converges at about
400 episodes. This result shows that the proposed
method has a learning capability even in the envi-
ronment with the probabilistic state transition. But,
the number of steps at 1,000 episodes is 32.4. In the
environment with the probabilistic state transition,
we can see that the agent could not reach the des-
tination through the optimal path even if it always
select the optimal action.

4 Conclusion

In this paper, we proposed a novel method for
reinforcement learning based on the adaptive immu-
nity. We demonstrated in the simulation that about
400 episodes can produce a near-optimal solution in
Sutton’s maze problem with deterministic and prob-
abilistic state transitions.

This paper dealt with a static environment prob-
lem. However, it should be consider in the near
future to develop a method for a dynamic environ-
ment and continuous states from the practical point
of view.
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Abstract
In this study, in order to control a partially ob-

servable linear dynamical system, we propose a novel
framework, called continuous state controller (CSC).
The CSC incorporates an auxiliary “continuous” state
variable, called on internal state, whose stochastic pro-
cess is Markov. The parameters of the transition prob-
ability of the internal-state are adjusted properly by a
policy gradient-based reinforcement learning, and then
the dynamics of the linear dynamical system can be
extracted. Computer simulations show that the good
control of the partially observable linear dynamical
system is achieved by our CSC.

1 Introduction

Many reinforcement learning (RL) techniques have
been successfully applied to completely observable en-
vironments [4], which are often formulated as Markov
decision processes (MDPs). However, many real-
world problems such as autonomous acquisition of the
robot’s control cannot be formulated as MDPs, be-
cause noises or obstacles, which are introduced to the
robot’s sensors, prevent the agents from observing all
of the state variables accurately. Such problems can
be formulated as partially observable Markov decision
processes (POMDPs) [3], and some RL methods em-
ploying belief states have been developed for solving
POMDPs [6]. However, those techniques suffer from
several difficulties even with effective approximations
[2]; the model of the environment should be known,
and even if we know the model, the dimensionality
of the belief space is usually high. These difficulties
make the POMDP-RL with belief states infeasible in
real-world problems.

Recently, a policy-gradient RL algorithm with fi-
nite state controllers (FSCs) has been proposed for
solving POMDPs, called IState-GPOMDP [1]. The
FSC is a probabilistic policy which incorporates an

internal state as an input, and the transition proba-
bility of the internal state is identified by the policy-
gradient RL algorithm, together with the optimiza-
tion of the policy. The essential dynamic characters
of the target state space can be extracted by learn-
ing of the transition of the internal state, which is
performed in an irrelevant manner to the underlying
dimensionality of the target state space. Because effec-
tive dimensionality for controls of a high-dimensional
system is often much smaller than the dimensionality
of the whole state space, as the dependence between
the state variables increases, feature extraction by the
IState-GPOMDP can be more effective than directly
reconstructing the true state space as done by the be-
lief state-based methods. We have shown the effec-
tiveness of the IState-GPOMDP with the FSCs when
applied to a partially observable multi-agent system
through computer simulations [5].

Although the IState-GPOMDP shows good perfor-
mance when applied to discrete-state dynamical sys-
tems, a direct application to more realistic problems
whose state space is continuous should be intractable.
In other word, essential features in such a continuous-
state dynamical system may have continuous dynam-
ics, which cannot be extracted by the naive IState-
GPOMDP with the FSCs.

To overcome this difficulty, in this study, we pro-
pose a novel framework by introducing a continuous
internal-state transition model, called a continuous
state controller (CSC), instead of the previous finite-
state alternative (FSC). In this new framework, the
parametric transition model of the internal state in
the CSC can be learned by the IState-GPOMDP to-
gether with the policy optimization. The parameters
of the transition model are adjusted so as to maxi-
mize the average reward, and then the continuous dy-
namics of the essential features can be extracted in
the framework of the reward maximization. We ap-
ply this algorithm to a control problem of a linear
dynamical system under the assumption that some
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Figure 1: Graphical model of a POMDP with an in-
ternal state. The current action ut and the following
internal state yt+1 depend on the current internal state
yt and the observation ot.

state variables cannot be observed. Computer sim-
ulation shows that our continuous internal-state tran-
sition model could successfully extract the dynami-
cal characters of the missing variables, and simultane-
ously, the IState-GPOMDP could achieve good control
for the dynamical system.

2 POMDPs with internal-state transi-
tion models

We consider a finite POMDP, consisting of a set of
true states S, a set of observations O, a set of actions
U , each of which is the output of the controller, and
a set of scalar rewards R. At time t, the true state
st ∈ S cannot be perceived directly by the agent, but
instead, the observation ot, observed by the agent, is
drawn from the probability P (ot|st) conditioned on
the state st ∈ S. The observation ot is, for example,
the true state variable lacking some dimensionalities or
those stained by observation noise. So, it is impossible
to realize an optimal control based only on such in-
sufficient observations. Then, we employ the model in
which an internal state yt ∈ Y is added to the POMDP
definition above as an additional input to the policy.
In the case of using the discrete internal state, such
a policy is called a finite state controller (FSC) and
has been successfully used to solve POMDPs [5]. The
stochastic process over the internal state is prescribed
by the transition probability P (yt+1|yt, ot), where yt

and yt+1 are the internal states at time t and t + 1,
respectively. In this case, the policy is the mapping
from a pair of observation ot and internal state yt to
the output ut. Figure 1 represents the graphical model
of a POMDP employing an internal state. The tran-
sition probability of the internal state P (yt+1|yt, ot)
embedded in the FSC is identified by the policy gra-
dient algorithm together with the optimization of the
policy P (ut|yt, ot). The important dynamic characters

of the target state space are extracted by learning of
the transition probability of the internal-state.

3 Continuous state controllers for
IState-GPOMDP

Although the FSCs can achieve good performance
in controlling partially observable discrete-state dy-
namic systems, the variables in the state space are
often continuous in the real world, and then the essen-
tial dynamic characters can also have continuous dy-
namics. In this section, we propose a novel framework
called continuous state controller (CSC), which has a
continuous internal state and can express the features
with continuous dynamics. Then, we explain how to
apply the IState-GPOMDP, which was formally pro-
posed by Aberdeen and Baxter [1], to our CSCs.

The IState-GPOMDP is a policy gradient-based RL
method which does not seek to estimate the value
function, but adjusts the policy parameters θ and the
internal-state transition parameters φ directly to max-
imize the average reward:

η(φ, θ) := lim
T→∞

1
T

Eφ,θ

[
T∑

t=1

rt

]
, (1)

where Eφ,θ denotes the expectation with respect to
the trajectory (s0, y0, o0, u0), (s1, y1, o1, u1), . . . , pre-
scribed by the parameters φ and θ. The internal state
and the output of the controller are assumed to be
drawn from the parameterized Gaussian distributions
as

p(yt+1|yt, ot) := N (yt+1|f(yt, ot; φ), σ2
φ),

p(ut|yt, ot) := N (ut|g(yt, ot; θ), σ2
θ),

(2)

where f(yt, ot; φ) and g(yt, ot; θ) are functions of
(yt, ot) parameterized by φ and θ, respectively.

The following table shows the pseudo-code
of the IState-GPOMDP applied to a continu-
ous dynamical system to achieve good control.
0: while
1: until the terminal condition, i.e., while t < T
2: Observe ot from p(ot|st).
3: Draw yt+1 from p(yt+1|yt, ot, φ) and ut from

p(ut|yt, ot, θ).
4: Update the estimation of the policy gradient

∆t with respect to φ and θ.
5: Control the system by ut.
6: t + +.
7: end
8: α∆t is added to the parameters φ and θ,

where α is the learning rate.
9: end
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0
Figure 2: An LQR task, a simple example of the linear
dynamical system. The goal of this task is to make the
ball stop around the origin by controlling the force
applied to the ball.

4 Computer simulation

In this section, we apply the CSC to a partially
observable linear dynamical system and evaluate its
performance.

4.1 Linear dynamical system

A linear dynamical system which we apply our
method to is the linear-quadratic regulator (LQR) task
as Figure 2. The goal of this task is to make the ball
stop around the origin. We define the dynamics of this
system as

p(st+1|st, ut) = N (st+1|Ast + But,Σ), (3)

where st = (xt, vt)T denotes the state vector composed
of the position and the velocity of the ball, ut denotes
the force applied to the ball at time t, and Σ denotes
the state transition noise; Σ = diag(1, 1)× 10−3. The
matrices A and B denote the system parameters as
follows:

A =
[

1 τ
0 1

]
,B =

[
0
τ

]
,

where the time constant is set at τ = 1/60s. The agent
observes the state and takes an action every time step.

The rewards are given by r(st, ut) = −(sT
t Qst +

Ru2
t ), where Q = diag(0.025, 0.01) and R = 0.01.
In our experimental setting, a single learning

episode continues in 10 seconds, and each parameter is
updated every learning episode. If the absolute value
of the position of the ball exceeds 10, the learning
episode is terminated and the parameter is immedi-
ately updated. In this case, the position and the ve-
locity are set to be around 0 randomly.

4.2 Partially observable linear dynamical
system and policy parameterization

To evaluate the performance of the CSC, we apply
it to the partially observable linear dynamical system.
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Figure 3: The learning process

In this system, the velocity of the ball, which is nec-
essary to control the system, cannot be observed. It
is impossible to control the system smoothly only by
the position, so we introduce the continuous internal
states as to compensate the missing velocity.

More concretely, in the completely observable LQR,
it is easily controlled by learning the parameters
(θ1, θ2) of the policy:

P (ut|ot) = N (ut|θ1xt + θ2vt, σ
2
θ). (4)

In the partially observable LQR, on the other hand,
the velocity cannot be observed, so we replace it with
the internal state of the policy:

P (ut|ot, yt) = N (ut|θ1xt + θ2yt, σ
2
θ), (5)

and the internal state transition is modeled as

P (yt+1|ot, yt) = N (yt+1|φ1xt + φ2yt, σ
2
φ), (6)

where both σ2
θ and σ2

φ are 0.12. The action at time
t and the internal state at time t + 1 are drawn from
these distributions, respectively. The parameters φ,
and θ are learned by the IState-GPOMDP.

4.3 Simulation result

We applied the IState-GPOMDP with our CSC to
the controlling problem of the partially observable lin-
ear dynamical system above. The initial values of φ1

and φ2 are 0 + ε (ε ∼ N (0, 10−2)), and those of θ1

and θ2 are −20 + ε. Figure 3 shows the learning pro-
cess, which is averaged over 100 runs and smoothed
over every 300 time step (5 seconds). The parameters
were successfully learned so as to increase the averaged
reward.

Figure 4 shows the time-series of the position, the
velocity and the internal state, and Figure 5 shows
those of the acceleration and the internal state, where
panel(a) shows the time-series before learning and the
panel(b) shows those after learning. The acquired
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Figure 4: (a) The time-series of the position, velocity
and internal state before learning. (b) The time-series
after learning.

internal-state transition seems to imitate the acceler-
ation rather than the velocity. Because the average
reward increased as shown in Figure 3, the accelera-
tion seems to be an important feature for controlling
this system.

5 Discussion

In our experimental result, good control of the lin-
ear dynamical system in the partially observable en-
vironment, in which the velocity cannot be observed,
could be achieved by our method. As a result, the
parameters are converging and the reward is getting
close to 0, which shows the reliability of our method.
However, the essential feature extracted by the inter-
nal state transition model, which is assumed to be
necessary information to control the system, the ac-
celeration rather than the velocity. A further analysis
of such a result is interesting, but remains as our fu-
ture work.

6 Concluding Remarks

In this article, we proposed the continuous state
controller (CSC), which is a probabilistic policy incor-
porating continuous-state variables, and applied it to
controlling a simple partially observable linear dynam-
ical system. As a result, it could achieve good control
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Figure 5: (a) The time-series of the acceleration and
internal state before learning. (b) The time-series after
learning.

by compensating a missing state variable with the con-
tinuous internal state. The CSC we proposed here is,
however, a one-dimensional model, so it is necessary to
extend it to be applicable to more complex systems or
nonlinear-dynamical systems. Such extension of out
CSC will be shown in our future study.
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Abstract

In reinforcement learning (RL), many samples are neces-
sary in every policy improvement, which requires the robot
actually to act many times and hence may make the robot be
broken down. One cause of the necessity of many samples
in the RL is that the agent must passively produce samples
according to it’s current policy. Therefore, efficient sampling
methods such as active sampling are desired. In this article,
we propose a novel RL method with active sampling based
on Gaussian process, which reduces samples necessary for
policy convergence.

1 Introduction

Reinforcement learning (RL) is a machine learning tech-
nique which seeks good policy through interactions with en-
vironments, and has been applied to various control problems.
Recently, policy gradient RL methods have been proposed, in
which the gradient of the cumulative rewards with respect to
a the parameter of the policy (policy gradient) is estimated
from samples and the policy is improved by using the gradi-
ent [7]. In this method, the convergence of the policy param-
eter is guaranteed and more robust learning can be expected
than the conventional RL methods do through many exper-
imental studies. In the RL algorithms including the policy
gradient methods, however, many samples are necessary in
every policy improvement, which requires the robot actually
to act many times and hence may make the robot be broken
down. This is a main drawback of the RL algorithms in many
real-world applications.

One cause of the necessity of many samples is that the
agent must passively produce samples according to it’s cur-
rent policy. The passive sampling needs many samples for
achieving successful learning, because less efficient samples
are produced frequently. Therefore, efficient sampling meth-
ods such as active sampling are desired.

One possible choice in this direction can be provided by
Bayesian approaches, where the estimation variance of the
policy gradient or the value function can be estimated from
samples. Then, we can know which samples reduce variance

of the policy gradient with estimation of the variance in an
online manner. If we draw samples which efficiently reduce
the estimation variance, the policy gradient can be estimated
based on a fewer number of samples than that in the conven-
tional passively sampling RL methods; then, efficient policy
improvement can be done.

An application of the nonparametric Bayesian approach
such as Gaussian processes (GPs) to the RL is rather straight-
forward for this end, because the posterior distribution of ar-
bitrary function can be estimated without any prior knowl-
edge. Recently, a policy gradient RL method which is called
“Bayesian Policy Gradient Algorithm (BPG)” was proposed
[1]. In this method, the GP is combined with the conven-
tional policy gradient methods and the estimation variance of
the policy gradient is derived. However, there is no study of
the active sampling by using such an estimation variance as a
sampling criterion.

In this article, we propose a novel RL method with active
sampling using the estimation variance as a sampling crite-
rion, called “Off-Policy Bayesian Policy Gradient Algorithm
(Off-BPG)”. In our proposal method, an active sampling is
performed toward reducing the estimation variance in an on-
line manner, instead of the conventional passive sampling.
Then, the policy improvements can be faster and may be more
plausible to applications to real-world problems with scarce
samples. Computer experiments show that the policy gradi-
ent could be estimated efficiently with fewer sampling times
by our method rather than by the previous BPG.

2 MDPs and Policy Gradient algorithm

We consider discrete-time and continuous-state Markov
decision processes (MDPs). Let the state and the action be
st andat at timet, respectively. The agent selects the action
at from the probabilistic policyµ(at|st; θ), prescribed by the
parameterθ, at the statest, and moves to the next statest+1

according to the state transtion distributionp(st+1|st, at),
and recieves a rewardrt+1. We define the sample trajec-
tory generated by this Markov chain as a single path by
x = (s0, a0, s1, a1, · · · , sT−1, aT−1, sT ). The distribution
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of generating such a path is given by

p(x; θ) = p0(s0)
T−1∏
t=0

µ(at|st; θ)p(st+1|st, at).

The cumulative reward of the pathx is defined asR(x) =∑T−1
t=0 γtrt+1, whereγ ∈ [0, 1) is a discount factor. The

expected value ofR(x) for a given pathx is defined as̄R(x).
Then, the expected return of cumulative reward under policy
µ is given by

η(θ) = η(µ(·|·; θ)) =
∫

R̄(x)p(x; θ)dx.

In the policy gradient methods, the derivative of the expected
return with respect to the policy parametersθ (policy gradi-
ent) is estimated, and then the policy is improved by updating
the parameters in the direction of the gradient. The policy
gradient is calculated as

∇η(θ) =
∫

R̄(x)∇ log p(x; θ)p(x; θ)dx

=
∫

R̄(x)
T−1∑
t=0

∇ log µ(at|st;θ)p(x; θ)dx.

3 Active Sampling based on Gaussian Process

Although the policy gradient methods perform robust
learning in many experimental studies, many samples are nec-
essary due to large variance of the gradient estimation. Some
efficient sampling methods such as active sampling are de-
sired for variance reduction and hence fast learning. In this
section, we introduce two types of variance reduction tech-
niques based on the GP. The GP [3] is a non-parametric
Bayesian technique for modeling real-world statistical prob-
lems without explicit representations of the basis functions.
Then, the GP would be promising in the RL field, because the
basis function construction in the RL is often very difficult.

3.1 Active Sampling for function f(x)

According to GP, we can estimate the posterior distribu-
tion of an arbitrary function by setting a Gaussian distribution
as a prior of the target function, and observing a number of
data from the function. We set the prior mean and the prior
variance of the functionf(x) to 0 andk(x, x′), respectively,
wherek(x, x′) is a kernel function whose inputs arex andx′,
which represents the similarity betweenx andx′. We also
observe a set of samplesDM = {(xi, yi)}M

i=1, wherexi and
yi are values of an input and an output of that function, re-
spectively, andM is the number of samples. Then, the pos-
terior distribution is expressed by Gaussian distribution with

the posterior mean and the posterior covariance as

Ef (f(x)|DM ) = k>
M (x)CMyM , (1)

Covf (f(x), f(x′)|DM )
= k(x, x′) − k>

M (x)CMkM (x′), (2)

respectively, where(>) is the transpose, and

kM (x) = (k(x1, x), . . . , k(xM , x))>,

yM = (y1, . . . , yM )>,

CM = (KM + σ2I)−1,

KM+1 =

[
KM kM

k>
M k(x, x)

]
.

Here, the vectorkM (x) denotes he similarity between
the next input variablex and the current input variables
{x1, . . . , xM}, the matrixKM denotes the similarity between
the current input variables,σ2 is noise variance of the outputs,
which is set in advance, andI is the identity matrix.

Then, we can estimate the posterior variance
Varf (f(x)|DM )≡Covf (f(x), f(x)|DM ) corresponding
to the next input variablex, which signifies which inputx
can largely reduce the variance. The posterior mean (Eq.(1))
and the posterior variance Varf (f(x)|DM ) are depicted in
Fig.1 (a). After sampling to reduce the posterior variance, the
posterior distribution comes to be sharp, and more accurate
posterior mean can be obtained, depicted in Fig.1 (b).
Therefore, we can estimate the target functionf(x) by active
sampling based on the GP to reduce the variance largely.
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Figure 1: The posterior variance is largely reduced by ac-
tive sampling. The target function of this problem isf(x) =
x4 − x2. A thick line denotes the posterior mean. A thin
line denotes the true function. A dash line denotes the poste-
rior variance. Each circle denotes a sample. Note that in (b),
the posterior mean fits the true function more accurately than
that in (a), due to the sampling ofx as to reduce the posterior
variance.

3.2 Active sampling for ExpectationEx[f(x)]

If we wish to estimate the expectation off(x) with respect
to x: Ex[f(x)] =

∫
f(x)p(x)dx, the above active sampling
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method cannot directly be used. In this case, the Bayesian
Quadrature (BQ) [9], which is an integral calculus with the
GP, can be used for estimating this expectation and its vari-
ance. In the BQ, the posterior mean and the posterior vari-
ance of the expectation, which we call the BQ mean and the
BQ variance, respetively, are given by

Ef (ρ|DM ) =
∫

E(f(x)|DM )p(x)dx, (3)

Varf (ρ|DM )

=
∫∫

Cov(f(x), f(x′)|DM )p(x)p(x′)dxdx′, (4)

whereρ = Ex[f(x)].
Because the new input variablex is marginalized out, we

samplexM shown in Eqs. (1) and (2) to reduce the BQ vari-
ance (Eq.(4)). This is another active sampling scheme, which
is applied to the BPG in the next section. The effectiveness of
this method is depicted in Fig.2, and the algorithm is depicted
in Algorithm 1, where samples are obtained by the steepest
descent of the BQ variance.
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Figure 2: The BQ variance is largely reduced by active sam-
pling, whereρ =

∫
(x4 − x2)p(x)dx andp(x) = N (0, 1).

Black straight and dash lines denote the BQ mean and the BQ
variance, respectively. Each circle denotes a sample. The ob-
jective is to getρ = 2 in all x. (a) shows the BQ mean and
the BQ variance in the presence of two samples. (b) shows
that we can estimateρ more accurate with drawing a sample
whose BQ variance is small in (a). (c) shows the situation of
drawing a sample whose BQ variance is not small, then the
estimation ofρ is not more accurate than that in (b).

Algorithm 1: Active Sampling based on BQ
1: input DM , p(x), learning rateα
2: for h=1 to N ***steepest descent method***
3: Compute∇xVar(ρ|DM ) usingxh

4: xh+1 = xh − α∇xVar(ρ|DM )
5: end for
6: return x

4 Off-Policy Bayesian Policy Gradient

We apply the active sampling method above to the pol-
icy gradient RL method. Recently, Bayesian policy gradient
algorithm (BPG), employing on the GP, has been proposed
by Ghavamzadeh and Engel [1]. In this method, the policy
gradient was estimated based on the GP and the BQ. Then,
we can apply the active sampling method based on the BQ,
proposed in section 3.2, to the BPG. This algorithm is called
“Off-policy Bayesian policy gradient algorithm (Off-BPG)”.
In our Off-BPG and the BPG algorithms, the BQ mean and
the BQ covariance of the policy gradient∇η(θ) are given by
[1]:

E(∇η(θ)|DM ) =
∫

E(f(x; θ)|DM )p(x;θ)dx,

Cov(∇η(θ)|DM )

=
∫∫

Cov(f(x; θ), f(x′;θ)|DM )p(x;θ)p(x′; θ)dxdx′,

respectively, which are derived by replacingρ in Eqs. (3) and
(4) with ∇η(θ). Since the BQ covariance is isotropic [1], we
define the BQ variance of the policy gradient Var(∇(θ)|DM )
as a diagonal element of Cov(∇η(θ)|DM ). Therefore, we
can draw samples efficiently by using Var(∇η(θ)|DM ). This
algorithm is depicted in Algorithm 2.

Algorithm 2: Off-Policy Bayesian Policy Gradient
1: input parameterized policyµ(·|·; θ0), learning rateβ
2: for j=1:K ***policy improvement***

for i=1:L ***policy evaluation***
3: Di=Algorithm 1(Di−1, µ(·|·; θj−1)1)
4: Executexi−1 and getyi−1

Di ←Di−1 + {xi−1, yi−1}
5: ComputeE(∇η(θj−1)|Di)

end for
6: θj = θj−1 + βE(∇η(θj−1)|Di)
7: end for

1In BPG, we can getx without knowingp(x)

by using the Fisher kernel technique.

We collect sample paths whose Var(∇ρ(θ)|DM ) is small, by
using a steepest descent method, and then, the policy gradient
is updated.

5 Experimental Results

In this section, we compare our off-BPG with the BPG
[1] by using a simple bandit problem. First, we evaluate the
variance reduction performance of our method in the policy
evaluation step. Second, we evaluate the convergence of the
policy of our method in the policy improvement step.
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5.1 A simple bandit problem

In a simple bandit problem, the pathx is equivalent to an
action, i.e.,x = a. So, the policy is reduced toµ(a|s) = p(x).
In this setting, we define the policy as Gaussian distribution,
where the mean and the variance are 0 and 3, respectively,
namely,p(x) ≡ N (0, 3). In a usual passive sampling RL
setting, when the agent selects an actionx from the policy
p(x), an immediate rewardr(x) is obtained. The reward is
set asr(x) = −(x − 3)2. On the other hand, we consider the
active sampling based on Algorithms 1 and 2, where samples
are generated by our active sampling scheme.

5.2 The performance comparsion in the policy eval-
uation step

We compare our Off-BPG with the BPG in the policy eval-
uation step. The true gradient is given byη(θ) =

∫
−(a −

3)2∇ log p(x)p(x)dx = [6,−6]>. Fig.3 shows the perfor-
mance comparison, averaged over 100 learning runs. Fig.3
(a) shows that Off-BPG could estimate the policy gradient
more efficiently than the BPG, and Fig.3 (b) shows that the
variance of Off-BPG decreased faster than the BPG.
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Figure 3: The performance comparison in the policy evalua-
tion step.

5.3 The performance comparsion in the policy im-
provement step

We compared our Off-BPG with the BPG in the policy im-
provement step. In our experiment, we examined two condi-
tions of the sample size,M = 5, 10, which was used in each
policy evaluation step. The policy evaluation with a smallM
can make large variance of the policy gradient estimate, and
then the policy improvement can be slow and unstable. Fig.4
(a) shows the Euclidean distance between the optimal param-
eter and the estimated parameter:||θopt − θ||. Our Off-BPG
with only 5 samples converged much faster than the BPG with
10 samples. On the other hand, the BPG with 5 samples could
not converge but diverge. Fig.4 (b) shows that the parameter,

which is the standard derivation of the policy, was updated
to an incorrect direction by 5 sample size in the BPG, while
Off-BPG worked toward a correct direction. This is because
the policy gradient could not be estimated by that sample size
passibly.

0 5 10 15 200

2

4

6

8

10

12

14

16

18

Number of Updates

E
u

cl
id

ea
n

 d
is

ta
n

ce
 o

f 
A

n
g

u
la

r

BPG:5 samples

Off-BPG:5samples

Off-BPG:10 samples

BPG:10 samples

0 5 10 15 200

-0.5

1

1.5

2

2.5

3

3.5

4

Number of Updates

P
o

lic
y 

P
ar

am
et

er

BPG:5 samples

Off-BPG:5samples

Off-BPG:10 samples

BPG:10 samples

(a) (b)

Figure 4: (a) Euclidian distance between the optimal and the
estimated policy parameters. (b) Learning behavior of the
policy parameter, which is the standard derivation of the pol-
icy.

6 Conclusion and Future Work

In this study, we proposed a reinforcement learning algo-
rithm with active sampling based on Gaussian process (GP),
called “Off-BPG”. Our algorithm used the estimation vari-
ance of the policy gradient to explore the most efficient sam-
ples. Computer experiments showed that our algorithm could
drastically reduce variance and realize fast convergence of the
policy. However, the applicability has so far been shown in a
simple bandit problem. Then, we will extend the applicability
of our Off-BPG to more realistic problems as a future work.
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Abstract − This paper presents an emotion 
recognition using personalized speech signals. In the 
field of development of Human Interface technology, 
the interaction between human and machine is 
important. The research about emotion recognition 
helps this interaction. We are trying to analyze an 
emotion using personalized speech signals. We have to 
extract the feature of speech signal for emotion 
recognition using speech signal. This paper proposed 
an emotion recognition using speech signal by 
individual. Using Perceptual Linear Prediction (PLP), 
we extracted the feature of speech signal. Then, we 
proposed an algorithm that can evaluate the emotion 
from speech signal easily and real time using 
personalized emotion patterns that is made by PLP 
analysis. 

Keywords: Speech signal, Emotion recognition, 
Perceptual Linear Prediction (PLP) 

 

1 Introduction 
 
Human’s sound is used for communication with 

emotion as well as conversation. Emotion which is 
included at sound shows speaker's psychology and 
does communication with other person more naturally. 
In the field of emotion recognition using speech signal, 
we can use the method using only meaning of words or 
rhythmical information and the method using both 
meaning of words and rhythmical information. There 
are many studies about these methods.[1]  

In the future, an intersection with human is an 
essential element in the development of human 
interface. An essential element in the intersection with 
human and machine is an emotion recognition method. 
Emotion recognition method to human is trying to 
propose the method to use image, speech and biologic 
signal[2]. J. Nicholson made feature vector using 
power, pitch and linear predictive coding analysis of 
speech and classified it into several emotions by neural 
network (NN). They achieved 50% accuracy for eight 
emotions [3]. Aishah Abdul Razak compared fuzzy 

model with NN for emotion recognition. They used 
energy, LPC coefficients, duration, pitch and jitter for 
feature of speech signal. They achieved about 60% 
accuracy for six emotions [4]. Kang, Myun-Gu used an 
algorithm using Vector Quantization (VQ) and Gaussian 
Mixture Model (GMM) for individual emotion 
recognition of human and sentence [5]. Cho, Yoon-Ho 
proposed a speech emotion recognition system that could 
recognize human emotional condition from real time 
speech signal via cellular phone. They achieved 86.5% 
for two emotions [6]. Vladimir Hozjan and Zdravko 
Kacic used individual and various languages for emotion 
recognition study using speech signal. In the study, it 
was obtained high recognition rate from dependent 
emotion recognition and emotion recognition of each 
language was obtained similar recognition rate [7]. 

In this paper, we proposed an algorithm to recognize 
the emotion using PLP analysis. PLP analysis is usually 
applied to decide language recognition or speaker 
recognition by speech signal. We proposed it for 
personalized emotion recognition of speech signal. 

 
2 Speech Signal 

 
2.1 Description of Speech Signal 

Human words have much information. The purpose of 
the sound is usually to communicate with other people.  
We could keep the quantitative values of the sound using 
a microphone. These quantitative values are speech 
signal. Figure 1 shows the graph of the speech signal.  

 
2.2 Feature of Speech Signal 

There are many methods to analyze the feature of 
speech signal. The feature analysis of speech signal is 
basically classified into pitch features and energy 
features. The pitch feature analysis is method which 
makes analysis of the maximum value or minimum value 
of speech signal. The energy feature analysis is method 
which makes analysis of the time range or frequency 
range of speech signal. This paper proposed the emotion 
recognition by the PLP analysis. 

PLP analysis is speech signal analysis which is 
concerned about an auditory sense of speech signal. 
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Human’s auditory sense is shown in figure 2. Human’s 
auditory sense has difference sense when they heard 
their ears through the frequency. PLP analysis is 
regulated the degree of frequency by auditory sense 
and classified into the spectrum analysis of speech 
signal by disassemble. 

 

 
Fig. 1 Regulated speech signal. 

 
 

 
Fig. 2 Human's auditory sense. 

PLP analysis algorithm is shown in figure 3. Its 
Critical Band Analysis is input signal power which is 
changed frequency range as figure 3. Equal Loudness 
is expressed the strength of tone by changing 
frequency of emotion. PLP analysis has the feature of 
accent, timbre and language of speech signal. 

We could get the result as a spectrum form after 
analyze the speech signal using PLP analysis that is 
shown in figure 4. A vertical axis means a frame of 
spectrum at the third of the figure 4. It is consist of 21 
frames. In this paper, we extracted the feature of 
speech signal using the average energy and the Min-
Max values each frame.  

 
Fig. 3 The PLP analysis algorithm. 
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Fig. 4 PLP analysis graph of speech signal. 

 
3 Emotion Recognition 

 
3.1 Description of Emotion 

Human expressed their emotion using behavior, 
expression or speech. Human emotion is essential factor 
for communication. That is, it can be easy transmitted 
what someone want when he expresses his emotion. This 
paper proposed an algorithm to classify human emotion 
into seven kinds that seen in figure 5. 

 

 
Fig. 5 The signal analysis about 7 emotions 
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3.2 Feature of Emotion 
In order to analyze the feature of the speech signal, 

we regulated the speech signal through a microphone.  
Basically we could analyze the speech signal in the 

time space. We also could analyze the speech signal in 
the frequency space. When we analyze the speech 
signal in the frequency space, we can see the change 
by emotion. The figure 6 shows the graph of the time 
range and frequency band when speaker expressed 
happy and sad at the same sentence.  

 

 
Fig. 7 The signal analysis against 2 emotions 

4 The Algorithm about Speech Signals for 
Personalized Emotion Recognition 

 
Proposed personalized emotion recognition algorithm 

using PLP analysis in this paper is divided into two parts. 
The first part is to extract the personalized emotion 
template. This template is made by PLP analysis 
template and the Min-Max value. The second part is to 
judge final emotion using the energy by PLP analysis of 
speech signal and Min-Max values. 

The algorithm which is using energy of PLP spectrum 
at the speech signal and Min-Max values is shown in 
figure 7. 

That is derived the result from PLP spectrum energy of 
emotion recognition and Min-Max values weight of 
emotion recognition. This study is optimized the weight 
method by Genetic Algorithm (GA). A figure 8 shows a 
flowchart to obtain weights. 

 
 

Fig. 6 The Algorithm of Personalized Emotion Recognition 
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Fig. 8 The flowchart of GA to obtain weights 

 
5 Result and Conclusion 

 
The data of this experimentation is consist of 500 

speech signal which are happiness, anger, anxiety, 
sadness, bored, disgust and neutral by five men and 
five women. Figure 9 shows the result which is 
emotional template using the algorithm in this chapter. 
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Fig. 9 PLP energy template of speech signal 

This figure 9 shows personalized emotion template 
by PLP energy. This experimentation is applied to 

make a personal template and emotion recognition as 
table 1. Our experimental results showed that the 
identification rate was over 77.1%. 

 
Table 1 Result of Personalized Emotion Recognition of 

Speech Signal 
Emotion Anger Boring Disgust Anxiety Happiness Sadness Neutral

Anger 117 0 2 0 6 0 0

Boring 0 52 1 2 0 5 17

Disgust 3 3 32 5 2 1 4

Anxiety 3 2 4 49 2 0 2

Happiness 4 0 1 7 58 0 3

Sadness 0 2 0 3 0 52 2

Neutral 0 22 6 3 1 4 51

Total 127 81 46 69 69 62 79

Cognition 
Rate (%) 92.13 64.2 69.57 71.01 84.06 83.87 64.56
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Abstract
To unlock the full potential of evolution in dig-

ital media, a Tierra-like system using network-type
assembly-like language has been constructed. In the
system, like Avida, digital creatures, self-replicating
programs, live in a discrete 2D torus space and an in-
teraction between creatures is restricted locally. Bear-
ing a genetic network in mind, network structure are
introduced. In the previous works, it is shown that
the possibility that the network-type model has more
potential of evolution than a linear-type model like
Avida in a simple environment.

In this paper, to study the potential of evolution
more precisely, we model the effects of environment
other than creatures. As one of the simplest models
of such environment, the costs of execution, i.e. exe-
cuting time, are introduced. The difficult environment
to live in costs high to execute instructions, the easy
environment does low. In computer experiments, we
have investigated the influence of change in environ-
ment by analyzing the process of evolution and diver-
sity of the system. Experimental results show that the
network-type system keeps more stable diversity than
the linear-type system does, even when the environ-
ment changes drastically. This indicates the possibil-
ity that the network-type system has more potential
of evolution than the linear-type system does.

Keywords: Self-replication, Evolvability, Network
structure, Diversity, Redundancy, Intron

1 Introduction

In the early work of Artificial Life, T. Ray has cre-
ated Tierra motivated by a desire to observe the evo-
lutionary process in media other than carbon chem-
istry. Evolutionary dynamics of digital creatures, self-
replicating programs, were investigated in Tierra, and

evolutionary processes and complex symbiotic rela-
tionships between creatures were observed [1, 2]. How-
ever, they have reached an evolutionary stable state,
i.e. the number of species does not increase quickly and
explosively as it does in the Cambrian period. This in-
dicates that the system does not have the same poten-
tial for evolutionary innovation as physical systems.
To unlock the full potential of evolution in digital me-
dia is considered as an open problem in Artificial Life
[3].

To solve the problem, one of the authors have de-
veloped and investigated a system using network-type
assembly-like language [4, 5, 6]. In the system, like
Avida created by C. Adami [7],digital creatures, self-
replicating programs, live in a discrete 2D torus space
and an interaction between creatures is restricted lo-
cally. Bearing a genetic network in mind, network
structure are introduced to the system. As shown in
Figure 1, in the system, each grid in the space has a
virtual CPU, a local memory, three registers, a flag,
and a stack; and each grid has one creature at most.
A memory cell, or node, has an instruction and two
values, the addresses of the node executed next step,
which are used to execute network-type assembly-like
programs. In the previous works, it has been shown
the possibility that the network-type model has more
potential of evolution than a linear-type model like
Avida in a simple environment, as the diversity of the
network-type system is greater than that of the linear-
type system in a computer experiment [6] and the net-
work specific structure is utilized for evolution [4, 5].

In general, evolution can be considered as a process
of adaptation for environment. Therefore, environ-
ment plays a key role as with creatures themselves in
evolution. However, in the system, the world contains
only creatures, and the creatures competed against
each other only for space for living. Thus, to study
the potential of evolution more precisely, we model
the effects of environment other than creatures. As
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Figure 1: Structure of the virtual CPU in the network-
type assembly model.

one of the simplest models of such environment, in
this paper, we have introduced the costs of execution,
i.e. executing time, each instruction into the system.
The difficult environment to live in costs high to exe-
cute instructions, the easy environment does low. The
variety of the distribution of costs among instructions
means that of environment. In computer experiments,
we have investigated the influence of change in en-
vironment by analyzing the process of evolution and
diversity of the system comparing with the linear sys-
tem.

2 Brief System Description

Figure 1 shows that a node has an instruction and
other two values that are the addresses of the node
to be executed next step. The method of an exact
execution is as follows:
step 1. execute the instruction at memory address

0.
step 2. if flag equals 0,
step 2-1. move to the node whose address is written

at lower left in the current node modulo
the size (the number of nodes) of the
creature.

step 2-2. otherwise, move to the node at lower right
modulo the size of it.

step 3. execute the instruction of the current node.
step 4. jump to step 2.
The above process is repeated until a creature die

out. When it copies itself to one of the 4-neighborhood
cells (up, down, left, and right); (1) if there is no space,
i.e., all four cells are already occupied by creatures, the
oldest creature is killed and the new creature is copied
to this cell, (2) otherwise, it is copied to one of the free
cells selected randomly.

Table 1: Instruction sets.

Network Linear

NOP-A NOP-B NOP-C NOP-A NOP-B NOP-C
IF-EQU IF-EQU-MOD IF-NOT-EQU
IF-NOT-EQU
IF-NOT-EQU-MOD
JUMP-F JUMP-F JUMP-B
INC DEC SHIFT-R SHIFT-L

INC DEC
PUSH POP PUSH POP
ADD SUD NAND ADD SUB NAND
ALLOCATE DIVIDE ALLOCATE DIVIDE
COPY-E COPY
COPY-N1 COPY-N2
SEARCH-F SEARCH-F
SEARCH-F-D SEARCH-B
FLIP-FLAG

The instruction sets1 and ancestor creatures are
listed in Table 1 and Table 2.

As shown in Table 2, the network-type assembly
creature have introns, which are unused next nodes in
execution. Network-type system’s creatures have in-
trons naturally but ordinary linear-type system’s don’t
have ones. This realizes the diversity of species2 in the
network system. It is already confirmed that the in-
trons are utilized for evolution [4, 5].

3 Experiments

In this paper, to investigate the influence of change
in environment, the distribution of the costs of instruc-
tion execution is changed randomly in a finite range
every constant period. At the first update3, a man-
made ancestor (listed in Table 2) is set to a cell, where
the world’s size is 128 × 128, copy mutation rate is
0.005, divide mutation rate is 0.05, and time-slice4 is
30.

After a few thousand updates, the size of dominant
species decreased from 20 to 16, because, in general,
the smaller the size of creature is, the faster the crea-
tures self-replicate.

In this experiment, every 5,000 updates, the envi-
ronment is changed drastically, the distribution of the
costs is changed randomly between 1 and 30. Figure 2

1The details of the instructions are shown in [4, 5].
2In this paper, when two creatures have the same genes but

introns, the two creatures belong to the same species; as for
the network assembly, the values of next nodes are also same
modulo the size of them.

3A artificial unite of time in the world.
4The number of instructions a creature execute every update.
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Table 2: Ancestor creatures in network model and in
linear model (“*”: don’t care).

Network Linear

node Inst. next node Inst.

no. flag=0 flag=1
0 SEARCH-F 1 16* SEARCH-F
1 NOP-A 2 7* NOP-A
2 NOP-A 3 15* NOP-A
3 ADD 4 15* ADD
4 INC 5 18* INC
5 ALLOCATE 6 3* ALLOCATE
6 PUSH 7 6* PUSH
7 NOP-B 8 15* NOP-B
8 POP 9 5* POP
9 NOP-C 10 11* NOP-C
10 POP 11 9* SUB
11 NOP-B 12 12* NOP-B
12 COPY-E 13 13 COPY
13 COPY-N1 14 14 INC
14 COPY-N2 15 15 IF-NOT-EQU
15 INC 16 16 JUMP-B
16 IF-EQU 17 12* NOP-A
17 DIVIDE 18 7* DIVIDE
18 NOP-B 19 10* NOP-B
19 NOP-B 5 19* NOP-B

shows the time series of the number of creatures with
dominant species. It is confirmed that while the fluc-
tuations in the number of the linear system is very
high, that of the network system is low. Figure 3 also
shows the time series of Shannon’s diversity:

H = −

∑
i

pi log pi,

where pi is the proportional abundance of species
i.Table 3 shows the mean and standard deviation of
Shannon’s diversity during 100,000 updates. These re-
sults show that the network-type assembly keeps more
stable diversity than the linear-type assembly does.

Another experimental results are shown in Figure
4 and 5, and Table 4. In this case, the environment
is changed not too drastically, the distribution of the
costs is changed randomly between 1 and 20. These
results also show that the network-type assembly keeps
more stable diversity.

4 Discussion

Experimental results shows that (1) the fluctuations
in the number of the network system is lower than that
of the linear system; and (2) the network-type system
keeps more stable diversity than the linear-type sys-
tem does, even when the environment have changed
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Figure 2: The number of creatures of dominant species
v.s. updates: the distribution of the costs is changed
randomly between 1 and 30 every 5,000 updates.
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Figure 3: Shannon’s diversity v.s. updates: the dis-
tribution of the costs is changed randomly between 1
and 30 every 5,000 updates.

Table 3: The mean and standard deviation of Shan-
non’s diversity: the distribution of the costs is changed
randomly between 1 and 30 every 5,000 updates.

mean(m) standard deviation(σ)
Network 3.38 0.24
Linear 1.71 0.42

drastically. These mean that the creatures in the net-
work system have high adaptability for the change of
environmental conditions. Therefore, the creatures in
the network system are supposed to continue to evolve
without extinction. This indicates the possibility that
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Figure 4: The number of creatures of dominant species
v.s. updates: the distribution of the costs is changed
randomly between 1 and 20 every 5,000 updates.
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Figure 5: Shannon’s diversity v.s. updates: the dis-
tribution of the costs is changed randomly between 1
and 20 every 5,000 updates.

Table 4: The mean and standard deviation of Shan-
non’s diversity: the distribution of the costs is changed
randomly between 1 and 20 every 5,000 updates.

mean(m) standard deviation(σ)
Network 3.25 0.28
Linear 2.36 0.49

the network-type system has more potential of evolu-
tion than the linear-type system does.

5 Conclusions

We have shown that, in computer experiments, the
network-type system keeps more stable diversity than
the linear-type system does, even when the environ-
ment have changed drastically. This indicates the pos-
sibility that the network-type system has more poten-
tial of evolution than the linear-type system does.
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Automation Techniques in MIAS-PKA System
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Abstract: This paper presents a novel control approach, which is the fusion of techniques of factory
automation/management and functions of hardware for computer communication. We also describe the
communication techniques between computer and programmable logic controller based on special system
protocols. The developed controller innovated prior knowledge from some åles, is considered as guides for the
relevant controller designers and programmers, and a reference on establishing practical database for intelligent
agents and on communication tasks.

Keywords: Protocol, communication, controller, road surface, PLC, VBA.

I. INTRODUCTION

Automatic control techniques are proposed for a con-
trol system that could be found more signiåcance in
establishment of social foundation for persons with vi-
sual impairment [1]. The aim of this research is to
create experimental conditions changing experimental
tactile road surface indicators for making ISO stan-
dardizations in this åeld [1].
This system is designed to create various experi-

mental walking environments by substituting diãerent
road surfaces. A road surface has the weight about
maximum 2000 kg, is 1200mm in width, 3900mm in
length and a maximum height of 60mm. There are
total ten road surfaces. Five of them are symmetric
with respect to the long axis of their support in their
stocks down the ground. Normally, nine of those road
surfaces should be under the ground and only one is
on the support as shown in Fig. 1.
To such a system, the control objects are the po-

sitions and motions of the support carrying assigned
road surfaces. A demanded road surface should be
taken from its stork, carried it to the assigned posi-
tion with a maximum deviation of 10 millimeter in a
slow constant speed. Or the current demanded surface
is sent to its position in the stork, and a new assigned
surface are taken, then the road surface is moved to
a required position under or up the ground. So the
controller should be capable of: a) taking a road sur-
face from its stork and put it onto the support; b)
or putting the road surface from the support into its
stork, taking a new one and putting the new one onto
the support, and then go to a experimental position
in height; c) the support carries its road surface to a
required height directly, down or up. In normal case,
there always is one road surface on the support instead
of empty it as shown in Fig. 1 (down) for safety.
The system construction is illustrated in Fig. 2. It

mainly consists of: a host computer, a MELSEC-A1

1Mitsubishi Motors Corporation.

Fig. 1: Road surface and its support.

series programmable logic controllers (PLC) that cen-
tral process units (CPU) is A3SHCPU, motors, link
unit A1SJ71UC24-R2 (MIAS) [3], some relevant inter-
face units and sensors.
The computer communicates with PLC through the

link unit MIAS by RS-232C cable. Though every pro-
tocol will be diãerent with various link units and PLCs,
but the control principles presented here are useful to
other systems. In this paper, we will give details about
the unique approach that apply prior knowledge into
automatic control (PKA), describe how to realize the
communication between host computer and the main
PLC through the MIAS.
The VBA (Visual Basic for Applications) is a power-

ful technique in factory automation and managements
in kinds of åelds [4]. It is innovated by us to develop
the system controllers. This technique will bring us a
new idea to build human knowledge data bases for ma-
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Fig. 2: Control system.

chines. In this system, we keep commands or knowl-
edge in form of documents. The knowledge in these
documents gives conditions of the experiments. The
system works according to this knowledge to change
road surfaces and adjust the positions. Also the re-
sults of experiments can be saved into the documents.
This paper is organized as follows. Next section in-

troduces the precious works. In section 3 we describe
the MIAS protocols and Section 4 presents the con-
trollers. Section 5 analyses the working process. The
conclusions are given in the last section.

II. PRECIOUS WORKS

The road surfaces can be operated by control buttons
on board in the distributing center shown in Fig. 1.
The system has the ability of a maximum 10mm po-
sition error in height when designed. However, as a
system, there are three problems are remained: the
system is out of remote control and computer control;
the operator's requirement to implement the experi-
ments by the commands in some documents made in
advance is impossible. These problems make us dis-
cuss the control techniques presented in this paper.
The necessary mechanical and civil engineering have
been ånished [1], but out of the topics of this paper.

III. MIAS PROTOCOL

As illustrated in Fig. 2, the connection between the
host computer and the PLC is in so-called 1:1 way
through the link unit A1SJ71UC24-R2. This link unit
has its own special protocols, and its communication
interface with the computer is RS-232C.

A. Link unit

The link unit A1SJ71UC24-R2 is illustrated in Fig. 3.
This unit takes advantages of: a) no special PLC pro-
grams are needed when commutation is required by

Fig. 3: Link unit A1SJ71U24-R2.

the computer; b) A3SHCPU can also require commu-
nications; c) A3SHCPU send the requirement to link
unit, and make the computer interpretation possible if
necessary. It is necessary to set hardware of the link
unit. These settings are by 12 switches and decide
part of the system protocols. In Fig 3, Setting switch
(1) gives the working model, which decides the length
and construction of data in (1)-(4) in the section B;
Setting switch (2) presents the transmission speciåca-
tions by its 11 switches. Those states of the switches
on the board are shown in Table 1, in which station
(i. e. station number) is implied 00H.

Table 1: States of switches

model station transmission
4 00 10101101101

B. Communication method

The system communication is in the form of event
driven. In this system, signals including communi-
cation errors are feedbacked to the computer. The
MSCOMM32 (MSCOMM32OCX) [2][5] techniques are
used to transfer data and monitoring the system states.
MSCOMM32 provides serial communications for ap-
plications by allowing the transmission and reception
of data through a serial port where only a string of
characters to the transmitting buãer is permitted. We
use the MSCOMM32 technique as the control plat-
form. The advantage of this selection will be low cost
and make using knowledge documents written by Mi-
crosoft Oéce possible because the control codes are
opened. Based on the MIAS protocols given in (1)-
(5), the communication processes can be divided into
the following two cases.
Case 1 : the host computer reads the data from the

PLC side. First, a command string should be sent to
the link unit, which range of the address is indicated
by the idem data.
For example, in order to read the data in the PLC

from the dresses X40-X44 by command=BR with data
type A, the hex code should be the 05303046464252415
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Table 2: Control codes

signal hex code function
NUL 00H NUL
STX 02H Start of Text
ETX 03H End of Text
ENQ 05H Enquiry
ACK 06H Acknowledge
NAK 15H Negative Acknowledge
CR 0DH Carriage Return
LF 0AH Line Feed

830303430303534320D0A according to (1). The respon-
ses of PLC will be 0230304646303131303103453320D
0A or 153030464630350D0A, which are corresponding
to the normal and error cases based on the protocols
(2) and (3) respectively.0@ ENQéstation number écomputer number
écommandétransmissionédataéETX
édetecting codeéCR and LF codes

1A (1)0@ STX éstation number écomputer
number édataéETX édetecting code
éCR and LF codes

1A (2)í
NAK éstation number écomputer
number éerror codeéCR and LF codes

ì
(3)

Case 2 : the host computer sends commands to the
PLC side. The command strings are similar to the
Case 1 and they are based on (4) and (5).0@ ENQéstation number écomputer number
écommandétransmissionédataéETX
édetecting codeéCR and LF codes

1A (4)í
ACK éstation number écomputer number
éCR and LF codes

ì
(5)

Both of the above cases in (1)-(5), we link codes by
the symbol \é". The station number is for the host
computer to recognize the PLC's numbers. The com-
puter number is used to recognize diãerent PLC users.
The command gives \write/read"(W/R) and data unit
\bit/byte"(B/W). The transmission is the necessary
delayed time when communicating. The control data
have A, B, and C three types with diãerent data con-
structions. checking code sums the data values from
station number to the end of data. In our system, the
data type of the MIAS is C and 273 bits (included in
address D100-D129) are used to communicate with the
PLC devices.

IV. CONTROLLERS

The system is designed to work in selected or auto-
matic control models. In the selected model, the con-
trol inputs are road surface positions and should be se-
lected in a scene on the screen (Fig. 4) by an operator.

Fig. 4: Selected model controllers (in Japanese).

In the automatic model, commands and experimental
conditions are listed on the screen by open an assigned
åle (Fig. 5).

A. Selected model

In the selected control model, the control processes are
the following steps:

1. Check|To check whether there is a load on the
support. If there is nothing on the support, the
new position of a road surface in the stork should
be selected årstly.

2. Give light messages|When the system is ready
to start, a big signal lamp on the top of distribut-
ing center (Fig. 1) sparks.

3. Set|To set the height of the road surface over
or down the ground.

4. Start|If a road surface is on the support, the
position of this road surface in the stork has to
be selected. The support sends the road surface
to its home, take an assigned new one, and then
carry the new one to a required height. Special
sound will accompany the rotating motors for
people's attentions.

5. End|Turn oã the sparks, stop the sound and
wait for new commands.

B. Automatic model

In the åelds of factory automation, the information is
needed sometimes in the forms of various documents.
These documents as prior knowledge can be in various
databases. One of the techniques connecting docu-
ments and controllers is VBA. This section introduces
the road surface VBA controller. In the system, VBA
is used to implement the following tasks: allow the
experiment commands be the form of EXCEL docu-
ments; the documents should be renewed by the latest
on line information. Before an experiment, a docu-
ment åle should had been ready in an assigned for-
mat. The scene of controller is shown in Fig. 5. The
operators can select one or more information rows in
the table. In Fig. 5, the results report column will give
the dates and times when experiments are ånished.
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Fig. 5: Automatic model controllers (in Japanese).

When Start begins, the computer sends/receives the
commands, and the PLC takes/puts road surfaces. In
this system, no extra software resources is needed ex-
cept VBA.

V. WORKING PROCESS

The experiments have shown that the height is con-
trolled from -499mm to +499mm up/down the ground
with a maximum error 10mm. The control objects
road surfaces are taken, put or moved. The A3SHCPU
is capable of scanning 64 circuits in 3.51ms. This is
enough for the interruption control to manage this low
speed road surface system. The system consists of the
following states: a) adjusting the height of the sup-
port down and up at the present state; b) taking a
road face and carried it to required position. If other
road face has been on the support, the present road
surface will be returned to its stork underground; c)
several commands can be elected at the same times
and these commands will be implemented sequentially
by application of VBA techniques. There are three
timing pulses aãecting the motor's run/stop directly:
a) the command of returning to the reference position;
b) the command of stopping pause; c) the command
of automatic starting. The timing chart Fig. 6 illus-
trate the steps in a complete process. From step 1-3
the system check the support whether is on the orig-
inal position, the control pulse is not sent unless the
support on its original position. Without this permis-
sion pulse of 3, the system cannot be start. If system
is ready as shown in the step 4, permitting signal will
be sent and the signal will be ended according to the
pulse in step 8. The system also can be paused and
restarted in running. For more information on how to
use the control method to transmit and receive binary
data, please see the concerning articles in [5].

VI. CONCLUSIONS

In the past years, we have developed a large eécient
management system by using the opened control codes
of WORD, EXCEL and ACESS to link their docu-
ments and I/O interface for various applications on-
site. We have extended these past works in this re-
search, combined the techniques of communication,

Fig. 6: Control signals. The step numbers are
marked with circles.

programmable logic control, VBA, and formed the sys-
tem controllers. This work realized the connection be-
tween computer and control object by very common
software and components with reasonable cost. We
also think the techniques described in this paper is
very hopeful to those researches on series communica-
tion.
In this research, our prior knowledge is kept in the

form of Excel document. In the automatic control
model, the data are read from these Excel åles and
sent to the link unit. The on-line implement results of
PLC are also written into the same åle. The presented
techniques are recommended as a reference on estab-
lishing practical database for intelligent agents, and
on tasks of communication in peripheral interface con-
troller and networks. These methods will also make
easy the multi-sensor intelligent robot controls, and
link a prior human knowledge database to the realize
artiåcial intelligent systems.
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Abstract: In this paper, equations of motion of a manipulator, whose mechanism has a passive revolute joint, are derived in 
consideration of characteristics of driving source. Considering the final condition about displacement and velocity of the 
passive joint, trajectories of velocity for saving energy are calculated by iterative dynamic programming. And, the dynamic 
characteristics of manipulator controlled based on the trajectory for saving energy are analyzed theoretically. 
 
Keywords: Manipulator, Trajectory, Dynamic Programming, DC Motor, Minimum Energy, Passive joint. 
 
 

1  Introduction 

For the purpose of enlarging the work space, it is 
necessary for studying the optimal control of the 
manipulator whose mechanism has a passive joint. In a 
previous report [1], a casting manipulator is introduced, 
and it has large work space compared with its simple 
mechanism. But, the consideration of energy 
consumption is not enough. In horizontal plane, 
obstacle avoidance motion planning for a three-axis 
planar manipulator with a passive joint is investigated 
[2]. But, energy consumption is not considered.  

In previous report by the authors [3], trajectories 
for saving energy of manipulator, whose mechanism 
has two active joints, were easily calculated by 
iterative dynamic programming. 

In this paper, equations of motion of a manipulator, 
whose mechanism has a passive revolute joint, are 
derived in consideration of the characteristics of DC 
servomotors, and a performance criterion for saving 
energy is defined in consideration of energy consumption 
of the driving source. When the manipulator is operated 
in a vertical plane, the system is highly non-linear due to 
gravity，and an analytical solution can not be found. Then, 
a numerical approach is necessary. Considering the final 
condition about displacement and velocity of the passive 
joint, the trajectories of velocity for energy saving are 
calculated by iterative dynamic programming. Initial 
searching region, which is parallel, is shifted to minimize 
the energy consumption of the motor. The dynamic 
characteristics of manipulator controlled based on above 
mentioned trajectory are analyzed theoretically and 
investigated experimentally. 

2  Modeling of manipulator with passive joint 

The dynamic equations of the manipulator with 

three degrees of freedom as shown in Figure 1, which 
is able to move in a vertical plane, are as follows. 

111 12 13 1 2 14

21 22 23 2 2 3 24

31 32 33 3 343

θ τ τ
θ τ τ

τθ

  − +   
    = − +    
    +     

A A A A
A A A A
A A A A

      (1) 
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( ) ( )

( )

11 1 4 2 6 23 12 4 2 6 23 13 6 23
2 2
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Fig.1   Mechanism of manipulator 
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We shall take the parameters of the system as 
shown in Table 1.  The simulations of the system are 
done as follows. The angular frequency of pendulum 
movement are approximated as 

( )2 2 3 2
2 2 2

2 2 2 3 2
11.07 rad sg gω +

≅ ≅
+ +G

m l m l
I m l m l

g

g
   (2) 

( )3 3
3 2

3 3 3
12.8 rad sgω = ≅

+G

m l
I m l

g

g
 .         (3) 

Then, output torques of the motor are 

( ) ( )
( ) ( )

1 2 2 2 3 3 3

2 3

0, sin , sin ,

0.006 Nm , 0.003 Nm .

τ τ ω τ ω= = =

= = −

A t A t

A A
   (4) 

A response of the manipulator from initial position 
( )1 2 32 , 0, 0θ π θ θ= − = =  i i i  is shown in Figure 2. 

By inertia force, amplitude of pendulum movement 
increases as the response time increases. 

3  Upward circling motion of manipulator 

The applied voltage of the servomotor is  
2 3 31 sign( )θ θ τ τ θ= + + +j j jj j j j j f j je b b b b   (5) 

where 
2 , 3 ,1 ( / ) , ( / ) /v j a j t j m j j a j t j m j a j t jjb k R D b R I b Rk k k= + = =  

a ji : electric current of the armature , 

a jR : resistance of armature , 

m jI : moment of inertia of armature,  

m jD : coefficient of viscous damping.  
Then, the electric current is   

( ) / .a j j j j a ji e k Rθ= − v             (6) 
And, the consumed energy is  

3

1
)(

=

= ⋅∑ ∫ j a j
j

E dte i .                (7) 

Under the condition that joint 1 is passive, ( )1 0τ = , 
the simulations of the system are down as follows. 

Figure 3 shows a flow chart for iterative dynamic 
programming method. In frame (A), the trajectory for 
saving energy is searched by dynamic programming [3]. 
In frame (B), the searching region is shifted to 
minimize the consumed energy, and width of the 
region is changed smaller. Figure 5 shows the 
trajectory for searching, and the initial trajectory for 
searching is expressed as  

( ) ( )
( )

20 sin ,
.

θ ω
θ θ

≤ ≤ = ⋅
≤ =

R j j j

R j jR

t t A t t
t t

        (8) 

Considering the pendulum movement in Fig.2, the 
reference time Rt  is selected as 0.74 (s). The boundary 
conditions are ( ) ,θ θ=j R Rt ( ) 0θ =j Rt .  And then,  

( ) ( )22 sin cos 0ω ω ω+ =j R j R j j R j RA t t A t t  ,    (9) 

( ){ }2 sinθ ω = ⋅ j jR R j RA t t .          (10) 

Under the condition that ( )2 33.0, 1.1 radθ θ= =R R , 
the angular velocity and the amplitude are calculated as 

2 10.9ω = , ( )3 15.2 rad sω = , 2 5.64≅A , 3 2.06≅ −A  . 
This proposed trajectory is used as a center line of 

initial searching region of the iterative dynamic 
programming. 

Table 1  Parameters of the manipulator 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2  Response of manipulator with a passive joint 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3  Flow chart for simulation 
 

Calculate initial searching region 

 Search the trajectories
for saving energy by D.P.

Start

>30n

End

Yes

No
+1

Shif the searching region
    to minimize the energy
                  and
( ) ( )

0.5 0.7
n nC

C
θ θ∆ ← ⋅ ∆

=　　　　 ～

Given input data
, , , , ,  ,i j i j f j f j T Nθ θ θ θ θ∆

n n+1←

n 1←

n>30 <0.02 radθ→ ∆

n>30  <0.02radθ→∆

(A)

(B)

( ) ( )
( ) ( )

( ) ( )
( ) ( )

( ) ( )
( )

1 1

2 3 2 3
2 5

1 1 2 3

2 5
2 3 2 3

5
2 3 2 3

2 3

Parameter Value Parameter Value
m 0.08 m 0.04

, m 0.09 , m 0.045
kg m 1.07×10 , , kg 0.02

, kg m 1.35×10 , Nm A 0.046
, Nms rad 7.9 10 , Vs rad 0.046
, Nm 0.0

v v

τ τ

−

−

−

⋅

⋅

×

　　　　 　 　　

　　 　 　

　　

　

　　　

G

G G t t

m m

f f

l l
l l l l
I m m m
I I k k
D D k k

g

g g

( )2 3013 , 3.5Ω　　a aR R

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 731



2007/11/15(9:12:40) 

 3

0.4 0.8 1.2

-2

0

2

4

t(s)

θ 2
(r

ad
)

 Initial
 Middle
 Final

0.4 0.8 1.2

-2

0

2

θ 3
(r

ad
)

t(s)

0.4 0.8 1.2
-0.05

0
0.05

τ 3
(N

m
)

t (s)

0.4 0.8 1.2

-0.10
-0.05

0
0.05
0.10

 Initial
 Final

τ 2
(N

m
)

t (s)

0.4 0.8 1.2

0.4

0.8

1.2

1.6

0

 Initial
 Middle
 Final

C
on

su
m

ed
 e

ne
rg

y 
E 

(J
)

t(s)

Figure 4 shows the solutions of Eq.9, and Figure 5 
shows the trajectory for searching. We shall take the 
parameters of the system as shown in Table 1. 

A response of the manipulator from the initial 
position 1 2 3( / 2 , 0 , 0)θ π θ θ= − = =i i i  to the final 
position [ ]1 2 3( ) 1.3, ( ) 3.0, ( ) 1.1 radθ θ θ= = =f f ft t t  
is shown in Fig.6, under the condition that working 
time 1.2 (s)=ft . In this case, joint 1 is passive, and 
joint 2, 3 are actuated.  In Figure 6, it is shown that 
link 1 arrived at desired position 1( )θ ft . And the 
motion is caused by inertia force of pendulum 
movement of link 2 and 3. 

Figure 7 shows a locus of the center of gravity 
about the motion of Fig.6. 

The dynamic equation of the manipulator is 
rearranged for 1 0τ = , and  

14 12 2 13 311 1

21 2 24 22 2 23 3

31 3 34 32 2 33 3

1.0 0
1.0 1.0
0 1.0

θ θθ
τ θ θ
τ θ θ

 − −  
   − = − −   
   − − −      

A A AA
A A A A
A A A A

  (1’) . 

The angular acceleration of joint 2, 3 are given in 
iterative dynamic programming method, and the 
angular acceleration of joint 1 and torques of joint 2, 3 
are calculated simultaneously.  

Figure 8 shows the torques of joint 2, 3 which are 
necessary for actuating the link 2 and 3. In Figure 8 and 
9 , it is shown that torques increase at 0.6～0.7 (s), and 
the consumed energy of the motors increase too. 
 
 
 
 
 
 
 
 
 

 
Fig.4  Angular velocity ( calculated by Eq.9. ) 

 
 
 
 
 
 
 
 
 
 
 

Fig.5  Trajectory for searching 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6   Upward circling motion of manipulator 
 
 
 
 
 
 
 
 
 

Fig.7  Locus of the center of gravity 
 
 
 
 
 
 
 
 

Fig.8  Torque of the motor 
 
 
 
 
 
 
 
 
 

Fig.9  Consumed energy of the motors 
 

4  Experimental results 

In this section, the results of fundamental 
experiment are shown to examine the effectiveness of 
modeling for the simulations. 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 732



2007/11/15(9:12:40) 

 4

0.4 0.8
-10

0
10
20 Experimental

 Theoretical

(sec)

θ・
1  

(r
ad

/s
)

0.4 0.8
-10

0
10
20

θ・
2  

(r
ad

/s
)

(sec)

0.4 0.8

-2

0

2

θ 3
  (

ra
d)

(sec)

0.2 0.4 0.6 0.8
-10

0
10
20

e 1
  (

V
)

(sec)

0.2 0.4 0.6 0.8

-3

0

3

i a1
  (

A
)

(sec)

(a)

(b)

(c)

(d)

(e)

Figure 10 shows an experimental apparatus, which is 
used in previous report by the authors [3]. A tray (link 3) 
is connected to link 2 by a passive revolute joint.  

Under the condition that the torque of joint 3 is zero, 
the angular acceleration of joint 1 and 2 are given in 
iterative dynamic programming method, and the 
acceleration of link 3 and torques of joint 1, 2 are 
calculated simultaneously. Figure 11 shows a mechanism 
of manipulator whose mechanism is a closed type.  

The parameters of the system are shown in Table 2. 
The motors 1 and 2 (rated 24 V, 60W) are on the frame, 
and sampling time of the control is 0.002 [s]. The 
feedback gain for angular displacement is 50[V/rad], 
the feedback gain for angular velocity is 0.5[Vs/rad].  

Figure 12 shows the experimental response, under 
the condition that initial position is 1 2( / 4,θ θ π= = −i i  

3 0)θ =i , the final position is 1 2( / 2, / 4,θ π θ π= =−f f  
3 / 4)θ π=f , and the working time is 0.8 [s]. Figure 

12(a), (b) show the experimental response of angular 
velocity of motor which are calculated by angular 
displacement measured by rotary encoder. Broken line 
is theoretical result, and solid line is experimental 
result. In Figure 12(c), it is shown that link 3 is arrived 
at desired position. And the motion is caused by inertia 
force of link 1 and 2. And, Fig.12 (d), (e) are applied 
voltage and electric current of motor 1. The theoretical 
result is similar to the experimental one. 

5  Conclusions 

The results obtained in this paper are summarized 
as follows.  
(1) It is considered that the trajectory for saving 

energy of manipulator with passive revolute joint 
is available for the work in vertical plane.  

(2) From experimental results, it is considered that 
modeling for simulation is effective. 
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Abstract
In this paper, we propose an effective frequency

weight for µ-controller reduction using the block bal-
anced realization method.

To decrease the closed-loop performance degrada-
tion, we need to take account the closed-loop configu-
ration in controller reduction process. The block bal-
anced realization method was developed to consider
the closed-loop configuration. In our method, we em-
ploy the block balanced realization method to reduce
the order of µ-controller. Moreover to decrease the
closed-loop performance degradation, we use the scal-
ing matrix D as frequency weight.

A numerical example is presented to illustrate the
effectiveness of our method.

1 Introduction

As practical realization of robust controller design
method such as H∞ control or µ-design progressed,
controller reduction is becoming an important prob-
lem. When we use these robust controller design
method, a high-order controller is provided generally.
A low-order controller is desirable from a standpoint
of cost and reliability. Thus when we use controller
actually controller reduction is necessary.

Previously the controller reduction applied existing
model reduction methods directly. However many of
those methods focus on input-output characteristics
of approximated model. Hence when closed-loop sys-
tem include approximation model may yield problems
such as decreased stability or performance degrada-
tion. To solve this problem, Enns proposed introduc-
tion of a frequency weight into the balanced realization
method[?]. In addition, several frequency weights that
considered characteristics of closed-loop system were
also proposed[?]. These methods deal with model re-
duction problem of open-loop system basically.

On the other hand, to consider closed-loop con-
figuration the block balanced realization method was
proposed. This method performs controller reduction
that considered input-output characteristics of closed-
loop system including controlled object and controller.

The block balanced realization is one of the effec-
tive methods of controller reduction that saved closed-
loop characteristic. When append a frequency weight
to the block balanced realization method, controller
reduction may be more effective. However, an optimal
frequency weights for µ-controller reduction are not
yet found.

Therefore, in this paper, an effective frequency
weight for µ-controller reduction using the block bal-
anced realization method is proposed. First, algorithm
of the block balanced realization is described. Next,
an effective frequency for µ-controller reduction is pre-
sented. Primary objective of this paper is to propose a
frequency weight that decreases the closed-loop perfor-
mance degradation. The effectiveness of our proposed
method is confirmed by simulation.

2 Method

2.1 The block balanced realization

Figure 1: The closed-loop system

Consider the closed-loop system shown in Figure
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1, with external input w, controlled output z, control
input u, and measured output y.

Let, a generalized plant P and a controller K are

P =
[

P11 P12

P21 P22

]
=

 A B1 B2

C1 D11 D12

C2 D21 D22

 .

K =
[

Ak Bk

Ck Dk

]
,

where the order of K is n. Using LFTs, transfer func-
tion from w to z is given by

Tzw = Fl(P,K) = P11 + P12K(I ¡ P22K)−1P21

=

 A + B2LDkC2 B2LCk

BkFC2 Ak + BkFD22Ck

C1 + D12DkFC2 D12LCk

B1 + B2LDkD21

BkFD21

D11 + D12DkFD21

 .

where L = (I ¡ DkD22)−1 and F = (I ¡ D22Dk)−1.
Let,input frequency weight Wi and output fre-

quency weight Wo are

Wi =
[

Ai Bi

Ci Di

]
, Wo =

[
Ao Bo

Co Do

]
.

Then

WoGWi =

»

Ā B̄

C̄ D̄

–

=

2

4

Ā11 Ā12Ck B̄1

BkĀ21 Ak + BkFD22Ck BkFD21Di

C̄1 DoD12LCk D̄

3

5 .

(1)

For the system WoGWi, solve two lyapnov equations:

ĀU + UĀT + B̄B̄T = 0

ĀT Y + Y Ā + C̄T C̄ = 0.

U and Y are the controllability and observability
Gramians of WoGWi, and are partitioned compatibly
with Ā in (1) as

U =
[

U1 U12

UT
12 U2

]
, Y =

[
Y1 Y12

Y T
12 Y2

]
.

Then there exists a nonsingular matrix T such as that

TU2T
T = (T−1)T Y2T

−1 = diag(σ1, ¢ ¢ ¢ , σn) = Σ

where σi ¸ σi+1 ¸ 0.
Transform and partition K as

K =
[

TAkT−1 TBk

CkT−1 Dk

]
=

 Ar Ak12 Br

Ak21 Ak22 Bk2

Cr Ck2 Dk

 .

Finally, the low-order controller Kr is obtained by
truncation:

Kr =
[

Ar Br

Cr Dr

]
.

2.2 Proposed method algorithm

We obtain low-order controller by the following five
procedures.

Step1: We derive the µ-controller K and scal-
ing matrix D−1

r , Dl by use of D-K iteration from
a controlled object G and a structured uncertainty
∆.(Figure 2)

Figure 2: Derivation of K by D-K iteration

Step2: Configure a generalized plant P from a
controlled object G and obtained scaling matrixes
Dl, D

−1
r .(P = DlGD−1

r /Figure 3)

Figure 3: A generalized plant

Step3: Perform µ-analysis by use of the closed-
loop system Fl(P,K) of a generalized plant P and the
µ-controller K, and derive scaling matrixes Dl2, D

−1
r2

again.(Figure 4)

Step4: Perform the block balanced realization to
controller K by using the scaling matrixes Dl2, D

−1
r2

as frequency weight Wi,Wo.

Step5: The low-order controller Kr is obtained
by truncation. Further make the closed-loop system
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Figure 4: Derivation of scaling matrixes D by the µ-analysis

Fl(P,Kr) from a generalized plant P and obtained
low-order controller Kr.(Figure 5)

Figure 5: The closed-loop system using a reduction controller

3 A numerical example

As a numerical example, we treat combat plane
model “HIMAT”. A controlled object of this system is
10’th order, 6 outputs, 8 inputs, and state-space real-
ization is as follows. We executed D-K iteration three
times about this system. Table 1 shows H∞ norm of
closed loop system and the order of obtained scaling
matrix Dr, Dl and controller K. A generalized plant
P is equivalent to a controlled object G from Table 1,
when iteration of the first time. The second time or
later, we generate a generalized plant P from a con-
trolled object G and matrixes D.

A =

2

6

6

6

6

6

6

6

6

6

6

6

6

6

4

−0.023 −37 −19 −32 0
0 −1.9 0.98 0 0

0.012 −12 −2.6 0 0
0 0 1 0 0
0 0 0 0 −10000
0 0 0 0 0
0 −54 0 0 0
0 0 0 −54 0
0 0 0 0 0
0 0 0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

−10000 0 0 0 0
0 −0.018 0 0 0
0 0 −0.018 0 0
0 0 0 −320 0
0 0 0 0 −320

3

7

7

7

7

7

7

7

7

7

7

7

7

7

5

.

B1 =

2

6

6

6

6

6

6

6

6

6

6

6

6

6

4

0 0 0 0 0 0
−0.41 0 0 0 0 0
−78 22 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 −0.94 0 0 0
0 0 0 −0.94 0 0
0 0 0 0 −25 0
0 0 0 0 0 −25

3

7

7

7

7

7

7

7

7

7

7

7

7

7

5

,

B2 =

2

6

6

6

6

6

6

6

6

6

6

6

6

6

4

0 0
−0.41 0
−78 22
0 0

−700 0
0 −700
0 0
0 0
0 0
0 0

3

7

7

7

7

7

7

7

7

7

7

7

7

7

5

.

C1 =

2

6

6

4

0 0 0 0 700 0 0 0 0 0
0 0 0 0 0 700 0 0 0 0
0 29 0 0 0 0 −0.94 0 0 0
0 0 0 29 0 0 0 −0.94 0 0

3

7

7

5

,

C2 =

»

0 57 0 0 0 0 0 0 25 0
0 0 0 57 0 0 0 0 0 25

–

.

D11 =

2

6

6

4

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0.5 0 0 0
0 0 0 0.5 0 0

3

7

7

5

, D12 =

2

6

6

4

50 0
0 50
0 0
0 0

3

7

7

5

,

D21 =

»

0 0 1 0 2 0
0 0 0 1 0 2

–

, D22 =

»

0 0
0 0

–

.

Table 1: Resultant K and D from D-K iteration
Iteration Number 1 2 3

Controller Order 10 30 30
D matrix Order(*1) - 10 10

‖Fl(P, K)‖∞ 2.0361 1.0755 0.96491

*1 Matrix ’D’ is equivalent with Dl, D
−1
r of ”Step2”

We performed reduction of controller as per three
methods of ’Proposed method’, ’BT’and the ’BBT’.
Where, ’Proposed method’ represent ’The block bal-
anced realization with frequency weight’. ’BT’ repre-
sent ’The balanced realization’, and,’BBT’ represent
’The block balanced realization without frequency’.
Table 2 ∼ 4 summarizes the result of H∞ norm of the
closed-loop system ‖Fl(P,Kr)‖∞ that made by an ob-
tained low-order controller Kr and a generalized plant
P .

We see from Table 2 ∼ 4 that the controller was
reduced to stability until 4’th order by all methods.
We focus on 4’th order of Table 2, H∞ norm of a
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proposed method was appreciably lower values than
’BBT’ method. In addition, we see from Table 3∼4
that the H∞ norm was lower values in comparison
with conventional method. Therefore we found from
the result that proposed method had an effect on con-
troller reduction of the µ-controller.

4 Conclusions

In this paper, we focus on controller reduction prob-
lem of the µ-controller, we proposed an effective fre-
quency weight for µ-controller reduction using the
block balanced realization method. In addition, the
effectiveness of our proposed method was confirmed
by simulation. As a result, performance degradation
was improved than conventional method. In conclu-
sion, the blocked balanced realization method that
employed the scaling matrix D as frequency weight
improved performance degradation by µ-controller re-
duction. However, proposed method did not produce
dramatic improvement than ’BT’ method. Moreover
proposed method was unstable by a number of orders.
We will think that have need to continue study about
more an effective frequency weight.
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Table 2: ‖Fl(P,Kr)‖∞ at Iteration Number=1

Order of Kr Proposed method BT BBT

9 2.0361 2.0490 2.0361
8 2.0432 2.0499 2.0408
7 2.0413 2.0500 2.0489
6 2.2666 2.0607 4.1688
5 4.1129 3.8943 5.6221
4 5.4113 5.6100 14.204
3 unstable unstable unstable
2 unstable unstable unstable
1 unstable unstable unstable

Table 3: ‖Fl(P,Kr)‖∞ at Iteration Number=2

Order of Kr Proposed method BT BBT

20 1.0755 1.0755 1.0755
15 1.0797 1.0799 1.0788
10 1.1315 1.2114 1.1085
9 1.1166 1.1520 1.1115
8 1.4575 1.1537 unstable
7 1.1906 1.1542 1.1523
6 1.2781 1.7449 1.2669
5 1.6863 1.4433 1.8256
4 2.7053 2.7496 2.6569
3 unstable 11.221 unstable
2 unstable unstable unstable
1 unstable unstable unstable

Table 4: ‖Fl(P,Kr)‖∞ at Iteration Number=3

Order of Kr Proposed method BT BBT

20 0.9648 0.9645 0.9647
15 0.9673 0.9696 0.9673
10 0.9706 1.0382 0.9722
9 0.9885 1.0381 1.0364
8 1.2015 1.3824 1.3480
7 unstable 1.8060 1.2359
6 1.2004 1.1822 1.2974
5 1.5545 1.9111 1.7744
4 3.6131 unstable 4.6071
3 unstable unstable unstable
2 unstable unstable unstable
1 unstable unstable unstable
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A numerical solution of the stochastic

discrete algebraic Riccati equation
N. Takahashi∗ M. Kono∗

∗University of Miyazaki, Faculty of Engineering,
1-1 Gakuenkibanadai Nishi, Miyazaki, 889-2192, Japan

Abstract

This paper proposes two algorithms for solving a
stochastic discrete algebraic Riccati equation which
arises in a stochastic optimal control problem for the
discrete-time system. Our algorithms are generalized
version of Hower’s algorithm. Algorithm I has the
quadratic convergence but requires to solve a sequence
of extended Lyapunov equation. On the other hand,
Algorithm II only needs solutions of standard Lya-
punov equations which can be solved easily but it has a
linear convergence. By a numerical example, we shall
show that Algorithm I is superior to Algorithm II in
the case of large dimension.

1 Introduction

The SDARE (Stochastic Discrete Algebraic Riccati
Equation) arises in many problems, e.g. stochastic op-
timal control, guaranteed cost control[1]

P = Ω̄T(P )P Ω̄(P ) + AT
0 ΩT(P )RΩ(P )A0

+ CTC + Υ(P ) (1)

where P is desired symmetric positive semi-definite
matrix and Ai(i = 0, 1, . . . , p), B, C, R are given ma-
trices with appropriate size. Matrix functions Υ(P ),
Ω(P ), Ω̄(P ) are defined as

Υ(P ) =
p∑

i=1

AT
i PAi (2)

Ω(P ) = (BTPB + R)−1BTP (3)
Ω̄(P ) = (I − BΩ(P ))A0 (4)

where R is assumed to be positive definite. In the
following text, we will give shorthand SDARE for (1).

It is well known for the standard continuous al-
gebraic Riccati equation, Kleinman’s algorithm[2] is
effective which iteratively solves standard Lyapunov
equation. This method has quadratic convergence un-
der the assumptions that the system is controllable
and stabilizable. Kono et al.[3] proposed an extended
Kleinman’s algorithm for the stochastic continuous al-
gebraic Riccati equation, and considered the computa-
tional effort. The numerical example showed that the

solution which iteratively solves the generalized Lya-
punov equations is superior to the solution which iter-
atively solves the standard continuous algebraic Lya-
punov equations. But, in this result, quadratic con-
vergence of the algorithm has not been proven. On
the other hand, for the standard discrete algebraic
Riccati equation, Hewer[4] proposed a solution simi-
lar to Kleinman’s method. He had shown that if the
closed-loop system is asymptotically stable then the al-
gorithm has quadratic convergence. After that, Guo[5]
had showed if the eigenvalues of the closed-loop system
is on the unit circle, then first term becomes superior.

2 Preliminary

For the existence of solution for SDARE, Tang et al.[1]
had shown following theorem.

Theorem 1 If (A0, B) is controllable, (C, A0) is de-
tectable and

inf
F

‖
∞∑

j=0

((A0 − BF )T)jΥ(I)(A0 − BF )j‖ < 1 (5)

is satisfied, then there exists positive semi-definite so-
lution P of (1). Where ‖A‖ = max{√λ : λ is a eigen-
value of ATA}.

Next, under the same assumption in theorem 1, we
consider extended DALE(Discrete Algebraic Lyapunov
Equation)

V0 = Ω̄T
0 V0Ω̄0 + AT

0 ΩT
0 RΩ0A0 + CTC + Υ(V0) (6)

where
Ω̄0 = (I − BΩ0)A0 (7)

From lemma 2 in [1], we have following proposition.

Proposition 1 There exists positive semi-definite so-
lution V0 of (6) if Ω̄0 is asymptotically stable and

||
∞∑

j=0

((A0−BΩ0A0)T)jΥ(I)(A0−BΩ0A0)j || < 1 (8)

is satisfied.

When A0 is n × n matrix, by using solution in [6]
it needs n6 ordered flops to solve equation (8). Thus,
the computational effort becomes very large.
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3 Algorithm I

From the proof of theorem 1 in [1], we have following
theorem.

Theorem 2 Under the same assumption of theorem
1, let us consider the sequence of the extended DALE
as

Vk = Ω̄T
k VkΩ̄k + AT

0 ΩT
k RΩkA0 + CTC + Υ(Vk) (9)

Ωk = (BTVk−1B + R)−1BTVk−1 (10)
Ω̄k = (I − BΩk)A0 (11)

Then, we have the solution P of (1)

P = lim
k→∞

Vk (12)

In this paper, we call the procedure in theorem 1
Algorithm I. Following lemma which concerns to the
existence of the solution of (1) is established.

Lemma 1 Let σ̄k = ‖Ω̄k‖. If for the closed loop sys-
tem which is constructed by using solution of (1),

σ̄ = ‖Ω̄‖ < 1 (13)

is satisfied, then there exists positive real number α1 <
1 which is independent of k and

σ̄k < α1 (14)

Lemma 2 There exists α2 which is independent of k
and following inequality is satisfied.

‖AT
0 (Ω − Ωk+1)T(BTPB + R)(Ω − Ωk+1)A0‖

≤ α2‖P − Vk‖2 (15)

Lemma 3 For the solution of (1), following equality
is satisfied.

Vk+1 − P

=
∞∑

j=0

(Ω̄T
k+1)

j{Υ(Vk+1) − Υ(P ) + AT
0 (Ω − Ωk+1)T

· (BTPB + R)(Ω − Ωk+1)A0}Ω̄j
k+1 (16)

The next theorem is the main result of this paper
which guarantees quadratic convergence of the Algo-
rithm I under additional assumptions.

Theorem 3 Let us assume (13) is satisfied for the
closed-loop system which is obtained by using posi-
tive definite solution P of (1) and ‖Υ(I)‖ + α2

1 < 1.
Then the convergence of Algorithm I is

‖P − Vk+1‖ ≤ c‖P − Vk‖2 (17)

where
c = α2(1 − α2

1 − ‖Υ(I)‖) (18)

(Proof) From lemma 3,

‖Vk+1 − P‖

≤ ‖
∞∑

j=0

(Ω̄T
k+1)

j{Υ(Vk+1) − Υ(P )}Ω̄j
k+1‖

+ ‖
∞∑

j=0

(Ω̄T
k+1)

jAT
0 (Ω − Ωk+1)T(BT PB + R)

· (Ω − Ωk+1)A0Ω̄
j
k+1‖ (19)

Since σ̄ < 1, from lemma 1 the first term becomes

‖
∞∑

j=0

(Ω̄T
k+1){Υ(Vk+1) − Υ(P )}Ω̄j

k+1‖

≤
∞∑

j=0

‖(Ω̄T
k+1)

j‖ · ‖Υ(Vk+1 − P )‖ · ‖Ω̄j
k+1‖

=
∞∑

j=0

σ̄2j
k+1‖Υ(Vk+1 − P )‖

=
‖Υ(Vk+1 − P )‖

1 − σ̄2
k+1

≤ ‖Υ(Vk+1 − P )‖
1 − α2

1

≤ ‖Vk+1 − P‖ · ‖Υ(I)‖
1 − α2

1

(20)

Let

α3 =
‖Υ(I)‖
1 − α2

1

then from the assumption of theorem, α3 < 1 and

‖
∞∑

j=0

(Ω̄T
k+1)

j{Υ(Vk+1) − Υ(P )}Ω̄j
k+1‖

≤ α3‖Vk+1 − P‖ (21)

is satisfied. Next, note that the second term in (19)
and from lemma 1

‖
∞∑

j=0

(Ω̄T
k+1)

jAT
0 (Ω − Ωk+1)T

· (BTPB + R)(Ω − Ωk+1)A0Ω̄
j
k+1‖

≤ ‖AT
0 (Ω − Ωk+1)T(BTPB + R)(Ω − Ωk+1)A0‖

/(1 − α2
1) (22)

Thus

‖Vk+1 − P‖
≤ α3‖Vk+1 − P‖

+ ‖AT
0 (Ω − Ωk+1)T(BTPB + R)(Ω − Ωk+1)A0‖

/(1 − α2
1) (23)

and we obtain

‖Vk+1 − P‖
≤ ‖AT

0 (Ω − Ωk+1)T(BTPB + R)(Ω − Ωk+1)A0‖
/(1 − α2

1)(1 − α3) (24)

Consequently, we obtain (17) from lemma 2.

�
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4 Algorithm II

In this section, we shall show the Algorithm II which
is extended solution for the stochastic continuous al-
gebraic Riccati equation [3] to the discrete case.

Theorem 4 Under the same assumption of theorem
1, let us consider the following DALE sequence

Vk = Ω̄T
k VkΩ̄k + AT

0 ΩT
k RΩkA0 + CTC + Υk,

k = 1, 2, 3, . . . (25)

where

Υk = Υ(Vk−1) =
p∑

i=1

AT
i Vk−1Ai (26)

Ωk = (BTVk−1B + R)−1BTVk−1 (27)
Ω̄k = (I − BΩk)A0 (28)

Then we obtain the solution P of (1) as

P = lim
k→∞

Vk (29)

When the system size is n × n, it needs n4 or-
dered flops to solve (25) by Bartels-Stewart method.
Then, the computational effort is less than the ex-
tended DALE.

Before the proof of theorem 4, we shall show the
following lemma.

Lemma 4 Let us assume there exist appropriate size
matrices A0, B, C and positive definite symmetric ma-
trices R, V . For arbitrary Ω0 and Ω1 where

Ω1 = (BTV B + R)−1BTV (30)

Then, following identical equation is satisfied

AT
0 (Ω1 − Ω0)T(BTV B + R)(Ω1 − Ω0)A0

+ Ω̄T
1 V Ω̄1 + AT

0 ΩT
1 RΩ1A0

= Ω̄T
0 V Ω̄0 + AT

0 ΩT
0 RΩ0A0 (31)

where Ω̄0 is defined by (7) and Ω̄1 = (I − BΩ1)A0.

(Proof) From (6) and lemma 4,

V0 = Ω̄TV0Ω̄0 + AT
0 ΩT

0 RΩ0A0 + CTC + Υ(V0)

= Ω̄T
1 V0Ω̄1 + AT

0 ΩT
1 RΩ1A0 + CTC + Υ(V0)

+ AT
0 (Ω1 − Ω0)T(BTV0B + R)(Ω1 − Ω0)A0

= Ω̄T
1 V0Ω̄1 + M1 (32)

where

M1 = AT
0 ΩT

1 RΩ1A0 + CTC + Υ(V0)

+ AT
0 (Ω1 − Ω0)T(BTV0B + R)(Ω1 − Ω0)A0 (33)

From lemma 2 ii) of [1], Ω̄1 is asymptotically stable,
(32) is equivalent to

V0 =
∞∑

j=0

(Ω̄T
1 )jM1Ω̄

j
1 (34)

On the other hand, the solution V1 where k = 1 in (25)
is

V1 =
∞∑

j=0

(Ω̄T
1 )j(AT

0 ΩT
1 RΩ1A0 + CTC + Υ1)Ω̄

j
1 (35)

Note that Υ1 = Υ(V0), then

V1 − V0 = −
∞∑

j=0

(Ω̄T
1 )jAT

0 (Ω1 − Ω0)T

· (BTV0B + R)(Ω1 − Ω0)A0Ω̄
j
1

≤ 0 (36)

In general, let us assume Vk−1 is positive definite and

Vk − Vk−1 ≤ 0 (37)

Then, from (25) and lemma 4,

Vk = Ω̄T
k VkΩ̄k + AT

0 ΩT
k RΩkA0 + CTC + Υk

= Ω̄T
k+1VkΩ̄k+1 + AT

0 ΩT
k+1RΩk+1A0 + CTC + Υk

+ AT
0 (Ωk+1 − ΩT

k )(BTVkB + R)(Ωk+1 − Ωk)A0

= Ω̄T
k+1VkΩ̄k+1 + Mk+1 (38)

where

Mk+1 = AT
0 ΩT

k+1RΩk+1A0 + CTC + Υk

+ AT
0 (Ωk+1 − Ωk)T(BTVkB + R)

· (Ωk+1 − Ωk)A0 (39)

As shown in above, Ω̄k+1 is asymptotically stable, then
positive semi-definite solution Vk of (25) is expressed
as

Vk =
∞∑

j=0

(Ω̄T
k+1)

jMk+1Ω̄
j
k+1 (40)

Since Vk+1 is expressed as

Vk+1 =
∞∑

j=0

(Ω̄T
k+1)

j(AT
0 ΩT

k+1RΩk+1A0

+ CTC + Υk+1)Ω̄
j
k+1 (41)

Then we obtain

Vk+1 − Vk

=
∞∑

j=0

(Ω̄T
k+1)

j{Υk+1 − Υk − AT
0 (Ωk+1 − Ωk)T

· (BTVkB + R)(Ωk+1 − Ωk)A0}Ω̄j
k+1 (42)
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From the assumption (37) and linearity of Υ(P ),

Υk+1 − Υk = Υ(Vk) − Υ(Vk−1)
≤ 0

then by using (42), following inequality is satisfied.

Vk+1 − Vk ≤ 0

Since Vk is monotonically non-increase and bounded
below

V∞ = lim
k→∞

Vk

Cleary, V∞ is solution of (1)

�

Theorem 5 Convergence of Algorithm II is repre-
sented as

‖P − Vk+1‖ ≤ c1‖P − Vk‖ + c2‖P − Vk‖2 (43)

where c1 and c2 are positive constant scalar which are
independent of k.

(Proof) In the same way as proof of lemma 3,

Vk+1 − P

=
∞∑

j=0

(Ω̄T
k+1)

j{Υk+1 − Υ(P ) + AT
0 (Ω − Ωk+1)T

· (BTPB + R)(Ω − Ωk+1)A0}Ω̄j
k+1 (44)

From lemma 1, there exists α1 which is independent
of k and the norm of both side of (44) is

‖P − Vk+1‖

≤
∞∑

j=0

‖Ω̄j
k+1‖2 · ‖Υk+1 − Υ(P )

+ AT
0 (Ω − Ωk+1)T(BTPB + R)(Ω − Ωk+1)A0‖

≤ {‖Υk+1 − Υ(P )‖ + ‖AT
0 (Ω − Ωk+1)T

· (BTPB + R)(Ω − Ωk+1)A0‖}/(1 − α2
1) (45)

From (45) and lemma 2, theorem 5 has benn proven.

�

5 Numerical Example

In this section, we show the numerical example of
A0, A1 ∈ Rn×n, B ∈ Rn×1 and C ∈ R1×n are ran-
dom matrices and p = 1. Following table illustrates
the results of n = 5, 7, 9, 11, 13. F1 and I1 are flops
and iteration number for convergence of Algorithm
I. F2 and I2 are result of Algorithm II.

Table 1 : Comparison of two methods
n F1/F2 I1/I2

5 2.3222 0.6667
7 2.6266 0.4444
9 0.8723 0.0714
11 0.1648 0.0073
13 7.4298× 10−5 1.8716× 10−8

For n = 1 ∼ 7, Algorithm II is more superior to
Algorithm I, same as continuous time case. But, for
n = 7, Algorithm I is more advantageous, and for
more large number, this tendency becomes more re-
markable. This result shows the quadratic convergence
of Algorithm I for the higher order problem.

6 Conclusion

We proposed two algorithms for solution of SDARE
and compare these computaional effort. Future study
is consideration of convergence when the closed loop
system has eigenvalues on the unit circle.

References

[1] Y. Tang, M. Kono and T. Suzuki, “Solvability
of stochastic discrete algebraic Riccati equation”,
Trans. of the Society of Instrument and Control
Engineers, vol. 38, no. 2, pp.227–229 (2002)

[2] D. L. Kleinman, “On an iterative technique for
Riccati equation”, IEEE Trans., AC-13, pp. 114–
115 (1968)

[3] M. Kono, M. Nakai and M. Yokomichi, “Numer-
ical solution of stochastic discrete algebraic Ric-
cati equation”, Trans. of the Society of Instru-
ment and Control Engineers, vol. 36, no. 12, pp.
1178–1179 (2000)

[4] G. A. Hewer, “An iterative technique for the com-
putation of the steady state gains for the discrete
optimal regulator”, IEEE Trans., AC-16, pp. 382–
383 (1971)

[5] C. H. Guo, “Newton’s method for discrete alge-
braic Riccati equations when the closed-loop ma-
trix has eigenvalues on the unit circle”, SIAM J.
Matrix Analysis and Application, vol. 20, no. 2,
pp. 279–294 (1998)

[6] P. Lancaster, “Explicit solution of linear matrix
equations”, SIAM Review, vol. 20, no. 2, pp. 279–
294 (1970)

[7] R. H. Bartels and G. W. Stewart, “Solution of
the matrix equation AX + XB = C”, Communi-
cations of the ACM, vol. 15, no. 9, pp. 820–826
(1972)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 762



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 763



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 764



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 765



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 766



A Fuzzy Logic Based Approach to the SLAM Problem Using Pseudolinear Models with
Multiframe Data Association

Chandima Dedduwa Pathiranage Keigo Watanabe, Kiyotaka Izumi
Dept. of Advanced Systems Control Eng. Dept. of Advanced Systems Control Eng.

Graduate School of Science and Eng. Graduate School of Science and Eng.
Saga University Saga University

1-Honjomachi, Saga 840-8502, Japan 1-Honjomachi, Saga 840-8502, Japan

Abstract
This paper presents an alternative solution to simultane-

ous localization and mapping (SLAM) problem by apply-
ing a fuzzy Kalman filter using pseudolinear process and
measurement models. Takagi-Sugeno (T-S) fuzzy model
based on observation for nonlinear system is adopted to
represent the process and measurement models of the
vehicle-landmarks system. Using the Kalman filter the-
ory, each local T-S model is filtered to find the local es-
timates. The linear combination of these local estimates
gives the global estimate for the complete system. The
simulation results prove that the new approach results in
more anticipated performances, though nonlinearity is di-
rectly involved in the Kalman filter equations, compared to
the conventional approach.

1 Introduction

The simultaneous localization and mapping (SLAM) [1]
problem, also known as concurrent mapping and localiza-
tion (CML) problem, is often recognized in the robotics
literature as one of the key challenges in building au-
tonomous capabilities for mobile vehicles. The goal of an
autonomous vehicle performing SLAM is to start from an
unknown location in an unknown environment and build
a map (consisting of environmental features) of its envi-
ronment incrementally by using the uncertain information
extracted from it sensors, whilst simultaneously using that
map to localize itself with respect to a reference coordinate
frame and navigate in real time.

The first solution to the SLAM problem was proposed
by Smith et al. [2]. They emphasized the importance of
map and vehicle correlations in SLAM and introduced the
extended Kalman filter (EKF)-based stochastic mapping
framework, which estimated the vehicle pose and the map
feature (landmark) positions in an augmented state vec-
tor using second order statistics. Although the EKF-based
SLAM within the stochastic mapping framework gained

wide popularity among the SLAM research community.
Over time, it was shown to have several shortcomings. No-
table shortcomings are its susceptibility to data-association
errors and inconsistent treatment of nonlinearities.

Here we propose some remedies to overcome the short-
comings of the EKF algorithm. To preserve the nonlinear-
ity in the system, motion and observation models are rep-
resented by the pseudolinear models. Discrete time motion
model is derived from the dead-reckoned measurements of
the vehicle pose as to reduce the error associated with the
control inputs. This assures the less error prone motion
model producing faster convergence. We draw the supe-
riority of fuzzy Kalman filtering for the state estimation
through the SLAM algorithm developed with T-S fuzzy
model in this paper. The proposed T-S fuzzy model based
algorithm to the SLAM problem has proven that a demand-
ing (not conventional) solution to the SLAM problem ex-
ists and it overcomes limitations of the EKF based SLAM,
hinting a new path explored is much suitable in finding an
advanced solution to localization and mapping problems.

2 Pseudolinear System Modeling

In the following, the vehicle state is defined by x v =

[x, y, φ]T, where x and y are the coordinates of the center of
the rear axel of the vehicle with respect to some global co-
ordinate frame and φ is the orientation of the vehicle axis.
The landmarks are modeled as point landmarks and rep-
resented by a Cartesian pair such that mi = [xi, yi]T, i =
1, ...,N. Both vehicle and landmark states are registered in
the same frame of reference.

2.1 The Pseudolinear Process Model

Figure 4 shows a schematic diagram of the vehicle in the
process of observing a landmark. The pseudolinear vehicle
process model in discrete time can be expressed as follows:

xv(k + 1) = xv(k) + Bv(k)uv(k) (1)
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Figure 1: Vehicle in process of observing a landmark

for use in the prediction stage of the vehicle state estimator.
The landmarks in the environment are assumed to be

stationary point targets. The landmark process model is
thus [

xi(k + 1)
yi(k + 1)

]
=

[
xi(k)
yi(k)

]
(2)

for all landmarks i = 1, ...,N. Equation (1) together with
Eq. (2) defines the vehicle-landmarks process model.

2.2 The Observation Model with Two Sensors

Range ri(k) and two bearing measurements θ i
1(k) and

θi
2(k) to landmark i are recorded by the range and bearing

sensors. The range measurements and bearing measure-
ments are taken from the center of rear vehicle axel where
the vehicle position (x, y) is taken. One sensor starts read-
ing measurements from the x axis and the other from the
center axis of the vehicle. Referring to Fig. 4, the observa-
tion model for ith landmark z i(k) = [ri(k), θi(k), βi(k)]T can
be written in a direct form as

ri(k) =
√

(xi − x(k))2 + (yi − y(k))2 + vr(k) (3)

θi(k) = θi
1(k) = arctan

(
yi − y(k)
xi − x(k)

)
+ vθ1 (k) (4)

θi
2(k) = arctan

(
yi − y(k)
xi − x(k)

)
− φ(k) + vθ2 (k) (5)

βi(k) = θi
1(k) − θi

2(k) = φ(k) + vθ1 (k) − vθ2(k) (6)

where vr and vθ are the white noise sequences associated
with the range and bearing measurements with zero means

and standard deviations σr and σθ respectively. Equa-
tions (3), (5) and (6) define the observation model for the
ith landmark.

2.3 Pseudolinear Observation Model

In this section, we present the pseudolinear measure-
ment model. The pseudomeasurement method relies on
representing the nonlinear measurement model (Eqs. (3),
(5) and (6)) in the following pseudolinear form:

y(z) = H(z)x + vy(x, v) (7)

Equations (3), (5) and (6) can be rearranged by algebraic
and trigonometric manipulations to obtain the following
model expressed by

ri(k) = (xi − x(k))cos(θi(k)) + (yi − y(k))sin(θi(k)) + vr(k)

0 = (xi− x(k))sin(θi(k))− (yi−y(k))cos(θi(k))+ri,true(k)vθ(k)

βi(k) = φ(k) + vθ1 (k) − vθ2(k) (8)

The model (8) composed of above three equations can be
expressed in the following pseudolinear form for the ith
landmark:

y(zi) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
ri(k)

0
βi(k)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ = H(zi)x + vyi(x, v) (9)

where the state vector is to be x = [xT
v mT

i · · ·mT
N]T and

vy(x, v) is considered to be white with its covariance ex-
pressed in the form:

Ry(x̂) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
σ2

r 0 0
0 r̂2

i σ
2
θ 0

0 0 σ2
β

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (10)

3 Formulation of Fuzzy Algorithm in SLAM
Problem

To reduce the computational cost in using the T-S fuzzy
model in SLAM problem, fuzzification of the process
model and the pseudolinear measurement model is split
into two cases according to the vehicle azimuth angle. A
set of fuzzy rules is constructed for each case and is ex-
ecuted based on the initial separation of vehicle azimuth
angle.
Case 1: If the azimuth angle of the vehicle (φ(t)) lies be-
tween −π/2 and π/2, the jth rule for this case will be of the
form:
Local linear system rule j:
IF φ(t) is F j

φ and θi(t) is F j
θ THEN

x j(k + 1) = x(k) + B j(k)u(k) for j = 1, 2, · · · , 8
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yi j(k + 1) = Hi j(k + 1)x j(k + 1) + vi
y j(k + 1) (11)

F j
φ, F

j
θ are the fuzzy sets of vehicle azimuth angel and bear-

ing angle for the jth rule respectively.
Case 2: It is defined for π/2 < |φ(t)| < π and will be com-
posed of eight similar local linear models as defined above.
The fuzzy Kalman filter (FKF) algorithm proceeds recur-
sively in the three stages:

• Prediction:
The algorithm first generates a prediction for the state
estimate, the observation (relative to the ith landmark)
and the state estimate covariance at the time k + 1 for
the jth rule according to

x̂ j(k + 1|k) = x̂(k|k) + B j(k)u(k) (12)

ŷi j(k + 1|k) = Hi j(k + 1)x̂ j(k + 1|k) (13)

P j(k + 1|k) = P(k|k) + B j(k)Q(k)BT
j (k) (14)

• Observation:
Following the prediction, the observation y i(k + 1) of
the ith landmark of the true state x(k + 1) is made ac-
cording to Eq. (9). Assuming correct landmark asso-
ciation, an innovation is calculated for the jth rule as
follows:

νi j(k + 1) = yi j(k + 1) − ŷi j(k + 1|k) (15)

together with an associated innovation covariance ma-
trix for the jth rule given by

Si j(k + 1) = Hi j(k + 1)P j(k + 1|k)HT
i j(k + 1)

+Ri j(k + 1) (16)

• Update:
The state update and corresponding state estimate co-
variance are then updated for the jth rule according
to

x̂ j(k+1|k+1) = x̂ j(k+1|k)+K j(k+1)νi j(k+1) (17)

P j(k + 1|k + 1) = P j(k + 1|k) − K j(k + 1)Si j(k + 1)

×KT
j (k + 1) (18)

Here the gain matrix K j(k + 1) is given by

K j(k + 1) = P j(k + 1|k)HT
i j(k + 1)S−1

i j (k + 1) (19)

Local state estimates are then combined to obtain the global
state estimate for the T-S fuzzy model given by Eq. (11).
The global estimate is then obtained by the following equa-
tion:

x̂(k + 1|k + 1) =
8∑

j=1
h j(zi(k))x̂ j(k + 1|k + 1) (20)
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Figure 2: Innovation in measurements

where zi(k) = [zi1(k) zi2(k)] = [φ(k) θi(k)]. The common
covariance can be formulated as follows:

P(k + 1|k + 1) = min(trace (P j(k + 1|k + 1))) ∀ j (21)

4 Simulation Results

The newly proposed method is applied to the feature
based SLAM. The developed algorithm was simulated for
the system composed of Eqs. (1), (2) and (9). An environ-
ment populated with point landmarks was simulated with
the FKF algorithm to generate the state estimates and state
errors. Simulation results are depicted in Fig. 2, Fig. 3 and
Fig. 4. Innovations are the only available measure to ex-
amine online filter behavior when true state values are un-
available. Innovations here (see Fig. 2) indicate that the
proposed filter and the models are consistent. Figure 3
shows localization of the vehicle and map building simul-
taneously over time. Figure 3(a) shows the estimated map
built over time. It can be seen that error ellipses of the fea-
tures are getting converged to actual landmark locations. It
is clear that the newly proposed algorithm can well map
the environment. Figure 3(b) shows standard deviation and
error associated with the vehicle pose. It can be seen that
the vehicle localization is performed well by the newly pre-
sented method as vehicle pose error is decreasing to a min-
imum bound gradually. Figure 4(a) shows the evolution
of the landmark uncertainty and it can be observed that
the landmark uncertainty is gradually decreasing over time.
Figure 4(b) shows the evolution of landmark state error and
it is once proved that the proposed method works well in
SLAM problem. It is observed that the landmark state er-
ror obtained from the pseudolinear model based FKF ap-
proach reaches to a minimum bound within a shorter time
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Figure 3: Simultaneous localization and map building
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Figure 4: Evolution of landmark state covariance and error

steps compared to that obtained from the EKF algorithm.
Note that the results obtained from the EKF-based SLAM
are not shown in this paper due to space limitations.

5 Conclusion

A fuzzy logic and pseudolinear model based solution
to the SLAM problem was first proposed in this paper
and validity of the method was proved with simulation re-
sults. The need for direct linearization of nonlinear systems
for state estimation is diminished as the newly proposed
method performed well and provided a better solution to
the SLAM problem. Results obtained from the newly in-
troduced method were compared with the results obtained
from widely used EKF algorithm to highlight the merit
of the pseudolinear model based system with fuzzy logic.
It was proved that the pseudolinear model based fuzzy

Kalman filter algorithm provided more satisfactory results
over the EKF because the pseudolinear models did not lose
its nonlinearity when employed in the Kalman filter equa-
tions. It was found that a fuzzy logic based approach with
the pseudolinear models provided a remarkable solution to
state estimation process because fuzzy logic has been al-
ways standing for a better solution.
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Abstract
This paper deals with a computational model of emo-

tions and its application for cooperative benevolent agents.
A stochastic emotion model based on Markov theory is
adapted to perform their well organized tasks to achieve
goal. The emotional model consists of four basic emo-
tions: joy, anger, fear and sad. Different emotional be-
havior is obtained by updating the state transition matrix
of stochastic model. Perception of stimuli has an impact
on emotion inducing factors and thus, affects on emotion
dynamics. With the developed model, a Matlab based sim-
ulation is performed to analyze the behavior of the agents
with the emotional capability.

Keywords: Emotion, Benevolent agent, Markovian
emotion model, Emotion inducing factor, Individuality fac-
tor.

1 Introduction

The concept of artificial emotion is expanding and in-
creasingly used to design autonomous robot systems with
the augmented capability, such as emotion based experi-
ence of environment, emotional interaction, etc. In [1],
Ortony et al. stated that it is important for artificial in-
telligence to be able to reason about emotions—especially
for natural language understanding, cooperative task solv-
ing and planning. There are many psychological evidences
supporting the emotional concept to be needed for get-
ting automation in agents. Now it is a matter of think-
ing whether emotions could have the same functional roles
as ones that prevail in natural system. M. Scheutz [2]
has found such 12 roles of emotions that can be used for
artificial agents (may be for single agent or multiagents
system) to develop emotional control mechanism such as:
adaptation, action selection, sensory integration, motiva-
tion, alarming mechanism, goal management, represent-
ing, memory control, social interaction, strategic process-
ing and self model. We have also notified the roles of emo-

Emotional 
Intelligence

Cooperative plan

Interaction

RepresentationAutonomy

Understanding

Motivation

Figure 1: Basic roles of emotional intelligence

tional intelligence that may be required for creating benev-
olent agents for cooperating tasks (as shown in Fig. 1).

We consider agents as benevolent because they have de-
sire to assist each other and user’s interest is their best in-
terest. Agents also try to maintain a certain level of group
performance expected by the owner. The task to be per-
formed is assigned by the user of the system and time to
time evaluates the performance. The choice of behavior
of an agent depends on: work load, the current emotional
state of each robot, response of colleague robot and perfor-
mance evaluation. In this paper, we have applied the ratio-
nality (the reasoning) of emotions and their internal mech-
anism to a benevolent agents system. Section 2 describes
the related works where some researchers have developed
emotional model to be used in multiagent system. Sec-
tion 3 clearly describes the purpose of the research work,
emotional modelling strategy with our developed model.
Description of simulation software and its application to
simulate emotional model to create some affective based
behavior is given in Section 4. Finally, Section 5 concludes
with the utility of the emotional model for future life-like
robots.
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2 Related Work

The idea of artificial emotion is increasingly used in de-
signing autonomous robotics agents, by making robots be
emotionally experienced with the changed environment or
to make interaction with other agents [3]. For creating arti-
ficial emotion among the agents, there are different types
of emotion models available such as: architecture level
model, task-level model, mechanism level model, etc. (for
more details see [4]). There are also some special models
of human emotions like: circumplex model [5], Markovian
emotion model [6], [7], etc. which can be adopted for cre-
ating artificial emotion among agents.

Schneider-Fontan and Mataric included an emotional
model for using in communication for the minimization of
interference [8]. In [9], Murphy et al. developed a multi-
agent control approach for interdependent tasks which im-
bues the agents with emotions and allows a satisfactory
behavior to emerge. Adamatzky [10] has demonstrated a
space-time dynamics of emotions with cellular automation
(CA) models of affective solutions, where chemical species
in the solution represent happiness, anger, fear, confusion
and sadness. In our case, the emotion is also discrete state
modulated with intensity level, but the carriers (benevolent
agents) of emotion is performing task with some behav-
ioral actions having a specific goal. Each of the emotions
(in our case: joy, anger, fear and sad) can act as dominat-
ing affective state depending on its intensity level obtained
from a belief strategy. The modelling approach is based on
stochastic model following Markovian emotion model.

3 Emotional Model

This section describes the modeling approach which is
applied for creating an emotional model to be used for gen-
erating behavior among benevolent agents. In our model,
we have introduced a new factor: emotion inducing fac-
tors, which is very important for the model. This section
also describes the updating process of the emotion inducing
factors depending on the input stimuli.

3.1 Modeling Approach

Until now there is no concrete and universally accepted
definition of emotion that can be considered as the ideal
one. Emotion is a complex biological process within the
brain and body that can be also created artificially and then
can be applied for multirobot/multiagent system. In our
case, the emotional model is developed based on stochastic
approach following Markov model and the model consists
of four basic emotions [11]: joy, anger, fear and sad. These
emotions are defined as follows for our emotional model:

State: e1

Sad

State: e2

Fear

State: e3

Anger

State: e4

Joy

P e3/e4

P e4/e3

P
 e

2/
e3

P
 e

3/
e2

P e2/e1

P e1/e2

P
 e

1/
e4

P
 e

4/
e1

P e2/e4

P e4/e2

P e1
/e3

P e3
/e1

P e3/e3P e4/e4

P e2/e2P e1/e1

Figure 2: Topology of Markovian emotion model

• Joy: An agent is in joy state when it has high en-
ergy level to perform task, workload is normal and
colleague/user’s evaluation is good.

• Anger: Anger state increases with facing obstacles or
any barrier to achieve the goal and getting low evalu-
ation.

• Fear: Fear is activated when getting high workload
and having low energy level.

• Sad: This is an emotional state of becoming sorry for
ignoring help messages.

In our model, we have not included calm (normal) state
because we assume that if overall working state is normal
to an agent, then the agent is in happy state to be moti-
vated and to continue its task. An application of Markov
modeling theory for our purposes is described by Marko-
vian emotion model as shown in Fig. 2. We have applied
it for pure agents emotion due to its memoryless property
as behaviors and commands are highly dependent on emo-
tional present state than the history of arriving the state.
The Markovian emotion model with four states can be ex-
pressed as follows:

Xk+1 = AXk (1)

with emotional state points

Ω = {Joy, Anger, Fear, S ad} (2)

where Xk represents the current emotional state and A is the
emotional state transition matrix (so called stochastic ma-
trix). To get emotional impulses from respective emotion
state, we have considered an iterative belief model consid-
ering some meta-state of emotions like: e4, e3, e2, e1 for
joy, anger, fear and sad respectively as shown in Fig. 2.
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Considering the meta-state, stochastic matrix A becomes
as follows:

A =


Pe4/e4 Pe4/e3 Pe4/e2 Pe4/e1
Pe3/e4 Pe3/e3 Pe3/e2 Pe3/e1
Pe2/e4 Pe2/e3 Pe2/e2 Pe2/e1
Pe1/e4 Pe1/e3 Pe1/e2 Pe1/e1

 (3)

In the Markovian emotion model, the nodes represent the
emotional states and the arcs/arrows indicate the proba-
bility of getting out of states to the directed state. The
arc/arrow values are set to initial values (e.g. q1, q2,. . . ,
q16) which give the initial state transition matrix of Markov
model. These values can be modified later on with the
influence of emotion inducing factors: α, β, γ and δ for
joy, anger, fear and sad respectively. In this model, there
are four types of transition probabilities from each of the
present state. For example, the probability of state transi-
tion (arc/arrow values) from joy to other states can be ex-
pressed by following equations:

Pe3/e4 = q2 + (β − α)q2
Pe2/e4 = q3 + (γ − α)q3
Pe1/e4 = q4 + (δ − α)q4
Pe4/e4 = 1 − (Pe3/e4 + Pe2/e4 + Pe1/e4)


(4)

where q2, q3 and q4 are the initial arrow values for
Panger/ joy, P f ear/ joy and Psad/ joy respectively. For each of
the states, there are similar equations combining to total of
16 equations which render new values to the state transi-
tion matrix to be updated. More details of the model and
computational procedures are given in [6], [7].

3.2 Updating Process

In a sense, the emotion factors reflect the total environ-
mental conditions surrounding the agents. The emotion in-
ducing factors are updated through the information from
inputs, e.g. from sensors, user, response of colleague or
internal events (see Fig. 3). Here, we can see that the in-
put variables affect on the emotion inducing factors (α, β,
γ and δ) and thus affect on the emotional state generated
by the Markovian emotion model. All the environmental
variables are grouped into three variables: workload (w),
comfort (c) and evaluation (e). Each of them is scaled as 0
to 10 indicating low to high. For each of the emotion fac-
tors, we have used a second order polynomial in the three
dimensional space of (w, c, e) for approximate mapping
of emotion factors from input variables. The coefficients
of the polynomial are individuality factors that vary from
agent to agent. The user of the agent can design the benevo-
lent characters through the manipulation of the individual-
ity factors by approximating emotion factors with response
surface method (RSM).

. . .

Emotional Intensity 
Vector (EIV)

Emotional Intensity 
Vector (EIV)

Input Stimuli

Emotional Impact

Markov 
Process

Outcome from

Belief Model

Initial State 
Distribution

Initial State 
Distribution

. . .
Emotional State, Emotional State, 1+kX

kX
Joy Anger

Fear Sad

),,( ecwu

δγβα ,,,

A

Figure 3: The emotional state generator

4 Simulation Results

We have simulated the model with two robots consid-
ering as benevolent agents in KiKS environment (see [12]
for KiKS). Task (room cleaning) is assigned by the user of
the system (see Fig. 4) with defining workload (which is a
function of workspace to be cleaned, number of balls and
prescribed time). Workload (w) can be expressed as fol-
lowing equation:

w = C
(

Work space
T ime

)
(5)

where C is an integer value increased with the number
of balls to be cleaned. With the assigned workload, both
robots start with the corresponding working speed and
pushing the balls towards the wall and thus cleaning the
center of the room. At first the working area is divided into
equal space, but the individual working space is change-
able if required. For example, if one robot is feared to
complete the cleaning of its space (due to many balls in
its area) and it needs help, then another one shares with the
working space by extending its previous workspace.

The workload is assigned as: workspace 600 mm × 600
mm, no. of objects 15 and time limit 100 sec. In Fig. 5,
we can see the emotional state of robot A, which is in Fear
state as probability of failure to complete the task is high
due to excess work load. So it sent several help messages
to robot B. First few steps, robot B did not response to help
messages of robot A due to its own task and thus increasing
sad intensity (see Fig. 6), though its dominating emotional
state is joy. Later on, it extended its work space sharing the
work space of robot A and thus helping in room cleaning.
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Figure 4: Task assignment and evaluation by user
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Figure 5: Emotional state of Robot A

5 Conclusion

The proposed computational model of emotion has been
based on Markov modeling theory and for simulation; it
was applied on a benevolent agents system to generate
some behavior with some input stimuli from environment.
A benevolent agent was able to be created in affective
way by designing the individuality factors according to the
user’s consent. If the agent is taught the work and duties of
user, then the user’s position may be replaced by the agent
(in case of leave or unable to work for any other reason) to
work with the same environment with the same emotional
behavior of the user.

This model can be also used to develop human-robot
interaction architecture in an easier and simpler structure.
With the augmented capacity from emotional intelligence
robot/agent will be more life-like and thus increasing the
robot acceptance to all.
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Abstract
We present a new control strategy for a VTOL aerial

robot. A kinematics control law is derived using Astolfi’s
discontinuous control, after introducing a chained form
transformation with one generator and three chains to the
original model. This was motivated by the fact that the
discontinuous kinematic-model without using a chained
form transformation assures only a local stability of the
kinematic based control system, instead of guaranteeing a
global stability of the control system. Finally, a computer
simulation is shown to demonstrate the effectiveness of our
approach.

1 Introduction

Unmanned vehicles are important when it comes to
performing a desired task in a dangerous and/or inacces-
sible environment. Unmanned indoor and outdoor mo-
bile robots have been successfully used for some decades.
More recently, a growing interest in unmanned aerial ve-
hicles (UAVs) has been shown among the research com-
munity. Being able to design a vertical takeoff and land-
ing (VTOL)-UAV, which is highly maneuverable and ex-
tremely stable, is an important contribution to the field of
aerial robotics, because potential applications are tremen-
dous as seen in high buildings and monuments investiga-
tion, rescue missions, film making, etc.

Recently, the study on VTOL type aerial robot attracts
the attention of researchers, in which the robot is called
“Draganflyer,” “Quattrocopter,” “X-4 Flyer,” or “Quadro-
tor” and has four rotors in general [1, 2, 3]. The control
system for this VTOL type aerial robot can be regarded as
an underactuated system [4] that deals with controlling six
generalized coordinates with four inputs, and its control be-
comes complicated, compared to a nonholonomic control
where any four states are controlled out of six generalized
coordinates by using four inputs.

In this paper, we present a new control strategy for a
VTOL aerial robot that is called X4-flyer. A kinematics
control law is derived using Astolfi’s discontinuous con-
trol [5], after introducing a chained form transformation [6]
with one generator and three chains to the original model.
This was motivated by the fact [7] that the discontinuous

kinematic-model without using a chained form transforma-
tion assures only a local stability (or controllability) of the
kinematic based control system, instead of guaranteeing a
global stability of the control system. Finally, a computer
simulation is given to demonstrate the effectiveness of our
approach.

2 A Chained Form Transformation for a
Symmetric Affine System with n State-
Four Inputs

Let the controlled objective be a symmetric affine sys-
tem withn state-four inputs described by

q̇ = g1u1 + g2u2 + g3u3 + g4u4, q ∈ ℜn (1)

Applying the transformations of the state and input such as

z= Φ (q) , v = Ξ (q) u (2)

to the above equation, the objective is to obtain the follow-
ing chained form having one-generator and three chains

ξ̇0 = v1 ζ̇0 = v2 η̇0 = v3 γ̇0 = v4

ζ̇1 = ζ0v1 η̇1 = η0v1 γ̇1 = γ0v1

...
...

...

ζ̇n2 = ζn2−1v1 η̇n3 = ηn3−1v1 γ̇n4 = γn4−1v1

wheren2 + n3 + n4 + 4 = n (n2 ≥ n3 ≥ n4 ≥ 0).
It is known [4] that the reachability distribution of a

chained form system has rankn for all z ∈ ℜn, which
implies that the transformed system is also globally con-
trollable because it is a symmetric affine system.

As a sufficient condition for implementing a chained
form transformation, the input vector fieldsg1 . . . g4 sat-
isfy the following forms:

g1 =
∂

∂q1
+

n∑
i=2

gi
1
∂

∂xi
, g2 =

n∑
i=2

gi
2
∂

∂xi

g3 =

n∑
i=2

gi
3
∂

∂xi
, g4 =

n∑
i=2

gi
4
∂

∂xi
(3)
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Fig. 1: Coordinate definition of X4-flyer

where the vector fieldsg1 . . . g4 are to be smooth, linearly
independent each other.

Define the distributions:

G0 = span{g2,g3,g4}
G1 = span{g2, g3,g4,adg1g2,adg1g3,adg1g4}

...

Gm = span{adi
g1

g2,adi
g1

g3,adi
g1

g4} (0 ≤ i ≤ m) (4)

whereG0 . . .Gm are all involutive andGm has rankn− 1.
In addition, we have to find four functions,h1 . . . h4 to

be not unique, such that

dh1⊥G j 0 ≤ j ≤ m

dLk
g1

h2⊥G j 0 ≤ j ≤ n2 − 1 0≤ k ≤ n2 − 1− j

dLk
g1

h3⊥G j 0 ≤ j ≤ n3 − 1 0≤ k ≤ n3 − 1− j

dLk
g1

h4⊥G j 0 ≤ j ≤ n4 − 1 0≤ k ≤ n4 − 1− j

where the Lie derivative of a scalar functionφ (x) along a
vector fieldf (x) is the following scalar function defined by

L fφ (x) =
∂φ

∂x
f (x) (5)

When all of the above conditions are satisfied,Φ (q) and
Ξ (q) can be reduced to

Φ (q) =
[
h1 Ln2

g1
h2 · · · h2 Ln3

g1
h3 · · · h3 Ln4

g1
h4 · · · h4

]T

Ξ (q) =



1 0 0 0
Ln2+1

g1
h2 Lg2L

n2
g1

h2 Lg3L
n2
g1

h2 Lg4L
n2
g1

h2

Ln3+1
g1

h3 Lg2L
n3
g1

h3 Lg3L
n3
g1

h3 Lg4L
n3
g1

h3

Ln4+1
g1

h4 Lg2L
n4
g1

h4 Lg3L
n4
g1

h4 Lg4L
n4
g1

h4



3 Kinematics of X4-Flyer

Let E = {Ex Ey Ez} denote a right-hand inertial frame
such thatEz denotes the vertical direction downwards into
the earth (see Fig. 1). Let the vectorξ =

[
x y z

]T denote
the position of the center of mass of the airframe in the
frameE relative to a fixed originO ∈ E. Let c be a (right-
hand) body fixed frame for the airframe. When defining the
rotational anglesη =

[
φ θ ψ

]T aroundX-, Y-, andZ-axis
in the framec, the orientation of the rigid body is given by
a rotationR : c → E, whereR ∈ ℜ3×3 is an orthogonal
rotation matrix.

Using such a rotational matrix and exchanging ˙x and ż
in the kinematic model of X4-flyer [7], gives the following
model:



ż
ẏ
ẋ
φ̇
θ̇
ψ̇


=



cosφ cosθ 0 0 0
cosφ sinθ sinψ − sinφ cosψ 0 0 0
cosφ sinθ cosψ + sinφ sinψ 0 0 0

0 1 0 0
0 0 1 0
0 0 0 1




żb

φ̇
θ̇
ψ̇


(6)

where żb denotes theZ-directional translational velocity.
When definingq = [z y xφ θ ψ]T andu = [żb φ̇ θ̇ ψ̇]T , it
can be rewritten in the symmetric affine form of six states-
four inputs:

q̇ = f 1u1 + f 2u2 + f 3u3 + f 4u4, q ∈ ℜ6 (7)

4 A Chained Form Transformation for X4-
Flyer

In order to satisfy the conditions of (3), the input vector
fields f 1, · · · , f 4 are changed to

g1 =
f 1

cosφ cosθ
, g2 = f 2 g3 = f 3, g4 = f 4 (8)

which can be reduced to

g1 =



1
tanθ sinψ − tanφ cosψ

cosθ
tanθ cosψ + tanφ sinψ

cosθ
0
0
0


g2 =



0
0
0
1
0
0


g3 =



0
0
0
0
1
0


g4 =



0
0
0
0
0
1



The corresponding distributions are given by

G0 = span{g2,g3,g4}
G1 = span{g2,g3,g4,adg1g2,adg1g3}

whereG0 andG1 are involutive, andG1 has rank 5.
Sincen2 + n3 + n4 + 4 = 6, if n2 = n3 = 1 andn4 = 0,

then the conditions for determiningh1 . . . h4 are given by

dh1⊥G0, dL0
g1

h2⊥G0, dL0
g1

h3⊥G0, dh1⊥G1
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where note that the scalarh4 can be selected arbitrarily be-
cause ofn4 = 0.

The concrete distributionsG0 andG1 are as follows:

G0 =



0 0 0
0 0 0
0 0 0
1 0 0
0 1 0
0 0 1



G1 =



0 0 0 0 0
0 0 0 cosψ

cos2 φ cosθ − sinψ
cos2 θ + tanφ sinθ

cos2 θ cosψ

0 0 0 cosψ
cos2 φ cosθ − sinψ

cos2 θ + tanφ sinθ
cos2 θ cosψ

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0


In order to satisfy the conditions:

dh1⊥G0, dh1⊥G1 (9)

h1 should be
dh1 = [∗ 0 0 0 0 0] (10)

where∗ denotes any free element that the designer can se-
lect it arbitrarily. From this fact, we selecth1 such as

h1 = z (11)

The scalarsh2 andh3 have to satisfy the conditions:

dL0
g1

h2⊥G0, dL0
g1

h3⊥G0 (12)

which yields the following candidates in a derivative form:

dh2 = [∗ ∗ ∗ 0 0 0], dh3 = [∗ ∗ ∗ 0 0 0] (13)

Taking account of the fact that the variablez has been al-
ready selected forh1, it follows that

h2 = y, h3 = x (14)

Sinceh4 can be selected freely as pointed out above, we
decide

h4 = ψ (15)
From these discussions, it is found that

Φ (q) =



h1

L1
g1

h2

h2

L1
g1

h3

h3

h4


=



z
tanθ sinψ − tanφ cosψ

cosθ
y

tanθ cosψ + tanφ sinψ
cosθ

x
ψ



Ξ (q) =



1 0 0 0
L2

g1
h2 Lg2 L1

g1
h2 Lg3 L1

g1
h2 Lg4 L1

g1
h2

L2
g1

h3 Lg2 L1
g1

h3 Lg3 L1
g1

h3 Lg4 L1
g1

h3

L1
g1

h4 Lg2 L0
g1

h4 Lg3 L0
g1

h4 Lg4 L0
g1

h4



=



1 0 0 0
0 − cosψ

cos2 φ cosθ
sinψ
cos2 θ

− tφ sinθ
cos2 θ

cosψ tφ sinψ
cosθ + tθ cosψ

0 sinψ
cos2 φ cosθ

cosψ
cos2 θ

+ tφ sinθ
cos2 θ

sinψ tφ cosψ
cosθ − tθ sinψ

0 0 0 1


wheretα denotes tanα.

5 Discontinuous Control

The kinematic model of X4-flyer with a chained form
transformation is stabilized by using the Astolfi’s discon-
tinuous feedback control [5].

The resultant system with a chained form transforma-
tion is described by

ż=



ξ̇0

ζ̇0

ζ̇1
η̇0
η̇1
γ̇0


=



v1
v2
ζ0v1
v3
η0v1
v4


(16)

In order to make the above system discontinuous, applying
a coordinate transformation as aσ process yields

y1 = ξ0, y2 = ζ0, y3 =
ζ1

ξ0

y4 =
η0

ξ0
, y5 =

η1

ξ2
0

, y6 =
γ0

ξ0
(17)

When definingZ1 = ξ0 andZ2 = [ζ0 ζ1 η0 η1 γ0]T as the
coordinates with no transformation, this is equivalent to se-
lect thatσ = ξ2

0 andΦ = [ζ0ξ
2
0 ζ1ξ0 η0ξ0 η1 γ0ξ0]T in the

transformed coordinatesY1 = ξ0, Y2 = Φ (Z1, Z2) /σ (Z1).
Here, it is satisfied thatσ(0) = 0 and Φ(0, Z2) =
[0 0 0 η1 0]T , 0.

Differentiating the above new state variables, defining
v3 = ξ0v̂3 andv4 = ξ0v̂4, and rearranging it gives

d
dt



y1
y2
y3
y4
y5
y6


=



1 0 0 0
0 1 0 0

(y2 − y3) 1
y1

0 0 0
− y4

y1
0 1 0

(y4 − 2y5) 1
y1

0 0 0
− y6

y1
0 0 1




v1
v2
v̂3
v̂4



=

[
g11 g12
g21 g22

]
v (18)

Furthermore, defining Y1 = y1 and Y2 =[
y2 y3 y4 y5 y6

]T , and settingv1 = −ky1 gives

g21 × v1 = −k



0
y2 − y3
−y4

y4 − 2y5
−y6


△
= f (Y2) (19)
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Fig. 2: Controlled state vari-
ables in a chained form
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Fig. 3: Discontinuous con-
trol inputs

so that

Ẏ2 = f (Y2) + g22


v2
v̂3
v̂4



=



0 0 0 0 0
−k k 0 0 0
0 0 k 0 0
0 0 −k 2k 0
0 0 0 0 k





y2
y3
y4
y5
y6


+



1 0 0
0 0 0
0 1 0
0 0 0
0 0 1




v2
v̂3
v̂4


(20)

which is shown to be controllable. Therefore, it is easy to
find a continuous function as a linear state feedback that
can asymptotically stabilize this system.

6 Simulation

Settingk = 1 and assigning the closed-loop poles as
[−1 − 2 − 3 − 4 − 5] for theσ transformed system, the
resultant feedback gain matrix is obtained, so that the input
[v2 v̂3 v̂4]T can be described by


v2
v̂3
v̂4

 = −

8 −18 1 −6 0
1 −3 10 −32 0
0 0 0 0 2





y2
y3
y4
y5
y6


(21)

The simulation results are shown in Fig. 2 to Fig. 5,
where the initial state vector was set toq0 =

[1.5 1.5 − 2.0 π/10 π/10 π/10]T and the desired value
wasqr = [0 0 0 0 0 0]T .

Fig. 2 shows the time-responses of the state variables for
the system with the chained form transformation, whereas
Fig. 3 denotes the control inputs for such a chained form
system. It is found from Figs. 4 and 5 that the latitude,
horizontal position, and all attitude angles converged to the
desired values in a shot time by applying the proposed dis-
continuous control method.
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Fig. 4: Position control
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Fig. 5: Attitude control

7 Conclusion

An underactuated control method has been considered
for a VTOL aerial robot with four rotors, where a kine-
matic model was used to rely on a discontinuous con-
trol approach. To assure a globally asymptotic stability
for the kinematic model based control system (or a global
controllability for the controlled objective), the canonical
form of a chained form, consisting of a kinematic model
with one generator-three chains, was obtained. Then, the
Astolfi’s discontinuous control approach was applied for
such a canonical form to realize an underactuated control
method that controls six states by four rotor inputs. The
effectiveness of the method was proved through a simula-
tion.
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Abstract

In this paper, a new desktop NC machine tool with
compliance control capability is presented for finish-
ing metallic molds with small curved surface. The NC
machine tool consists of four single-axis robots. Tools
attached to the tip of the z-axis are ball-end abrasive
tools. The control system of the NC machine tool is
composed of a force feedback loop, position feedback
loop and position feed-forward loop. The force feed-
back loop controls the polishing force consisting of tool
contact force and kinetic friction force. The position
feedback loop controls the position in pick feed direc-
tion. Further, the position feed-forward loop leads the
tool tip along cutter location data. In order to first
confirm the application limit of a conventional indus-
trial robot to a finishing task, we evaluate the back-
lash that causes the position inaccuracy at the tip of
an abrasive tool, through a simple position/force mea-
surement. Through a similar measurement and a sur-
face following control experiment along a lens mold,
the basic position/force controllability with high reso-
lutions is demonstrated.

1 Introduction

In this paper, a new desktop NC machine tool
with compliance control capability is presented for fin-
ishing metallic molds with small curved surface. The
NC machine tool consists of four single-axis robots.
Tools attached to the tip of the z-axis are ball-end
abrasive tools. The control system of the NC machine
tool is composed of a force feedback loop, position
feedback loop and position feed-forward loop [1]. The
force feedback loop controls the polishing force con-
sisting of tool contact force and kinetic friction force.
The position feedback loop controls the position in
pick feed direction. Further, the position feed-forward
loop leads the tool tip along cutter location data. It is
expected that the NC machine tool delicately removes
surface cusps with under about 0.3 mm height on a
mold, and finishes the surface with high quality. In
order to first confirm the application limit of a con-
ventional industrial robot to a finishing task, we eval-
uate the backlash that causes the position inaccuracy
at the tip of the abrasive tool, through a simple posi-
tion/force measurement. Through a similar measure-
ment and a surface following control experiment along
a lens mold, the basic position/force controllability of
the proposed NC machine tool is demonstrated.

2 Limitation of an Industrial Robot

In this section, effective stiffness, valid position
resolution of Cartesian-based servo system and force
resolution in a finishing system based on an industrial
robot are evaluated. The effective stiffness means the
total stiffness including the characteristics composed
of an industrial robot itself, force sensor, attachment,
abrasive tool, workpiece, zig and floor. The indus-
trial robot used is the MOTOMAN-UP6. A 6-DOF
compact force sensor is attached to the arm tip, and
a ball-end abrasive tool is fixed to the tip through a
servo spindle.

Figure 1 shows the relation between the position
and contact force obtained by a simple contact experi-
ment. The quantity of the position is the z-directional
component at the tip of an abrasive tool, which is cal-
culated by the forward kinematics using the joint an-
gles obtained from the inner encoders. The quantity of
force is yielded by contacting the tool tip with a work-
piece and is measured by the force sensor. When the
tool tip contacts to a workpiece, small manipulated
variables under 0.01 mm could not cause any effective
force measurements, so that we conducted the experi-
ment while giving the minimum resolution −0.01 mm
in press motion and 0.01 mm in unpress motion.

In the experiment, the tool tip approached to an
aluminum workpiece with a low speed, and after
touching the workpiece, i.e., after detecting a contact
force, the tool tip was pressed against the workpiece
with every 0.01 mm. The graph written with black
squares in Fig. 1 shows the relation the position and
contact force. The force is about 36 N when the posi-
tion of the tool tip is −0.3 mm, so that the effective
stiffness within the range can be estimated with 120
N/mm. After the contact motion, the tool tip was
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Figure 1: Static relation between position and contact
force in case of an industrial robot.

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 779



away from the workpiece once, and returned to the
position again where 36 N had been obtained. After
that, the tool tip was unpressed every 0.01 mm. The
graph written with • shows the relation of the posi-
tion and contact force of this case. It is observed from
the results that there exists a large backlash about
0.1 mm. This value is almost the same compared to
the general one that is guaranteed as repetitive posi-
tion accuracy of articulated industrial robots. That is
the reason why in order to design a polishing system
using an industrial robot we must consider a force con-
trol system with the force resolution 1.2 N under the
position uncertainty 0.1 mm.

3 NC Machine Tool with Compliance

Figure 2 shows the developed NC machine tool con-
sisting of four single-axis robots with a position resolu-
tion of 1 µm. The size of the machine tool is 850 × 645
× 700 mm. The single axis-robot is a position control
device ISPA with high-precision resolution provided by
IAI Corp., which is composed of a base, linear guide,
ball-screw, AC servo motor. The effective strokes in
x-, y- and z-directions are respectively 400, 300 and
100 mm. To regulate the tool revolution, the robot
used in z-direction has a spindle motor between the
tool and force sensor.

The hardware block diagram is shown in Fig. 3.
Figure 4 shows the static relation between position
and contact force in case of the proposed NC machine
tool with a ball-end abrasive tool. The experiment was
conducted in the same condition as shown in Fig. 1. It
is observed that the undesirable backlash is largely de-
creased and the effective stiffness is about 30/0.2=150
N/mm. On the other hand, Figure 5 shows the re-
lation in case that a ball-end elastic abrasive tool is
used. It is observed that the effective stiffness changes
down to about 30/0.36.=.83.3 N/mm according to the
property of the elastic abrasive tool. As can be seen,
the effective stiffness of force control system is largely
affected by the kinds of the abrasive tool used. In the
case of the elastic abrasive tool called a rubber abra-
sive tool, the force resolution about 0.083 N can be
performed due to the position resolution of 1µm.

4 Weak Coupling Control

The tool tip is controlled by the translational
velocity given by

Wv(k) = Wvt(k) + Wvn(k) + Wvp(k) (1)

where k denotes the discrete time; superscript W de-
notes the work coordinate system. It is assumed that
the polishing force is the resultant force of the contact
force and friction force, and also is obtained as the
resultant force of x-, y- and z-directional force sen-
sor measurements. Figure 6 shows the proposed block
diagram of the CL data-based hybrid position/force
controller with weak coupling. First of all, Wvt(k)
is the manipulated variable generated from the feed-
forward control law based on CL data. Wvt(k) is the

850×645× 700 mm

Figure 2: Proposed NC machine tool with compliance.

Driver

Driver

Driver

Driver

AC servo motor + Single-axis robot (x-axis)

AC servo motor + Single-axis robot (y-axis)

AC servo motor+ Single-axis robot (z-axis)

AC servo motor+ Single-axis robot (a-axis)

PC
OS: Windows XP
Sampling rate: 1msec
(Multimedia timer)

Motor controller
(C-V870)

Encoder signal
Pulse signal

Force sensor
Force signal

Receiver board
(PCI-2184Q)

Figure 3: Hardware block diagram of the proposed NC
machine tool composed of four single-axis robots.

tangential velocity and written by

Wvt(k) = vtangent(k)
Wt(k)∥∥Wt(k)

∥∥ (2)

where vtangent(k) is a velocity norm. Wt(k) is the tan-
gential vector calculated by using the CL data. Also,
Wvn(k) is the manipulated variable generated from the
force feedback control law. Wvn(k) is the normal ve-
locity written by

Wvn(k) = vnormal(k)Wod(k) (3)

where Wod(k) is the normal vector calculated using
the direction components of CL data. The scalar
vnormal(k) representing the normal velocity is the out-
put of the impedance model following force control law
given by

vnormal(k) = vnormal(k − 1) e
− Bd

Md
∆t

+
(
e
− Bd

Md
∆t − 1

)Kf

Bd
Ef (k) (4)

where Kf is the force feedback gain, and impedance
parameters Md and Bd are the desired mass and damp-
ing coefficients, respectively. ∆t is the sampling time.
Ef (k) is the error between the desired polishing force
Fd and norm of force SF (k) ∈ ℜ3 measure by the force
sensor, which is given by

Ef (k) = Fd − ∥SF (k)∥ (5)

where superscript S represents the sensor coordinate
system. Also, Wvp(k) is the manipulated variable
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Figure 4: Static relation between position and contact
force in case of the proposed NC machine tool with a
ball-end abrasive tool.
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Figure 5: Static relation between position and contact
force in case of the proposed NC machine tool with a
ball-end elastic abrasive tool.
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Figure 6: Block diagram of the CL data-based hybrid
position/force controller with weak coupling.

yielded by a position feedback control law given by

Wvp(k) = Sp

{
KpEp(k) + Ki

k∑
n=1

Ep(n)
}

(6)

where the switch matrix Sp = diag(Sx, Sy, Sz) makes
the weak coupling control to force control direction
active or inactive; Ep(k) = Wxd(k) − Wx(k) is the
position error. The desired position Wxd(k) is calcu-
lated using CL data. Kp = diag(Kpx,Kpy,Kpz) and
Ki = diag(Kix,Kiy, Kiz) are proportional and inte-
gral gains for position feedback control.

Next, a desired damping tuning method using the
effective stiffness of the NC machine tool is proposed
considering the critical damping condition. When the

Lens mold

Force sensorSpindle

Ball end abrasive tool

Figure 7: Profiling control scene along a spiral path.

polishing force is controlled, the characteristics of force
control system can be varied according to the combi-
nation of impedance parameters such as the desired
mass and damping. In order to increase the force con-
trol stability the desired damping, which has much in-
fluence on force control stability, should be tuned suit-
ably. Eq. (4) is derived from the following impedance
model.

Md(ẍ − ẍd) + Bd(ẋ − ẋd) = Kf (F − Fd) (7)

where ẍ, ẋ and F are the acceleration, velocity and
force scalars in the direction of force control, respec-
tively. ẍd, ẋd and Fd are the desired acceleration, ve-
locity and force, respectively. When the force control
is active, ẍd and ẋd are set to zero. It is assumed that
F is the external force given by the environment and
is model as

F = −Bmẋ − Kmx (8)

where Bm and Km are the viscosity and stiffness coef-
ficients of the environment, respectively. Eqs. (7) and
(8) lead to the following second order lag system.

ẍ +
Bd − KfBm

Md
ẋ +

KfKm

Md
x = 0 (9)

The critical damping condition of Eq. (9) leads to

Bd = 2
√

MdKfKm − KfBm (10)

The base value for the desired damping is calculated
with Eq. (10).

5 Experiment

In this section, the fundamental performance of the
proposed NC machine tool is evaluated with respect to
force control and position control. A profiling control
experiment is conducted by using a plastic lens mold
after NC machining as shown in Fig. 7. The target
mold is regularly machined with the forms whose di-
ameter and depth under the partition line are 30 mm
and 5 mm, respectively. At the start of the experi-
ment, a small ball-end elastic abrasive tool approaches
to the center of machined part with 2 mm/s. After de-
tecting 5 N, which is 1/2 of the desired polishing force
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Figure 9: Control result of the polishing force ∥SF (k)∥.

10 N, the tool tip starts to follow a spiral path. The ef-
fective stiffness Km is estimated 30/0.36 .=.83.3 N/mm
in case of the ball-end elastic abrasive tool. The de-
sired mass Md and force feedback gain Kf are set to
0.01, respectively. Also, it is assumed that KfBm

.=.0
since the viscosity of the force control system is consid-
erably small. Accordingly, Eq. (10) leads to Bd=0.183
N·s/mm.

Next, control systems in x-,y- and z-directions are
explained. The polishing force and z-directional posi-
tion are regulated by feedback control laws and also
x- and y-directional positions are feedforwardly con-
trolled based on CL data. The CL data, that are de-
sired trajectory, forms a spiral path with 0.8 mm pitch
in x-y plane. Figure 8 shows the position control re-
sult, in which the pitch in x-y plane at the height 4
mm becomes about 0.7 mm. This is caused by that the
manipulated variable from the force feedback control
law gradually yields in x- and y- directions when the
tool goes up along the spiral path. In other words, the
reason is that only z-direction is designed with a po-
sition closed loop, the positions in x- and y-directions
are corrected by the manipulated variable of the force
control system, i.e., by the constraint of the force con-
trol system. Also, z-directional position was designed
with a weak closed loop by using a small gain 0.001,
so that a weak coupling was conducted against to the
force feedback loop. In spite of such a situation, the
mean error of z-directional position was about 2.7 µm.

The mean error of z-directional position is obtained by

EPz =

∑N
n=1

√
[Wxdz(n) − Wxz(k)]2

N
(11)

where N is the total step number in CL data, i.e.,
the number of ’GOTO’ statement. Wxdz(n) is the
z-directional component at the n step in CL data,
Wxz(k) is the z-directional position at the tool tip ob-
tained from an encoder. k is the discrete time when
the Wxdz(n) is set.

Figure 9 illustrates the control result of the polish-
ing force. The upper, second and third figures show
x-,y- and z-directional forces in sensor coordinate sys-
tem, respectively. The lower figure shows the norm
∥SF ∥. It is observed from the SFx and SFy that the
direction of force control frequently varies due to the
position control along the spiral path. Also, although
the force measurements in x- and y-directions increase
with the rise of the tool and the z-directional force one
decreased gradually, it can be confirmed that the ∥SF ∥
could satisfactorily follow the reference value 10 N.

6 Conclusions

In this paper, we have first examined the res-
olution of position and force, and effective stiffness
through an experiment using an articulated 6-DOF in-
dustrial robot. Also, technical points to be improved
have been considered to develop a new finishing sys-
tem which can be applied to small workpieces with
curved surface. Next, a Cartesian-Type robot with
a position resolution of 1 µm and force resolution of
0.083 N has been designed by combining single-axis
robots. A hybrid position and force controller with
compliance controllability has been also proposed for
finishing task, in which position control, force control
or their weak coupling control can be selected accord-
ing to each finishing strategy.

Further, we have introduced a systematic tuning
method of the desired damping which is calculated
from the critically damped condition using the static
relation between the position and force at the tool
tip. Finally, a profiling control experiment of a plas-
tic lens mold with axis symmetric surface has been
conducted along a spiral path to evaluate the charac-
teristics of position and force control. Consequently,
it has been confirmed that the proposed NC machine
tool has a desirable control performance of position
and force which would be applied to the finishing task
of plastic lens molds.
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Abstract

A fuzzy coach-player system is here improved as an in-
struction system with voice interface. However, this system
deals with some fuzziness included in voice instructions
and introduces hierarchical instructions, which is com-
posed of two instruction levels. One is a local instruction
level that uses any action commands directly. The other is
a global instruction level that uses a task command. Such a
fuzzy coach-player system is applied for the manipulation
of a robotic forceps and the effectiveness of the present sys-
tem is verified through some experiments.

1 Introduction

Recently, voice is often used as a communication inter-
face between human and robot, because it is very natural
and convenient to use it in a social robotics. We can see
several situations that used the voice as a communication
tool, e.g., in welfare robots, powered wheel chairs, guid-
ance robots, pet robots [1]–[5], etc.

We have already developed a fuzzy coach-player sys-
tem, where a human can be viewed as a coach in a sport,
while a robot can be regarded as a player, and they com-
municate each other through the natural voice instructions
uttered by the coach. This system has been already ap-
plied for the learning of commands for the motion of a ma-
nipulator [6],[7], the recognition of colored objects[8], the
getting of complex motions of a redundant manipulator[9],
etc. Note however that using only a direct voice instruction
such as “move to the right” to a robot is an inconvenient in-
struction to a concrete task implementation, such as “travel
to a target point.”

In this paper, the fuzzy coach-player system is further
improved as an instruction system with voice interface.
However, this system deals with some fuzziness included
in voice instructions and introduces hierarchical instruc-
tions, which is composed of two instruction levels. One is
a local instruction level that uses any action commands di-
rectly. The other is a global instruction level that uses a task
command. Such a fuzzy coach-player system is applied for
the manipulation of a robotic forceps and the effectiveness
of the present system is verified through some experiments.
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Fig. 1: A fuzzy coach-player system

2 Fuzzy Coach Player System

2.1 The Outline of Fuzzy Coach Player System

The fuzzy coach-player system regards the relationship
between human and robot as a coach and a robot, where
it can take account of any fuzziness included in voice in-
structions and can deal with a subjective evaluation due to
the coach. The outline of a fuzzy coach-player system in
this research is shown inFig. 1.

In order to make human and robot perform a cooperative
work smoothly, it needs to have the following items:

1. Intention understanding: The player reflects fuzzy
representations, which are included in a voice instruc-
tion uttered from the coach, into his actions, according
to his state conditions;

2. Evaluation due to the coach: The coach observes the
action of the player, performs the subjective evalua-
tion of whether the desired action has been attained,
and he decides whether to issue the following instruc-
tion;

3. Improvement by the player himself: The player not
only receives an instruction from the coach, but per-
forms an improvement so that the former actions may
be employed efficiently.

2.2 Voice Instruction by the Coach

Assume that at timek, an input sequence of fuzzy voice
instruction uttered by the coach and collected from a mi-
crophone,v(k), is handed over by a voice recognizer, and
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Fig. 2: System structure

Table 1: Keywords

Keywords
vbt hold, carry, travel
vbd close, release, complete, move
vc yellow, black, white
vd right, left, forward, backward, up, down
ve a little, more

it can be split into an unnecessary language variable to the
motion command,va(k), a task related verbvbt(k), a direct
action related verbvbd(k), an action objective nounvc(k), a
direction related adverbvd(k), and a degree related adverb
ve(k). Here,v(k) ∈ V, va(k) ∈ V, vbt(k) ∈ V, vbd(k) ∈ V,
andvc(k) ∈ V, vd(k) ∈ V, ve(k) ∈ V, whereV denotes a
voice space that represents a time series in character level.

The structure of an experimental setup in this research
consists of a robot manipulator with 7-dof (called PA10,
which is provided by the Mitsubishi Heavy Industries Ltd.)
where a forceps is attached on the tip of the manipulator,
a PC for control, a microphone for gathering voice input,
and a camera for image input. The outline of the system is
depicted inFig. 2.

In the voice processing part, the voice inputv(k) com-
ing from the microphone is processed in turn for the voice
recognition, the morphological analysis, and the pattern
matching in order to extractvbt(k), vbd(k)，vc(k)，vd(k)，
andve(k). The keywords used in this research are tabulated
in Table 1.

3 Hierarchical Voice Instruction

In a method that makes the robot travel to a desired posi-
tion by repeating a direct action instruction such as “move
to the right,” “more right,” etc., the robot is just repeating
a local motion, so that it cannot recognize a task such as
“travel to a target.” In order to recognize a task, it needs to
use a hierarchical instruction composed of a global instruc-
tion in a higher level and a local instruction in a lower level,

where the robot travels deciding by him for the global in-
struction, whereas the coach observes and evaluates it, and
consequently gives a local instruction. In other words, the
player should acquire the knowledge and the decision cri-
terion required for completing the task. Thus, a set of these
exchanges are needed for the fuzzy coach-player system.

Two instruction levels are introduced into the proposed
system. One is a global instruction that instructs a task,
consisting ofvbt andvc. The other is a local instruction that
instructs a direct action, consisting of the combination of
vbd, vd andve.

For such a proposed system, the user first makes a global
instruction and then makes a local instruction, observing
the actions of the player. The player makes a decision that
there was a global instruction, ifvbt andvc were included in
the contexts of the instruction uttered by the coach. Since
there is no information initially for implementing the task,
however, it needs to obtain a local instruction from the
user. When acting under the local instruction, the required
knowledge should be memorized, according to the global
instruction.

4 Actions of the Player

The player decides the next action, according to the in-
struction uttered by the coach. Let the variables used for
deciding the action be given by

r(k): the tip coordinate vector for the manipulator
m(k): the amount to move
d(k): the direction to move
Pi : the coordinate of the objectivei

Here,k denotes the step number of the voice instruction,
wherek = 1 for the instant when the taskvbt was instructed
from the coach.Pi denotes the position coordinate for the
task objective, where initiallyi is to be 0 and its position is
to be unknown. Assign a number to multiplevc’s from 1 at
the order instructed from the coach.

4.1 The Decision of the Movement Direction

When receiving the taskvbt from the coach, the player
decides the movement directiond(k) based on the follow-
ing procedure:

if( there is no directional instruction
from the coach ){

if( Pi is not memorized ){
if( k = 1 ){
case 1

}else{
case 2

}
}else{
case 3

}
}else{
case 4

}
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Fig. 3: The quantification of a degree related adverb

Here, each processing shown in the above procedure is
as follows:

• case 1: a random direction given by

d(k) = random (1)

• case 2: a direction that a random component is added
to the previous movement direction, given by

d(k) = d(k− 1)+ random (2)

• case 3: a direction that is direct from the current posi-
tion to the object, described by

d(k) =
Pi − r(k)
||Pi − r(k)|| (3)

• case 4: a direction instructed by the coach, given by

d(k) = direction(vd(k)) (4)

4.2 Determining the Amount of Movement by
Fuzzy Reasoning

The degree related adverbve(k), which is included in the
voice instruction, is quantified by using a fuzzy reasoning
as shown inFig. 3. The fuzzy reasoning is a simplified
reasoning method, which consists of two inputs and one
output, and its consequent part is composed of a constant.
After expressingve(k) numerically as shown inTable 2,
the first input to the fuzzy reasoning, ˆve(k), is a weighted
time-averaging value described by

v̂e(k) =
1

w1 + w2
{w1ve(k) + w2ve(k− 1)} (5)

whereve(0) = 0.5, w1 = 1.8 andw2 = 1. The second input
to the fuzzy reasoning is the previous amount of movement,
m(k− 1), wherem(0) = 0.

The membership functions for ˆve(k) andm(k−1) are set
respectively, as shown inFig. 4 andFig. 5. The number of
resultant fuzzy rules is 3×3 = 9 as shown inTable 3, where
the constants of consequent parts are tabulated inTable 4.
When defining the output of fuzzy reasoning asm(k), the
next tip coordinater(k+ 1) is determined by

r(k+ 1) = r(k) +m(k) · d(k) (6)

Table 2: Numerical values for the degree related adverbs

Word A little None More

ve 0 0.5 1
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Fig. 4: Fuzzy set for ˆve
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Fig. 5: Fuzzy set form(k− 1)

4.3 Memory of Objective Positions

When receiving two successive instructions consisting
of vbt = “hold” and vbd = “close,” vbt = “carry” andvbd =
“release,” orvbt = “travel” andvbd = “complete,” the player
memories the current tip position of the manipulator as a
position coordinatePi for the objecti.

5 Experiments of Real System

As experiments for a real system, the tip position control
of a robotic forceps was conducted to hold and carry some
objects. The coach who is also a user first globally makes
an instruction that includes a taskvbt and its objectvc. Ac-
cording to such an instruction, he observes the motion that
was produced by the robot who is also a player, and locally
makes an instruction that includes a directional modifica-
tion vd and a degree-related modificationve, if necessarily.
Here note that the negativex-direction means the forward
direction, the negativey-direction denotes the right direc-
tion, the positivez-direction means the upward direction,
and the height of the work support is assumed to be known.

As an example of the actions due to the real system,
Figs. 6, 7 and 8 show the scenes where tasks such as
“travel to white,” “hold yellow,” and “carry to white” are
performed in order.

Since the player had no information on “white” and
“yellow” for the tasks of “travel to white” and “hold yel-
low,” the coach made the robot reach the objective points
by instructing the direction and the degree, if needed. For
the third “carry to white,” the player was directed linearly
to the object by using the information on “white” that had
been already acquired by him.
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Table 3: Fuzzy rules

Previous amount of movement

S M B

Vo
ic

e
co

m
m

an
d

S VS S M

M S M B

B M B VB

Table 4: Fuzzy set form(k)

Label VS S M B VB

Value [mm] 5 20 40 100 150

6 Conclusion

This paper has tried to realize a cooperative work be-
tween human and robot by introducing a hierarchical in-
struction for a fuzzy coach-player system. Combining a
global instruction and a local one proved that a holding task
of an object or a traveling task of the tip of a forceps was
performed effectively.
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Abstract : This paper presents the inverse kinematic analysis and the modeling of a indigenously developed 3-axes planar 
articulated robot arm with indigenous components and to use that developed inverse kinematic model to perform a glass 
cutting application in the operational space of the planar arm with a diamond cutter / drill bit as the tool at the end-effector 
point.  A user friendly GUI developed in Matlab is used for entering the inputs to the system. The main objective of this 
work was to obtain the general-purpose inverse kinematic equations, so that those equations can be used by any 3-axes 
planar mechanisms to do any type of job / application.  
 
Keywords : Planar mechanisms, Inverse kinematics, Drilling operation, Cutting operation, Tool configuration vector, Row 
operations.
 

I. INTRODUCTION 

Robotics is an interdisciplinary field that mixes 
various engineering disciplines into one. A modest 
attempt was made in this field to design and fabricate a 
unique 3-axes system with indigenous components. For 
this developed and fabricated system, a mathematical 
model based on the inverse kinematics was obtained. The 
main objective of this research work was to develop a 
inverse kinematic mathematical model for a indigenously 
developed 3-axes planar articulated robot arm, known as 
‘PLANBOT’ and to use that mathematical model to do a 
successful pick and place task or to do some application 
such as a drilling operation or a glass cutting operation.  

A 3-axes planar articulated robot arm is designed and 
fabricated in the college laboratory. A user friendly GUI 
developed in MATLAB language is used for maneuvering 
the planar mechanism, which we have named it as the 
PLANar roBOT. This user friendly GUI is interconnected 
to the hardware system through the computer, controller, 
electronic circuitries and the software. This user-friendly 
module is designed and successfully implemented for the 
operation of the entire system so as to do some specific 
operation, say cutting a glass with a diamond cutter 
placed at the tip of the planbot which acts as the tool.  

The mechanical hardware of the robotic system 
consists of 3 actuators, 2 links & 3 joints. All the 3 joints 
are rotary or articulated in nature. The 1st joint is named as 
the base, the 2nd one is named as the shoulder & the 3rd 
joint is named as the roll to which a diamond cutter / drill 
bit is attached to cut the glass / drill a hole. Thus, the 
hardware system is having 3 DOF, with 2 positioning axes 
and 1 orientation axis in a plane. Stepper motors actuate 
all the 3 joints. The planar robot was also simulated on the 
computer & the successful demonstration of the 
simulation results & the experimental results were also 
validated using the IK model.  

The pick and place point (in 2D) in the work space of 
the planbot is given as input to the computer which in turn 
is connected to the hardware using the parallel port and 
the driver, i.e., the controller. Once, the input pick and 
place point is given to the computer, this input is taken by 
the developed mathematical inverse kinematic model.   
The software and this IK model calculates the sets of joint 
variables to go and reach that pick and place point and the 
robot immediately goes and stops at that point in the 
shortest path.  A brief inverse kinematic modeling was 
also carried out for the developed 3-axes planar 
mechanism. Row operations used in trigonometry in 
mathematics are used to develop the inverse kinematic 
model, which consists of a set of IK equations [5].  
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The 2 inputs to the inverse kinematic model are the 

position - orientation and the geometric link parameters, 
i.e., the physical dimensions of the robot arm, which is a 
constant parameter and stored in the memory of the 
computer.  Planbot employs a sophisticated application - 
controlling interface created in Matlab, as it was a 
fantastic programming language for any application 
software development [6].  

The inverse kinematic model was successfully 
demonstrated to do a glass cutting operation. Sensors are 
also used at the tip of the robot for sensing the actual 
pressure that is to be applied to cut the glass or to drill a 
hole in the wood. The tool used for performing this 
operation was a diamond cutter which was attached to the 
tip of the roll motor, which was fixed at the end of the 
planar mechanism which was acting as the tool (EE).  
The developed inverse kinematic model was also used to 
perform another operation, i.e., to do a drilling operation 
in a glass or a wooden sheet for which the tool used is a 
drill bit. This developed inverse kinematic model also 
incorporates the obstacle avoiding algorithms also during 
the pick and place operation / job / application [7]. 

The paper is organized as follows. First, a introduction 
to robotics, the physical construction of the planar 
mechanism was presented in the previous section. In 
section 2, the block diagram of the inverse kinematic 
model along with the LCD is presented. Thirdly, the 
inverse kinematic algorithm is presented in section 3. 
Section 4 gives the development of the IK modeling 
equations.  Section 5 gives the advantages of the inverse 
kinematically modeled robot along with the conclusions 
followed by the references.   

 
II. BLOCK DIAGRAM OF THE IK MODELING   

 

In this section, we develop the inverse kinematic 
mathematical model for performing any application by the 
designed and fabricated unit. The 3 axis planar articulated 
robot arm’s LCD is shown in Fig. 1.  There are 2 links a1 
and a2, which are moving parallel to the plane of the work 
surface, and there are 3 rotary joints J1, J2, J3.  All the 3 
joint axes are parallel and ⊥r to the work surface x0 y0.  
The 3 joint variables are given by θ1, θ2, θ3.  The tool is 
facing in the downward direction as a result of which the 
approach vector r3 = z3 is pointing downwards as shown 
in the LCD [1]. 

θ1

x0

p
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Tool

y0

z  up0 
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L2

z  ,  2  z  down3 z  up1 

Tool  facing 
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x1y1

x2

y2

a1

a2
, x3

, y3

Tool
Roll

L3

θ3

Robot  in  the  x-y  plane ,
 looking  from  the  top

 
Fig. 1  LCD of the 3-axes planar arm 

 

To develop the IK model, for the one line diagram of 
the 3-axes arm as shown in the Fig. 1, first, we state the 
IK postulate as, “given the geometric link parameters and 
the position and orientation or the tool configuration 
vector w, finding the sets of joint variables which will 
satisfy the same position and orientation”. The link 
parameters are constant for a given system and are to be 
given as they are the physical dimensions of the system.   

 

Compute

IK
{ p , R }

TCS R6

q =  
 {  ,   } =  ?
{ q  , q  , q  } 
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w

{ p , R }
6D  space

TCS R6

 

Fig. 2. Inverse Kinematic Block Diagram 
 

III. INVERSE KINEMATIC ANALYSIS ALGO 

The inverse kinematic algorithm developed is shown 
as below [1], [2]. 

3
0

Input the arm matrix
T

↓

 

Input the GLP
, ,a d α

↓

 

1

2

Compute the TCV

( ) ww q
w

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

↓

 

( )2 2
1 2Compute  w w+

↓
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2 2 2 2
1 1 2 1 2

2
1 22

Compute shoulder angle

cos w w a aq
a a

− ⎡ ⎤+ − −= ± ⎢ ⎥
⎣ ⎦

↓

 

( ) ( )
( ) ( )

1 2 2 2 2 2 11
1

1 2 2 1 2 2 2

Compute base angle

tan
a a C w a S w

q
a a C w a S w

− ⎡ ⎤+ −
= ⎢ ⎥+ +⎢ ⎥⎣ ⎦

↓

 

123 21 112

Compute global tool roll angle
tan ( , )q a R R=

↓

 

          3 6

3 123 2 3

Compute tool roll angle
ln

or
q w

q q q q

π=

= − −

 

Fig. 3. Inverse Kinematic Algorithm 
 

IV. THE DEVELOPMENT OF THE IK MODEL 
Output of DK : position  p and  orientation R  of  the 
tool w.r.t. base is given by [1], [3] 

 
 

123 123 1 1 2 12

123 123 1 1 2 12Tool 3
Base 0

3

C S 0 a C +a C
S C 0 a S +a S

T (q)  =  T (q)  =  
0 0 1 d
0 0 0 1

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

  (1) 

     

11 12 13 1

21 22 23 23
0

31 32 33 3

R R R p
R R R p

T
R R R p
0 0 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

 (2) 

     

1 2 3
3
0

r r r pT
0 0 0 1

norm slid app posn

⎡ ⎤
= ⎢ ⎥
⎣ ⎦  (3) 

p1 =  w1  =  a1 C1  +  a2 C12 (4) 
p2 =  w2  =  a1 S1  +  a2 S12 (5) 
p3 =  w3  =  d3  (6) 
w4 =  w5   =  0 (7) 

w6  =  3qexp
π

⎛ ⎞
⎜ ⎟
⎝ ⎠

 (8) 

R11 = R22 = C123 (9) 
R12 = −S123  (10) 
R21 = S123   (11) 
R33 = 1 ;  R13  =  R23  =  0 (12) 
 

The 2 inputs to the IKA is the tool configuration 
vector, which is obtained from the arm matrix and the 
other being the geometric link parameters, which is 
constant for the given system [1], [4].  

The outputs of the IKA, being the sets of joint 
variables, which is used to satisfy the same position and 
orientation. The tool configuration vector is given by [1] 

 

1

332

         p
         w

.....................
w(q)  =   = .....................

q
exp rw π

⎡ ⎤
⎡ ⎤ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎧ ⎫⎛ ⎞⎢ ⎥ ⎢ ⎥⎨ ⎬⎜ ⎟⎣ ⎦ ⎢ ⎥⎝ ⎠⎩ ⎭⎣ ⎦

 (13) 
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w ..................
w q
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q
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π
w
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exp R

π

⎡ ⎤
⎢ ⎥
⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎧ ⎫⎛ ⎞⎢ ⎥ ⎢ ⎥⎨ ⎬⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠⎩ ⎭⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎧ ⎫⎛ ⎞⎢ ⎥⎨ ⎬⎢ ⎥ ⎜ ⎟⎢ ⎥⎝ ⎠⎩ ⎭⎢ ⎥ ⎢ ⎥⎣ ⎦
⎢ ⎥⎧ ⎫⎛ ⎞
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⎝ ⎠⎩ ⎭⎣ ⎦

 (14) 

               

1 1 2 12

1 1 2 12

3

3

(6 1)

a C a C
a S a S

d
......................

w(q)
0
0

q
exp

π ×

+⎡ ⎤
⎢ ⎥+⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎛ ⎞⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 (15) 

To Extract Shoulder Joint Variable q2 = θ2 
Squaring and adding w1 and w2, we get [5] 
w1

2 + w2
2  =  ( a1 C1 + a2 C12 )2 + ( a1 S1 + a2 S12 )2 

 =  a1
2 + a2

2 + 2a1a2 C2 (16) 

∴, q2  =  θ2  = 
2 2 2 2

1 1 2 1 2

1 22
w +w a +acos

a a
− ⎧ ⎫−± ⎨ ⎬
⎩ ⎭

 (17) 

From the above Eq. (17), we see that the IK solution is 
not unique and hence, we get two solutions given by 
q2 = – ; right handed solution, i.e., < 0 ; link a2 moves to  
right [9].       
 
To Extract Shoulder Joint Variable q1 = θ1 

w1  =  a1 C1  +  a2 C12  

w2 =  a1 S1  +  a2 S12   

Expand C12 and S12 using sum of sines and cosines ; 
isolate C1, S1 write in matrix form, collect all C1 terms 
and S1 terms, find A–1 and | A |, solve for q1 [1],[6].  
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w1 =  a1 C1  +  a2 (C1 C2 – S1 S2)   

 =  (a1 + a2 C2) C1 – (a2 S2) S1 (18) 

w2 =  a1S1  +  a2 (S1C2 + C1S2)    
 =  (a2S2) C1 + (a1 + a2C2) S1 (19) 

Writing equations for w1 and w2 in matrix form, we get [1] 

[ ]1 1 2 2 2 2 1 1

2 2 2 1 2 2 1 1

w a +a C a S C C
A

w a S a +a C S S
−⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= =⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (20) 

[ ]
1

11 1 2 2 2 2 1 1

1 2 2 1 2 2 2 2

C a +a C a S w w
A

S a S a +a C w w

−
−−⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= =⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (21) 

A–1 can be computed using adj A

det A
, which is equal to the 

transpose of the co-factors of A
determinant of A

.  Note that for a (2 × 2) 

matrix, adjoint of A is noting but AT. Determinant of A is 
given by | A | =  ( a1 C1 + a2 C12 )2 +  ( a2 S2 )2 
 = a1

2 + a2
2 + 2 a1 a2 C2  

 = w1
2  +  w2

2 (22) 
Substituting the values of A–1 in Eq. (21), we get [1] 

1 2 2 2 2
1 12 2 2 2

1 2 1 2

2 2 1 2
2 2 2 21 2
1 2 1 2 2

a +a C a S
C w

w w w w
a S a +a C

S ww w w w

⎡ ⎤
⎡ ⎤ ⎡ ⎤⎢ ⎥+ +⎢ ⎥ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥−⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦+ +⎣ ⎦

 (23) 

( ) ( )1 2 2 1 2 2 2
1 2 2

1 2

a +a C w a S w
C

w w
+

=
+

 (24) 

( ) ( )1 2 2 1 2 2 21
1 1 2 2

1 2

a +a C w a S w
q θ cos

w w
− +⎧ ⎫

= = ⎨ ⎬+⎩ ⎭
 (25) 

Similarly,  
( ) ( )1 2 2 2 2 2 1

1 2 2
1 2

a +a C w a S w
S

w w
−

=
+

 (26) 

( ) ( )1 2 2 2 2 2 11
1 1 2 2

1 2

a +a C w a S w
q θ sin

w w
− −⎧ ⎫

= = ⎨ ⎬+⎩ ⎭
 (27) 

The above 2 equations (25) & (27) can be used to find the 
value of q1.  But, it gives the base angles only over the 
range (–90°, +90°), i.e., 180° range.  We want the base 
angles over the complete range, i.e., 360° range.  
Therefore, divide S1 by C1 to get tan q1  or  tan θ1 [1]. 

( ) ( )
( ) ( )

1 2 2 2 2 2 11
1

1 1 2 2 1 2 2 2

a +a C w a S wStanθ
C a +a C w a S w

⎡ ⎤−
= = ⎢ ⎥+⎣ ⎦

 (28) 

( ) ( )
( ) ( )

1 2 2 2 2 2 11
1 1

1 2 2 1 2 2 2

a +a C w a S w
q = θ tan

a +a C w a S w
− ⎡ ⎤−

= ⎢ ⎥+⎣ ⎦
 (29) 

The solution given by the above 2 equations gives the 

values of the base angles q1 over the complete range (–π, 
+π), i.e., 360° ; since, we had used the arc tan 2 function.   
 

To Extract Tool Roll Joint Variable q3 = θ3 

From the TCV, we have ; w4 = w5 = 0 [1] 

2 2 2
n 4 5 6,  q π ln w w w∴ = + +  

3 6,  q π ln w∴ =  (30) 

The last joint variable θ3 can also be calculated from the 
components of the rotation matrix from Eq. (1) as  

( )12321
123 1 2 3

11 123

SR tan q tan θ θ θ
R C

= = = + +  

3 123 1 2θ = θ θ θ− − . (31) 
Thus, the IK model equations are finally obtained [8].  

V.  CONCLUSION 

A inverse kinematic analysis was performed for the 
designed 3-axes robot and was successfully implemented 
using a user friendly software written in C++ GUI. The 
robot was controlled using the developed GUI in various 
modes. The task say, the drilling operation’s (drill point) 
position and orientation was given as the input to the IK 
algo and the algo generates the set of joint angles 
necessary to go to that drill point and do the drill 
operation. Similarly, a cutting task was also implemented  
using a diamond cutter as the tool for cutting the glass in 
the form of a circle, square, elliptical fashion, etc.,.  
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Path-Bounded Three-Dimensional Finite Automata
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Abstract
The comparative study of the computational pow-

ers of deterministic and nondeterministic computa-
tions is one of the central tasks of complexity the-
ory. This paper investigates the computational power
of nondeterministic computing devices with restricted
nondeterminism. There are only few results measuring
the computational power of restricted nondetermin-
ism. In general, there are three possibilities to measure
the amount of nondeterminism in computation. In this
paper, we consider the possibility to count the num-
ber of different nondeterministic computation paths on
any input. In particular, we deal with five-way three-
dimensional finite automata with multiple input heads
operating on three-dimensional input tapes.

Key Words : computational complexity, finite au-
tomaton, multihead, path-bounded, three-dimension.

1 Introduction

The question of whether processing three-
dimensional digital patterns is much difficult than
two-dimensional ones is of great interest from the
theoretical and practical standpoints. In recent
years, due to the advances in many application areas
such as computer graphics, computer-aided design /
manufacturing, computer vision, image processing,
robotics, and so on, the study of three-dimensional
pattern processing has been of crucial importance.
Thus, the study of three-dimensional automata as the
computational model of three-dimensional pattern
processing has been meaningful. For example, in [8,9],
a three-dimensional finite automaton was proposed
as a natural extension of the two-dimensional finite
automaton to three dimensions. On the other hand,
the comparative study of the computational powers
of deterministic computations is one of the central
tasks of complexity theory.

In this paper, we investigate the computational
power of nondeterministic computing devices with re-
stricted nondeterminism. However, there are only few
results [1-4] measuring the computational power of re-
stricted nondeterminism. In general, there are three
possibilities to measure the amount of nondeterminism
in computation. One possibility is to count the num-

finite controlfinite control

input heads

three -dimensional input tape

up

east

south
west

north

down

the 2nd axis

the 1st axis

the 3rd axis

the 2nd axis

the 1st axis

the 3rd axis

Fig. 1: Three-dimensional multihead finite automaton.

ber of advice bits (nondeterministic guesses) in par-
ticular nondeterministic computations, and the sec-
ond possibility is to count the number of accepting
computation paths. The third possibility is to count
the number of different nondeterministic computation
paths on any input. This paper considers the third
one. In particular, the paper investigates a hierarchy
on the degree of nondeterminism of five-way three-
dimensional (simple) multi-head finite automata as
a natural extension of the three-way two-dimensional
(simple) multi-head finite automata [5]. Furthermore,
we investigate a relationship between the accepting
powers of nondeterminism and self-verifying nondeter-
minism for five-way three-dimensional (simple) multi-
head finite automata with the number of computation
paths restricted (see Fig.1).

2 Preliminaries

Let
∑

be a finite set of symbols. A three-
dimensional tape over

∑
is a three-dimensional rect-

angular array of elements of
∑

. The set of all three-
dimensional tapes over

∑
is denoted by

∑
(3). Given

a tape x ∈
∑

(3), for each integer j (1≤ j ≤3), we
let lj(x) be the length of x along the jth axis. The
set of all x ∈

∑
(3) with l1(x) = n1, l2(x) = n2,

and l3(x) = n3 is denoted by
∑

(n1,n2,n3). When 1≤
ij≤lj(x) for each j(1≤ j ≤3), let x(i1, i2, i3) denote
the symbol in x with coordinates (i1, i2, i3). Further-
more, we define

x[(i1, i2, i3), (i′1, i
′
2, i

′
3)],
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when 1≤ij≤i′j≤lj(x) for each integer j(1≤ j ≤3), as
the three-dimensional input tape y satisfying the fol-
lowing conditions :

(i)for each j(1≤ j ≤3), lj(y)=i′j-ij+1;
(ii)for each r1, r2, r3(i≤r1≤l1(y), i≤r2≤l2(y),

i≤r3≤l3(y)), y(r1, r2, r3)=x(r1+i1-1, r2+i2-1, r3+i3-
1). (We call x[(i1, i2, i3), (i′1, i

′
2, i

′
3)] the [(i1, i2, i3),

(i′1, i
′
2, i

′
3)]-segment of x.)

For each x∈
∑

(n1,n2,n3) and for each 1≤i1≤n1,
1≤i2≤n2, 1≤i3≤n3, x[(i1, 1, 1), (i1, n2, n3), x[(1, i2, 1),
(n1, i2, n3)], x[(1, 1, i3), (n1, n2, i3)], x[(i1, 1, i3),
(i1, n2, i3)], and x[(1, i2, i3), (n1, i2, i3)] are called the
i1th (2-3) plane of x, the i2th (1-3) plane of x, the i3th
(1-2) plane of x, the i1th now on the i3th (1-2) plane
of x, and the i2th column on the i3th (1-2) plane of x,
and are denoted by x(2-3)i1 , x(1-3)i2 , x(1-2)i3 , x[i1,
∗, i3], and x[∗, i2, i3], respectively.

A five-way three-dimensional multihead finite au-
tomaton (FV3-MHFA) [5] is a finite automaton with
multiple input heads operating on three-dimensional
input tapes surrounded by boundary symbols #’s.
These heads can move east, west, south, north, or
down but not up. A five-way three-dimensional simple
multihead finite automaton (FV3-SMHFA) is an FV3-
MHFA which has only one reading head and other
counting heads which can only detect whether they
are on the boundary symbols or a symbol in the input
alphabet.

When a three-dimensional input tape x is presented
to a three-dimensional device M , M starts in its ini-
tial state with all its heads on x(1, 1, 1). M accepts
the input tape x if and only if it eventually halts in
an accepting state with all its heads on the bottom
boundary symbols #’s.

For a device M , we denote by T (M) the set of
all inputs accepted by M . The states of this device
are considered to be divided into three disjoint sets of
working, accepting, and rejecting states.

A self-verifying nondeterministic device is a device
with four types of states : working, accepting, reject-
ing, and neutral ones. The self-verifying nondetermin-
istic device M is not allowed to make mistakes. If
there is a computation of M on an input x finishing in
an accepting (resp., rejecting) state, then x must be
in T (M) (resp., x must not be in T (M)). For every
input y, there is at least one computation of M that
finishes either in an accepting state (if y ∈ T (M)) or
in a rejecting state (if y /∈ T (M)).

For each k≥1, let FV3-kHFA denote a five-way
three-dimensional k-head finite automaton. In order
to represent different kinds of FV3-kHFA’s, we use the
notation FV3-XYkHFA, where

(1)
{

X = N : nondeterministic,
X = SV N : self−verifying nondeterministic ;

(2)
{

Y = SP : simple,
there is no Y : non−simple.

We denote by L[FV3-XYkHFA] the class of sets of
input tapes accepted by FV3-XYkHFA’s.

Let r be a positive integer. A device M described
above is r path-bounded if for any input x, there are at
most r computation paths of M on x. We denote an
r path-bounded FV3-XYkHFA by FV3-XYkHFA(r),
and denote the class of sets of input tapes accepted by
FV3-XYkHFA(r)’s by L[FV3-XYkHFA(r)].

3 Non-Simple Case

We first prove a strong separation between r path-
bounded and (r+1) path-bounded for five-way three-
dimensional multihead finite automata.

Theorem 3.1. For each positive integers k≥2 and
r≥1,

L[FV3-SVNkHFA(r+1)]–L[FV3-NkHFA(r)]̸=ϕ.

Proof : For each positive integers k≥2 and
r≥1, let T1(k, r)={x∈{0,1}(3) | ∃n≥2rb(k)+1
[l1(x)=l2(x)=l3(x)=n] ∧ ∃i(0≤i≤r-1) [∀j(ib(k)+1≤
j ≤(i+1)b(k)) [x[∗, ∗, j]=x[∗, ∗, 2rb(k)-j+1] ∧
∃z∈{0,1}∗ [x[∗, ∗, 2rb(k)+1]=0i1z (the string of
the symbols forms a line from the first column to
the last column in the (2rb(k)+1)th plane and from
the first row to the last row in a column one after
another)]]}, where b(k)=kC2. To prove the theorem,
it suffices to show that for each k≥2 and r≥1, (1)
T1(k, r+1)∈L[FV3-SVNkHFA(r+1)], and (2) T1(k,
r+1)/∈L[FV3-NkHFA(r)]. First of all we prove Past
(1) of the theorem. T1(k, r+1) is accepted by an
FV3-SVNkHFA(r+1) M which acts as follows. Sup-
pose that an input tape x with l1(x)=l2(x)=l3(x)=n
(n≥2(r+1)b(k)+1) is presented to M . First, M
nondeterministically guesses some i (0≤i≤r) and
checks whether x[∗, ∗, j] and x[∗, ∗, 2(r+1)b(k)-j+1]
are identical for each j (ib(k)+1≤j≤(i+1)b(k)). This
check can easily be done by using a well-known
technique in [10]. If x[∗, ∗, j] ̸=x[∗, ∗, 2(r+1)b(k)-
j+1] for some j (ib(k)+1≤j≤(i+1)b(k)) and x[∗, ∗,
2(r+1)b(k)+1]=0i1z (the string of the symbols forms
a line from the first column to the last column in
the (2(r+1)b(k)+1)th place and from the first row to
the last row in a column one after another) for some
z∈{0, 1}∗, then M enters a rejecting state. If x[∗, ∗,
2(r+1)b(k)+1]̸=0i1z (the string of the symbols forms
a line from the first column to the last column in
the (2(r+1)b(k)+1)th place and from the first row
to the last row in a column one after another) for
some z∈{0, 1}∗, M enters a neutral state, whether
or not x[∗, ∗, j]=x[∗, ∗, 2(r+1)b(k)-j+1] for each j
(ib(k)+1≤j≤(i+1)b(k)). It is obvious that M accepts
T1(k, r+1). On the other hand, by using a standard
technique in [6, 7], we can get Part (2) of the theorem.

¤
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From Theorem 3.1, we have the following corollary
:
Corollary 3.1. For each X∈{N , SV N}, and for each
positive integers k ≥2 and r ≥1,

L[FV3-XkHFA(r)]( L[FV3-XkHFA(r+1)].

We next show a strong separation between self-
verifying nondeterminism and nondeterminism.

Theorem 3.2. For each positive integer k≥2.

L[FV3-NkHFA(2)]–L[FV3-SVNkHFA] ̸=ϕ.

Proof : For each positive integer k≥2, let
T2(k)={x∈{0,1}(3) | ∃n≥4b(k) [l1(x)=l2(x)=l3(x)=n]
∧ ∃i (0≤i≤1) ∃j (ib(k)+1≤j≤(i+1)b(k)) [x[∗, ∗, j] ̸=
x[∗, ∗, 4b(k)–j+1]}, where b(k)=kC2. Then, we have
T2(k)∈L[FV3-NkHFA(2)]–L[FV3-SVNkHFA]. Then,
by using the same idea as in [6,7], we can get the de-
sired result. ¤

From Theorems 3.1 and 3.2, we have the following
corollary:

Corollary 3.2. For each positive integers k≥2 and
r≥2,

(1) L[FV3-SVNkHFA](L[FV3-NkHFA],

(2) L[FV3-SVNkHFA(r)](L[FV3-NkHFA(r)], and

(3) L[FV3-SVNkHFA(r+1)] and L[FV3-NkHFA(r)]
are incomparable.

4 Simple Case

This section first prove a strong separation between
r path-bounded and (r+1) path-bounded machines for
the five-way simple case.

Theorem 4.1. For each positive integers k≥2 and
r≥1,

L[FV3-SVNSPkHFA(r+1)]–L[FV3-NSPkHFA(r)]=ϕ.

proof : For each positive integers k≥2 and
r≥1, let T3(k, r)= {x∈{0, 1}(3) | ∃n≥max{2r+1, k}
[l1(x)=l2(x)=l3(x)=n] ∧ [ [ (the 1st plane of x has ex-
actly k ‘1’s) ∧ x[∗, ∗, 1]=x[∗, ∗, 1+r] ∧ ∃z∈{0, 1}∗
[x[∗, ∗, 2r+1]=01z (the string of the symbols forms a
line from the first column to the last column in the
(2r+1)th plane and from the first row to the last row
in a column one after another)]] ∨ [(the 2nd plane of x
has exactly k ‘1’s) ∧ x[∗, ∗, 2]=x[∗, ∗, 2+r] ∧ ∃z∈{0,
1}∗ [x[∗, ∗, 2r+1]=021z (the string of the symbols
forms a line from the first column to the last column
in the (2r+1)th plane and from the first row to the
last row in a column one after another)]] ∨· · · ∨ [(the
rth plane of x has exactly k ‘1’s) ∧ x[∗, ∗, r]=x[∗, ∗,

2r] ∧ ∃z∈{0, 1}∗ [x[∗, ∗, 2r+1]=0r1z (the string of the
symbols forms a line from the first column to the last
column in the (2r+1)th plane and from the first row
to the last row in a column one after another) ]]]}. By
using the same technique as in the proof of Theorem
4.1 in [7], we can get the desired result. ¤

From Theorem 4.1, we have the following corollary :

Corollary 4.1. For each X∈{N , SV N}, and for each
positive integers k≥2 and r≥1,

L[FV3-XSPkHFA(r)](L[FV3-XSPkHFA(r+1)].

We next show a strong separation between self-
verifying nondeterminism and nondeterminism.

Theorem 4.2. For each positive integer k≥2,
L[FV3-NSPkHFA(2)]–L[FV3-SVNSPkHFA] ̸=ϕ.

Proof : For each positive integer k≥2, let
T4(k)={x∈{0, 1}(3) | ∃n≥max{4, k} [l1(x)=
l2(x)=l3(x)=n] ∧ ∃i(1≤i≤2) [(the ith plane of x
has exactly k ‘1’s) ∧ x[∗, ∗, i] ̸=x[∗, ∗, i+2]]}. Then,
by using the standard technique in [6], we can show
that

T4(2k-1)∈L[FV3-NSPkHFA(2)]
–L[FV3-SVNSPkHFA]. ¤

From Theorems 4.1 and 4.2, we have the following
corollary :

Corollary 4.2. For each positive integers k≥2 and
r≥2,
(1) L[FV3-SVNSPkHFA](L[FV3-NSPkHFA],

(2) L[FV3-SVNSPkHFA(r)](L[FV3-NSPkHFA(r)],

and

(3) L[FV3-SVNSPkHFA(r+1)] and
L[FV3-NSPkHFA(r)] are incomparable.

5 Conclusion

In this paper, we investigated path-bounded five-
way three-dimensional finite automata, and showed
some properties about them. It is interesting to in-
vestigate a hierarchy based on the degree of nondeter-
minism for six-way three-dimensional multihead finite
automata which can move east, west, south, north, up,
or down.
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Abstract
We think that recently, due to the advances in com-

puter animation, motion image processing, virtual re-
ality systems, and so forth, it is useful for analyz-
ing computation of multi-dimensional information pro-
cessing to explicate the properties of four-dimensional
automata. From this point of view, we first proposed
four-dimensional automata in 2002, and investigated
several accepting powers of them. In this paper, we
coutinue the study, and mainly concentrate on inves-
tigating the relationship between the accepting pow-
ers of four-dimensional finite automata and seven-way
four-dimensional tape-bounded Turing Machines.

Key Words : computation, finite automaton, four-
dimensional, space complexity, Turing machine.

1 Introduction and Preliminaries

We think that recently, due to the advances in
computer animation, virtual reality systems and so
forth, it is useful for analyzing computation of multi-
dimensional information processing to explicate the
properties of four-dimensional automata . From this
point of view, we first proposed four-dimensional au-
tomata in 2002 [3], and investiged several accepting
powers of them [2,4,5]. In this paper, we continue the
study, and show some results for open problems of
four-dimensional finite automata.

Let Σ be a finite set of symbols. A four-dimensional
tape over Σ is a four-dimensional array of elements of
Σ. The set of all four-dimensional tapes over Σ is
denoted by Σ(4). Given a tape x ∈ Σ(4), for each
integer j(1 ≤ j ≤ 4), we let lj(x) be the length of
x along the j th axis. The set of all x ∈ Σ(4) with
l1(x)=n1, l2(x)=n2, l3(x)=n3, and l4(x)=n4, is de-
noted by Σ(n1,n2,n3,n4). When 1 ≤ ij ≤ lj(x) for each
j(1 ≤ j ≤ 4), let x(i1, i2, i3, i4) denote the symbol in x
with coordinates (i1, i2, i3, i4). Furthermore, we define
x[(i1, i2, i3, i4), (i′1, i

′
2, i

′
3, i

′
4)], when 1 ≤ ij ≤ i′j ≤ lj(x)

for each integer j(1 ≤ j ≤ 4), as the four-dimensional
input tape y satisfying the following conditions : (i)
for each j(1 ≤ j ≤ 4), lj(y) = i′j − ij + 1 ; (ii) for
each r1, r2, r3, r4, (1 ≤ r1 ≤ l1(y), 1 ≤ r2 ≤ l2(y),
1 ≤ r3 ≤ l3(y), 1 ≤ r4 ≤ l4(y)), y(r1, r2, r3, r4) =

x(r1 + i1 − 1, r2 + i2 − 1, r3 + i3 − 1, r4 + i4 − 1). We
concentrate on the input tape x with l1(x) = l2(x) =
l3(x) = l4(x), throughout this paper, in order to in-
crease the theoretical interest.

A four-dimensional deterministic (nondeterminis-
tic) Turing machine 4-DTM (or 4-NTM) M, which
can be considered as a natural extension of the three-
dimensional deterministic (or nondeterministic) Tur-
ing machine to four dimensions, consists of a read-
only four-dimensional input tape, a finite control and
one semi-infinite storage tape. A step of M consists of
reading one symbol from each tape, writing a symbol
on the storage tape, moving the input head in speci-
fied direction d ∈ { east, west, south, north, up ,down,
direction of the fourth axis, opposite direction of the
fourth axis, no move }, moving the storage head in
specified direction d′ ∈ { left, right, no move }, and en-
tering a new state, in accordance with the next-move
relation. An SV4-DTM (or SV4-NTM) is a 4-DTM
(or 4-NTM) whose input head can move east, west,
south, north, up, down, and in the direction of the
fourth axis, but not in the opposite direction of the
fourth axis (see Fig.1).

Let L(n) : N → R be a function of a variable n,
where N is the set of all positive integers and R is
the set of all nonnegative real numbers. A 4-DTM
M is said to be L(n) space-bounded if for no input
tape x ∈ Σ(4) with l1(x) = l2(x) = l3(x) = l4(x) =
n does M scan more than L(n) cells on the storage
tape. We denote an L(n) space-bouned 4-DTM (4-
NTM) by 4-DTM(L(n)) (4-NTM(L(n))). A 4-DTM(0)
(4-NTM(0)) is called a four-dimensional deterministic
finite automaton ( four-dimensional nondeterministic
finite automaton), and is denoted by 4-DFA (4-NFA).
Let L[4-DTM] = {T | T = T(M) for some 4-DTM M
}. L[4-NTM], etc.

2 Main Results

In this section, we investigate the relationship be-
tween the accepting powers of 4-XFA’s and SV 4-
Y TM ’s for each X,Y∈ {D ,N }.

It is easy to see that the following lemma holds. So
the proof is omitted here.
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Fig. 1: Four-dimensional Turing machine.

Lemma 2.1. Let T1 = {x ∈ {0, 1}(4)|∃ n ≥ 1 [l1(x) =
l2(x) = l3(x) = l4(x) = 2n+1 & x(n + 1, n + 1, n +
1, n + 1) = 1]}. Then

(1) T1 ∈ L[SV 4-DTM(log n)], and

(2) T1 ∈ L[SV 4-NTM(0)].

Lemma 2.2. Let T2 = {x ∈ {0, 1}(4)|∃ n ≥ 1
[l1(x) = l2(x) = l3(x) = l4(x) = 2n & x[(1, 1, 1, 1),
(2n, 2n, 2n, n)]=x[(1, 1, 1, n + 1), (2n, 2n, 2n, 2n)](that
is, the top and bottom halves of x are identical)]},
and let L(n):N→R be a function such that
limn→∞[L(n)/n4] = 0. Then

(1) T2 ∈ L[4-DTM(log n)], and

(2) T2 /∈ L[SV 4-NTM(L(n))].

Proof: It is easy to prove Part(1), and so the proof is
left to the reader. We then prove Part(2).

Suppose that there exists some SV 4-NTM(L(n))
M accepting T2, and that q is the number of states of
its finite control and t is the number of storage sym-
bols. For each n≥1, let

V(n) = {x ∈ T2| l1(x) = l2(x) = l3(x) = l4(x) =
2n}.

Clearly, each tape in V(n) is accepting by M. Fur-
thermore, for each x in V(n), let

conf(x),the set of configurations of M just after the
point, in the accepting computations on x, where the
input head left the top half of x.

Then the following proposition must hold.

Proposition 2.1. For any two different tapes x,y in

V(n),

conf(x) ∩ conf(y) = φ (empty set).

[For otherwise, suppose that conf(x) ∩ conf(y) 6= φ and
σ ∈ conf(x) ∩ conf(y). It is obvious that if, start-
ing with this configuration σ, the input head proceeds
to read the bottom half of x, then M could enter an
accepting state. Therefore, by assumption, it follows
that the tape z satisfying the following three condi-
tions must be also accepted by M:

(i) l1(z) = l2(z) = l3(z) = l4(z) = 2n;

(ii) z[(1, 1, 1, 1), (2n, 2n, 2n, n)] = y[(1, 1, 1, 1),
(2n, 2n, 2n, n)];

(iii) z[(1, 1, 1, n + 1), (2n, 2n, 2n, 2n)] = x[(1, 1, 1, n +
1), (2n, 2n, 2n, 2n)].

This contradicts the fact that z is not in T2, and
thus the proposition holds. ¤]

Clearly, |V (n)| = 22n·2n·2n·n = 28n4
. On the other

hand, let c(n) be the number of possible configurations
of M just after the input head left the top halves of
tapes in V(n). Then we get the following inequality:

c(n)≤q·(2n + 2)3·L(2n)· tL(2n).

Since limn→∞[L(2n)/16n4] = 0 (by the assumption
of the lemma), |V (n)|>c(n) for large n. Therefore, it
follows that for large n there must be two different
tapes x and y in V(n) such that conf(x) ∩ conf(y)6= φ.
This contradicts Proposition 2.1, and thus Part(2) of
the lemma holds. ¤
Lemma 2.3. Let T3 = {x ∈ {0, 1}(4)|∃ n < 1
[l1(x) = l2(x) = l3(x) = l4(x) = 2n & x[(1, 1, 1, 1),
(2n, n, 2n, 2n)] = x[(1, n + 1, 1, 1), (2n, 2n, 2n, 2n)]]}.
Then

(1) T3 ∈L[SV 4-DTM(logn)],and

(2) T3 /∈L[4-NFA].

Proof: The proof of (1) is omitted here, since it is
obvious. We now prove (2). Suppose that T3 is in
L[4-NFA]. By using the some idea as in the proof of
Lemma 4.3 in [6], it follows that T2 is also in L[4-NFA].
From this fact and the same technique as in the proof
of Lemma 3.5 in [6], it follows that T2 is in L[SV 4-
NTM(n3)]. This contradicts Lemma 2.2(2), and thus
Part(2) of the lemma holds. ¤

It is obvious from definitions that the following
lemma holds.
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Lemma 2.4.

(1) L[SV 4-DTM(0)]⊆L[4-DFA].

(2) L[SV 4-NTM(0)]⊆L[4-NFA].

From the above lemmas, we can prove the follow-
ing theorem concerning the relationship between the
accepting powers of 4-XFA’s (X∈ {D ,N }) and SV 4-
DTM ’s.

Theorem 2.1.

(1) L[4-DFA]( L[SV 4-DTM(n3logn)].

(2) L[4-NFA]( L[SV 4-DTM(n4)].

(3) For any function L(n):N→R such that L(n) ≥
log x (n≥1),

(i) if limn→∞[L(n)/n3logn]=0, then L[3-DFA]=0,
then L[3-DFA] is incomparable with L[SV 4-
DTM(L(n))], and

(ii) limn→∞[L(n)/n4]=0, then L[4-NFA] is incom-
parable with L[SV 4-DTM(L(n))].

(4) L[SV 4-DTM(0)](L[4-DFA].

Proof: By using the same technique as in the proof of
Lemma 3.1 in [6], L[4-DFA]⊆ L[SV 4-DTM(n3logn)].
From this fact, Lemma 2.1(1), and the same technique
as in the proof of Lemma 2.1(2) in [6], it follows that
L[4-DFA]( L[SV 4-DTM(n3logn)] and thus Part(1)
of the theorem holds. Similarly, Part(2) can be proved
by using Lemma 2.3 and the same technique as in the
proof of Lemma 3.3 in [6], and Part(4) can be proved
by using Lemma 2.4(1) and the same technique as in
the proof of Lemma 3.2 in [6].

We then prove Part(3). From Lemma 2.1(1), and
the same technique as in the proof of Lemmas 2.1(2)
and 3.2 in [6], it follow the Case(i) of Part(3) holds.
Case(ii) in also proved by using Lemma 2.3 and the
same technique as in the proof of Lemma 3.4 in [6]. ¤

Remark 2.1. By using the same idea as in the proof
of Lemma 3.2 in [6], we can show that there is no result
which is stronger than Theorem 2.1(1), and by using
the same idea as in the proof of Lemma 3.4 in [6], we
can show that there is no result which is stronger than
Theorem 2.1(2).

We next give the following theorem concerning
the relationship between the accepting powers of 4-
XFA’s(X∈ {D ,N }) and SV 4-NTM ’s.

Theorem 2.2.
(1) L[4-NFA]( L[SV 4-NTM(n3)].

(2) Let L(n):N→R be a function such that
limn→∞[L(n)/n3]=0. Then L[4-DFA] is incompara-

ble with L[SV 4-NTM(L(n))].

(3) Let L(n):N→R be a function such that
L(n)≥logn (n≥1) and limn→∞[L(n)/n3]=0. Then
L[4-NFA] is incomparable with L[SV 4-NTM(L(n))].

(4) L[SV 4-NTM(0)]( L[4-NFA].

Proof: By using the same technique as in the proof
of Lemma 3.5 in [6], L[4-NFA]⊆ L[SV 4-NTM(n3)].
From this fact and Lemma 2.3, it follows that L[4-
NFA]( L[SV 4-NTM(n3)], and thus Part(1) of the
theorem holds. Similarly, Part(4) can be proved by
Lemma 2.4(2) and the same technique as in the proof
of Lemma 3.6 in [6]. We can then proof Part(2) by
using Lemma 2.1(2) and the same technique as in the
proof of Lemmas 2.1(2) and 3.6 in [6]; and Part(3) is
also proved by using Lemma 2.3 and the same tech-
nique as in the proof of Lemma 3.6 in [6]. ¤
Remark 2.2. By using the same idea as in the proof
of Lemma 3.6 in [6], we can show that there is no result
which is stronger than Theorem 2.2(1).

We complete this section by giving the following
theorem concerning the relationship between the ac-
cepting powers of 4-NFA’s and SV 4-DTM ’s.

Theorem 2.3. L[4-NFA]( L[SV 4-DTM((logn)2)].

Proof: It is obvious from Lemma 2.3 and the same
technique as in the proof of theorem 3.5 in [6] that the
theorem holds. ¤

3 Conclusion

In this paper, we mainly concentrated on investigat-
ing the relationship between the accepting powers of
four-dimensional finite automata and seven-way four-
dimensional tape-bounded Turing machines.

It will be interesting to investigate the relationship
between the accepting powers of alternating finite au-
tomata and Turing machines on four-dimensional in-
put tapes (see [1] for the concept of alternation).
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Abstract
In 1997, C.R.Dyer and A.Rosenfeld introduced

an acceptor on a two-dimensional pattern (or tape),
called the pyramid cellular acceptor, and demonstrated
that many useful recognition tasks are executed by
pyramid cellular acceptors in time proportional to the
logarithm of the diameter of the input. They also in-
troduced a bottom-up pyramid cellular acceptor which
is a restricted version of the pyramid cellular acceptor,
and proposed some interesting open problems about
bottom-up pyramid cellular acceptors. On the other
hand, we think that the study of three-dimensional
automata has been meaningful as the computational
model of three-dimensional infomation processing such
as computer vision, robotics, and so forth. In this pa-
per,we investigate about bottom-up pyramid cellular
accptors with three-dimensional layers, and show their
some accepting powers.

Key Words : cellular automaton, diameter, finite au-
tomaton, pattern recognition, three-dimension.

1 Introduction

M.Blum and C.Hewitt first proposed two-
dimensional automata as a computational model
of two-dimensional pattern processing, and investi-
gated their pattern recognition abilities [1]. Since
then, many researchers in this field have been
investigating a lot of properties about automata
on a two-dimensional tape. In [2], C.R.Dyer and
A.Rosenfeld introduced an acceptor on a two-
dimensional pattern (or tape), called the pyramid
cellular acceptor, and demonstrated that many useful
recognition tasks are executed by the pyramid cellular
acceptors in time proportional to logarithm of the
diameter of the input. They also introduced a bottom-
up pyramid cellular acceptor, which is a restricted
version of the pyramid cellular acceptor, and proposed
some interesting open problems about it. On the
other hand, the question of whether processing three-
dimensional digital patterns is much difficult than
two-dimensional ones is of great interest from the
theoretical and practical standpoints. Thus, the study
of three-dimensional automata as the computasional
model of three-dimensional pattern processing has

been meaningful. From this point of view, we are
interested in three-dimensional automata.

In this paper, we study about bottom-up pyramid
cellular acceptors with three-dimensional layers, and
deal with the following problems (which is one of the
open problems) : Does the class of sets accepted by de-
terministic bottom-up pyramid cellular acceptors with
three-dimensional layers include the class of sets ac-
cepted by deterministic three-dimensional finite au-
tomata [3-7]? This paper shows that the class of sets
accepted by three-dimensional finite automata is in-
comparable with the class of sets accepted by deter-
ministic bottom-up pyramid cellular acceptors which
operate in time of order lower than the diameter of the
input.

2 Definition

Let Σ be a finite set of symbols. A three-
dimensional tape over Σ is a three-dimensional rect-
angular array of elements of Σ. The set of all the three-
dimensional tapes over Σ is denoted by Σ(3). Given
a tape x ∈ Σ(3), for each j (1 ≤ j ≤ 3), we let lj(x)
be the length of x along the jth axis. The set of all x
∈ Σ(3) with l1(x) = n1, l2(x) = n2, and l3(x) = n3 is
denoted by Σ(n1,n2,n3). When 1 ≤ ij ≤ lj(x) for each
j (1 ≤ j ≤ 3), let x (i1, i2, i3) denote the symbol in x
with coordinates (i1, i2, i3). Furthermore, we define x
[(i1, i2, i3), (i1’, i2’, i3’)], when i ≤ ij ≤ ij ’ ≤ lj(x) for
each integer j (1 ≤ j ≤ 3), as the three-dimensional
input tape y satisfying the following (i) and (ii) : (i)
for each j (1 ≤ j ≤ 3), lj(y) = ij ’ - ij + 1; (ii) for each
r1, r2, r3 (1 ≤ r1 ≤ l1(y), 1 ≤ r2 ≤ l2(y), 1 ≤ r3 ≤
l3(y)), y (r1, r2, r3) = x (r1 + i1 - 1, r2 + i2 - 1, r3 +
i3 - 1).

For each x ∈ Σ(n1,n2,n3) and for each 1 ≤ i1 ≤ n1, 1
≤ i2 ≤ n2, 1 ≤ i3 ≤ n3, x[(i1, 1, 1), (i1, n2, n3)], x[(1,
i2, 1), (n1, i2, n3)], x[(1, 1, i3), (n1, n2, i3)], x[(i1,
1, i3), (i1, n2, i3)], and x[(1, i2, i3), (n1, i2, i3)] are
called the i1th (2-3) plane of x, the i2th (1-3) plane
of x, the i3th (1-2) plane of x, the i1th row on the
i3th (1-2) plane of x, and the i2th column on the i3th
(1-2) plane of x.

We next give some basic concepts about bottom-up
pyramid cellular acceptors with three-dimensional lay-
ers [7]. A bottom-up pyramid cellular acceptor with
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three-dimensional layers (3-UPCA) is a pyramidal
stack of three-dimensional arrays of cells in which the
bottom three-dimensional layer has size 2n × 2n ×
2n (n ≥ 0), the next lowest 2n−1 × 2n−1 × 2n−1,
and so forth, the (n + 1)st three-dimensional layer
consisting of a single cell, called the root. Each cell
is defined as an identical finite-state machine, M =
(QN , QT , δ, A), where QN is a nonempty, finite set
of states, QT ⊆ QN is a finite set of input states,
A ⊆ QN is the set of accepting states, and δ : Q9

N

→ QN is the state transition function, mapping the
current states of M and its eight son cells in a 2
× 2 × 2 block on the three-dimensional layer below
into M ’s next state. As shown in Fig.1, let c be
some cell on the (i + 1)st three-dimensional layer,
and let c (UNW ), c (USW ), c (USE), c (UNE),
c (DNW ), c (DSW ), c (DSE), and c(DNE) be
eight son cells (on the ith three-dimensional layer)
of c, where c(UNW ) is c’s upper northwest son, c
(DNW ) is c’s lower northwest son, etc. For exam-
ple, if the coordinates of c on the (i + 1)st layer is
(1, 1, 1) ((2n, 2n, 2n)), the coordinates of eight son
cells of c on the ith layer c(UNW ), c(USW ), c(USE),
c(UNE),c(DNW),c(DSW),c(DSE), and c(DNE) are
(1, 1, 1), (2, 1, 1), (2, 2, 1), (1, 2, 1), (1, 1, 2), (2, 1,
2), (2, 2, 2), (1, 2, 2), ((2n − 1, 2n − 1, 2n − 1), (2n,
2n − 1, 2n − 1), (2n, 2n, 2n − 1), (2n − 1, 2n, 2n −
1), (2n − 1, 2n − 1, 2n), (2n, 2n − 1, 2n), (2n, 2n, 2n),
(2n − 1, 2n, 2n)), respectively. Then qc (t + 1) = δ
(qc(t), qc(UNW ) (t), qc(USW ) (t), qc(USE) (t), qc(UNE)

(t), qc(DNW ) (t), qc(DSW ) (t), qc(DSE) (t), qc(DNE) (t)),
where for example qc(t) means the state of c at time t.
At time t = 0, the input tape x ∈ Q

(3)
T [l1(x) = l2(x) =

l3(x) = 2n, n ≥ 0] is stored as the initial states of the
bottom three-dimensional layer, henceforth called the
base, in such a way that x (i1, i2, i3) is stored at the
cell of the i1th row and the i2th column on the i3th
plane, and the other cells are initialized to a quiescent
state qs (∈QN−QT−A). As usual, we let δ (qs, qs, qs,
qs, qs, qs, qs, qs, qs) = qs. The input is accepted if and
only if the root cell ever enters an accepting state. This
3-UPCA is called deterministic. A nondeterministic
bottom-up pyramid cellular acceptor is defined as a 3-
UPCA using δ : Q9

N → 2QN instead of the state tran-
sition function of the deterministic 3-UPCA. Below,
we denote a deterministic 3-UPCA by 3-DUPCA,
and a nondeterministic 3-UPCA by 3-NUPCA. A
3-DUPCA (or 3-NUPCA) operates in time T (n) if
for every three-dimensional tape of size 2n × 2n ×
2n (n ≥ 0) it accepts the three-dimensional tape,
then there is an accepting computation which uses
no more than time T (n). By 3-DUPCA (T (n)) [3-
NUPCA(T (n))] we denote a T (n) time-bounded 3-
DUPCA [3-NUPCA] which operates in time T (n).

We next recall a three-dimensional finite automa-
ton [8]. A three-dimensional finite automaton (3-
FA) is a three-dimensional Turing machine with no
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c(DNE) 
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c(DSW) c(DSE) 
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c(DNW) 

c(UNW) 
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south(S) 
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in the i th layer 

Fig. 1: Bottom-up pyramid cellular acceptor and
three-dimensional layer.

workspace. A 3-FA M has a read-only three-dimens-
ional tape with boundary symbols #’s, finite control,
and an input head, as shown in Fig.2. The input head
can move in six direction − east, west, south, north,
up, or down − unless it falls off the input tape. For-
mally, M is defined by the 5-tuple M = (K, Σ ∪ {#},
δ, q0, F ), where K is a finite set of states, Σ is a finite
set of input symbols, # is the boundary symbol (not
in Σ), δ : K × (Σ ∪ {#}) → 2K×{E,W,S,N,U,D,H} is the
state transition function, where E, W , S, N , U , D,
and H represent the move directions of the input head
− east, west, south, north, up, down, and no move, re-
spectively, q0 ∈ K is the intial state, and F ⊆ K is the
set of accepting states. The action of M is similar to
that of the one-dimensional (or two-dimensional) finite
automaton [4], except that the input head of M can
move in six directions. That is, when an input tape x
∈ Σ(3) with boundary symbols is presented to M , M
starts in its initial state q0 with the input head on x
(1, 1, 1), and determines the next state of the finite
control and the move direction of the input head, de-
pending on the present state of the finite control and
the symbol read by the input head. We say that M
accepts the tape x if it eventually enters an accepting
state. We denote a deterministic 3-FA [nondetermin-
istic 3-FA] by 3-DFA [3-NFA].

We let the input tapes, throughout this paper, be
restricted to cubic ones. We denote the set of all three-
dimensional tapes accepted by M by T (M). Define
£ [3-DUPCA] = [T | T (M) is accepted by some 3-
DUPCA M}. £ [3-NUPCA], £ [3-DFA], etc. are
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Fig. 2: Three-dimensional finite automaton.

defined similarly.
Finally, we give definition of diameter. Given a

subset S of a tape x ∈ Σ(3), we can define its extent
in a given direction θ as the length of its projection
on a plane in that direction. Here the length of a
projection is the distance between its farthest apart
nonzero values. Thus the extent of S is the distance
between a pair of parallel planes perpendicular to θ
that just bracket S. The diameter of S is defined as
its extent in any direction.

3 Results

In this section, we show that the class of sets ac-
cepted by 3-DFA’s is imcomparable with the class of
sets accepted by 3-DUPCA’s which operate in time of
order lower than the diameter of the input. It has of-
ten been noticed that we can easily get several proper-
ties of three-dimensional automata by directly apply-
ing the results of one- or two-dimensional case, if the
input tapes are not restricted to cubic ones. So we let
the input tapes, throughout this paper, be restricted
to cubic ones in order to increase the theoretical inter-
est.

Lemma 3.1. Let T1 = { x ∈ { 0,1 }(3) | ∃ n ( n ≥ 1)
[`1(x) = `2(x) = `3(x) = 2n] and x (2n−1, 2n−1, 2n−1)
= 1 }.Then,
(1) T1(x) /∈ £ [3-DFA], and
(2) T1(x) ∈ £ [3-DUPCA(n)].

Proof : The Proof of (1) is similar to that of The-
orem 3 in [7]. On the other hand, by using the same
technique as in the proof of Lemma 1 in [6], we can get
Part (2) of the lemma. ¤

Lemma 3.2. Let T2 = {x ∈ {0, 1}(3) | ∃n (n ≥ 1)
[`1(x) = `2(x) = `3(x) = 2n] and x [(1, 1, 1), (2n, 2n, 1)]

= x [(1, 1, 2n), (2n, 2n, 2n)] }. Let T (n) be a time func-
tion such that limn→∞ [T (n)/22n] = 0. Then,
(1) T2 ∈ £[3-DFA],and
(2) T2 /∈ £[3-DUPCA(T (n))].

Proof : It is obvious that there is a 3-DFA accepting
T2, and so (1) of the lemma holds. Below, we prove (2).
Suppose that there is a 3-DUPCA B which accepts T2

and operates in time T (n), and that each cell of B has
k states. For each n ≥ 2, let
W (n) = {x ∈ {0, 1}(3)|`1(x) = `2(x) = `3(x) = 2n},
and

W ′(n) = {x ∈ {0, 1}(3)|`1(x) = `2(x) = `3(x) = 2n−1

& x[(1, 1, 1), (2n−1, 2n−1, 1)] ∈ {0, 1}(3)

& x[(1, 1, 2), (2n−1, 2n−1, 2n−1)] ∈ {0}(3)}.

We consider the cases when the tapes in W (n) are
presented to B. Let c be the cell which is situated at
the first row, the first column, and the first plane in the
nth layer (i.e., the layer just below the root cell). (Note
that there are eight cells in the nth layer.) For each
x in W (n) such that x[(1, 1, 1), (2n−1, 2n−1, 2n−1)] ∈
W ′(n), and for each r ≥ 1, let qr(x) be the state of c
at time r when x is presented to B. Then the following
proposition must hold.

Proposition 3.1. Let x, y be two different tapes in
W (n) such that both x [(1, 1, 1), (2n−1, 2n−1, 2n−1)]
and y [(1,1,1), (2n−1, 2n−1, 2n−1)] are in W ′(n) and
x [(1, 1, 1), (2n−1, 2n−1, 2n−1)] 6= y [(1, 1, 1),
(2n−1, 2n−1, 2n−1)]. Then, (q1(x), q2(x), . . . , qT (n)(x))
= (q1(y), q2(y), . . . , qT (n)(y)).

[Proof : For suppose that (q1(x), q2(x), . . . , qT (n)(x))
= (q1(y), q2(y), . . . , qT (n)(y)). We consider two tapes
z, z′ in W (n) such that

(i) z [(1, 1, 1), (2n−1, 2n−1, 2n−1)]
= x [(1, 1, 1), (2n−1, 2n−1, 2n−1)] and

z′ [(1, 1, 1), (2n−1, 2n−1, 2n−1)]
= y [(1, 1, 1), (2n−1, 2n−1, 2n−1)],

(ii) the part of z except for z [(1, 1, 1), (2n−1, 2n−1,
2n−1)] is identical with the part z′ except for
z′[(1, 1, 1), (2n−1, 2n−1, 2n−1)],

and

(iii) z[(1, 1, 1), (2n, 2n, 1)] = z[(1, 1, 2n), (2n, 2n, 2n)].

By assumption, the root cell of B enters the same
states until time T (n), for the tapes z and z′. Since B
operate in time T (n) and z is in T2, it follows that z′ is
also accepted by B. This contradicts the fact that z′ is
not in T2. ¤]
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Let t(n) be the number of different sequences of
states which c enters until time T (n). Clearly, t(n) ≤
kT (n). On the other hand (for any set S, let |S| de-
note the number of elements of S.), |W ′(n)| = 222(n−1)

.
Since limn→∞ T (n)/22n = 0 (by assumption of the
lemma), it follows that |W ′(n)| > t(n) for lange n.
Therefore, it follows that for large n there must exist
two different tapes x, y in W (n) such that

(i) both x[(1, 1, 1), (2n−1, 2n−1, 2n−1)] and
y[(1, 1, 1), (2n−1, 2n−1, 2n−1)] and in W ′(n),

(ii) x[(1, 1, 1), (2n−1, 2n−1, 2n−1)]
6= y[(1, 1, 1), (2n−1, 2n−1, 2n−1)], and

(iii) (q1(x), q2(x), . . . , qT (n)(x))
= (q1(y), q2(y), . . . , qT (n)(y)).

This contradicts the above Proposition 3.1, and
thus the Part (2) of the lemma holds. ¤

From Lemmas 3.1 and 3.2, we can get the following
theorem.

Theorem 3.1. Let T (n) be a time function such that
limn→∞ [T (n)/22n] = 0 and T (n) ≥ n(n ≥ 1). Then
£ [3-DFA] is imcomparable with £ [3-DUPCA(T (n))].

Corollary 3.1. £[3-DFA] is incomparable with £ [3-
DUPCA(n)], which is the class of sets accepted by 3-
DUPCA’s operating in real time.

Corollary 3.2. £ [3-DFA] is incomparable with £[3-
NUPCA(n)].

4 Conclusion

In this paper, we investigated the accepting powers
of bottom-up pyramid cellular acceptors with three-
dimensional layers, and showed that the class of sets
accepted by 3-DFA’s is incomparable with the class
of sets accepted by 3-DUPCA’s which operate in time
of order lower than the diameter of the input. It is
still inknown whether the class of sets accepted by
3-DUPCA’s includes the class of sets accepted by 3-
DFA’s.
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Abstract
A multi-marker automaton is a finite automaton

which keeps marks as pebbles in the finite control, and
cannot rewrite any input symbols but can make marks
on its input with the restriction that only a bounded
number of these marks can exist at any given time.
An improvement of picture recognizability of the fi-
nite automaton is the reason why the multi-marker
automaton was introduced. On the other hand, a
multi-inkdot automaton is a conventional automaton
capable of dropping an inkdot on a given input tape
for a landmark, but unable to further pick it up. This
paper deals with marker versus inkdot over three-
dimensional input tapes, and investigates some prop-
erties.

Key Words : finite automaton, inkdot, marker, recog-
nizability, three-dimension

1 Introduction and Preliminaries

A multi-marker automaton is a finite automaton
which keeps marks as pebbles in the finite control, and
cannot rewrite any input symbols but can make marks
on its input with the restriction that only a bounded
number of these marks can exist at any given time. An
improvement of picture recognizability of the finite au-
tomaton is the reason why the marker automaton was
introduced. That is, a two-dimensional multi-marker
automaton can recognize connected pictures [1].

On the other hand, as is the well-known open prob-
lems in computational complexity, there is the histor-
ical open question whether or not the separation ex-
ists between deterministic and nondeterministic space
(especially hard-level) complexity classes. Related to
the open question, D. Ranjan et al. introduced a
slightly modified Turing machine model, called a one-
inkdot Turing machine [6]. An inkdot machine is a
conventional Turing machine capable of dropping an
inkdot on a given input tape for landmark, but un-
able to further pick it up. Against an earlier expecta-
tion, it was proved that nondeterministic inkdot Tur-
ing machines are more powerful than nondeterminis-
tic ordinary Turing machines for sublogarithmic space
bounds. As is well-known result in the case of two-

Fig. 1: Image of Marker or Inkdot on Three-
dimensional Input Tape.

dimensional input tapes, there is a set of square tapes
accepted by a nondeterministic finite automaton, but
not by any deterministic Turing machine with sublog-
arithmic space bounds. Thus, it makes no sense to
ask the same question whether the separation exists
between deterministic and nondeterministic complex-
ity classes for the two-dimensional Turing machines.
However, there is an other important aspect in the
inkdot mechanism : we can see a two-dimensional fi-
nite automaton with inkdot as a weak recognizer of the
inherent properties of digital pictures. By this moti-
vation, a two-dimensional multi-inkdot automaton was
introduced [5,6].

By the way, the question of whether processing
three-dimensional digital patterns is much more diffi-
cult than two-dimensional ones is of great interest from
the theoretical and practical standpoints. Thus, the
research of three-dimensional automata as the compu-
tational model of three-dimensional pattern processing
has been meaningful. From this viewpoint, we inves-
tigated a multi-marker automaton and a multi-inkdot
automaton on three-dimensional input tapes [7-12].

This paper deals with a relationship between
marker and inkdot for three-dimensional automata,
and shows some properties (see Fig.1).

Let Σ be a finite set of symbols, a three-dimensional
tape over Σ is a three-dimensional rectangular array
of elements of Σ. The set of all three-dimensional
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tapes over Σ is denoted by Σ(3). Given a tape x in
Σ(3), for each integer j(1≤j≤3), we let lj(x) be the
length of x along the jth axis. The set of all x ∈ Σ(3)

with l1(x)=n1, l2(x)=n2 and l3(x)=n3 is denoted by
Σ(n1,n2,n3). When 1≤ij≤lj(x) for each j(1≤j≤3), let
x(i1, i2, i3) denote the symbol in x with coordinates
(i1, i2, i3). Furthermore, we define

x[(i1, i2, i3),(i′1, i
′
2, i

′
3)],

when 1≤ij≤i′j≤lj(x) for each integer j(1≤j≤3), as the
three-dimensional input tape y satisfying the following
conditions:

(i) for each j(1≤j≤3), lj(y)=i′j − ij+1;
(ii) for each r1,r2,r3(1≤r1≤l1(y),1≤r2≤l2(y),1≤r3≤

l3(y)),y(r1,r2,r3)=x(r1+i1−1,r2+i2−1,r3+i3−1).(We
call x[(i1, i2, i3),(i′1, i

′
2, i

′
3)] the [(i1, i2, i3),(i′1,i

′
2, i

′
3)]-

segment of x.)

A three-dimensional finite automaton (3-FA),
which can be considered as a natural extension of the
two-dimensional finite automaton to three dimensions,
consists of read-only three-dimensional input tape, a
finite control, and an input head which can move east,
west, south, north, up, or down [1]. By 3-AFA (resp.,
3-NFA, 3-DFA, 3-AM1, 3-NM1, 3-DM1, 3-AIk, 3-
NIk, 3-DIk), we denote alternating (resp., nondeter-
ministic, deterministic, alternating 1-marker, nonde-
terministic 1-marker, deterministic 1-marker, alternat-
ing k-inkdot, nondeterministic k-inkdot, deterministic
k-inkdot) 3-FA. Furthermore, by 3-UFA (resp., 3-
UM1, 3-UIk), we denote alternating (resp., alternat-
ing 1-marker, alternating k-inkdot) 3-FA with only
universal states.

A configuration of an alternating 1-marker 3-FA
M on a three-dimensional input tape x is the form
((i1, i2, i3), marker-position, q), where (i1, i2, i3) is the
input head position, marker-position is the position
of the marker on x (let marker-position be ‘no’ if the
marker is not placed on the input tape x), and compo-
nent q represents a state of the finite control. For each
input tape x, we write c ⊢M,x c

′
, and say that c

′
is an

immediate successor of c (of M on x), if configuration
c
′
is derived from configuration c in one step of M on x

according to the next-move relation. A configuration
with no immediate successor is called a halting config-
uration. Let M be an alternating 1-marker (k-inkdot)
3-FA, and x be an input tape. A sequence of config-
urations c1c2......cm (m≥1) is called a computation of
M on x if c1 ⊢M,x c2 ⊢M,x · · · ⊢M,x cm.

For each X ∈ {D,N,U,A}, we denote by L[3-XFA]
the class of sets of all three-dimensional tapes accepted
by 3-XFA’s. That is,

L[3-XFA]={T | T=T (M) for some 3-XFA M},
where T (M) is the set of all three-dimensional tapes

accepted by M . L[3-XM1] and L[3-XIk] are defined
similarly. For any family of three-dimensional au-
tomata M ’s, L[M c] denotes the class of sets of cu-

bic tapes accepted by M ’s. For a set T of three-
dimensional tapes, the complementation of T is de-
noted by T̂ . Define co−L={T | T∈L}.

2 Known Results and Related Results

This section surveys known results and related re-
sults in [7-12] concerning k-inkdot and 1-marker 3-
FA’s. The following result shows a relationship among
the accepting powers of 3-FA’s k-inkdot 3-FA’s, and
1-marker 3-FA’s.

Theorem 2.1[7-12].
(1) L[3-DFA] = L[3-DIk] ( L[3-DM1],
(2) L[3-NFA] ( L[3-NIk] ( L[3-NM1],
(3) L[3-UFA] ( L[3-UIk] ( L[3-UM1], and
(4) L[3-AFA] ( L[3-AIk] ⊆ L[3-AM1].

It is unknown whether L[3-AIk] ( L[3-AM1]. What
are the relationships between L[3-NIk] and L[3-DM1],
between L[3-UIk] and L[3-DM1], and between L[3-
AIk] and L[3-NM1]? The following theorem answer
this question.

Theorem 2.2.
(1) L[3-NIk] is incomparable with L[3-DM1],
(2) L[3-UIk] is incomparable with L[3-DM1], and
(3) L[3-NM1] ( L[3-AIk].

Proof: Let T1={x ∈ {0, 1}(3) | ∃n≥1 [l1(x)=l2(x)=
l3(x)=2n ∧ (the top half of x is the same as the
bottom half of x)]}, and T2={x ∈ {0, 1}(3) | ∃n≥2
[l1(x)=l2(x)=l3(x)=n ∧ ∃ i(2≤i≤n) { the first plane
of x is the same as the ith plane of x }}}.

By using the same technique as in the proof of
Lemma 5.1, Corollary 5.1, Theorem 6.4 in [5], we
can show that the complement of T1 is in L[3-NIk],
T1∈L[3-UIk], and T2 /∈L[3-NIk]∪L[3-UIk]. Further-
more, we can easily prove that T2∈L[3-DM1] [2,4].

By using the same technique as in the proof of The-
orem 4.1 in [2], we can show that the complement of
T1 is not in L[3-DM1]. From these observation, (1)
and (2) of the theorem follow. (3) of the theorem can
be proved by using the same idea of Ref. [3,4]. ¤

The following result in [7-12] shows a relationship
among the accepting powers of determinism, nonde-
terminism, alternation with only universal states, and
alternation for k-inkdot 3-FA’s.

Theorem 2.3[7-12]. (1) L[3-DIk] ( L[3-NIk] ( L[3-
AIk], and (2) L[3-DIk] ( L[3-UIk] ( L[3-AIk].

A relationship between L[3-NIk] and L[3-UIk] is
shown in the following theorem.
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Theorem 2.4. L[3-NIk] is incomparable with L[3-
UIk].

Proof: Let T1 and T2 be sets described in the proof
of Theorem 2.2. We can easily prove that T1∈L[3-
UIk]−L[3-NIk] [5], and the complement of T2 is in
L[3-NIk], but not in L[3-UIk]. From this fact, the
theorem follows. ¤

For 1-marker 3-FA’s, we can easily get the following
result [2,4]. That is, alternation is better than nonde-
terminism, which is better than determinism.

Theorem 2.5. L[3-DM1] ( L[3-NM1] ( L[3-AM1].

3 Main Results

This section investigates an open problem. That is,
a relationship between L[3-UMI1] and L[3-AIk].

Here is some preliminaries. Let c1c2......cm(m≥1)
be a computation of M on an input tape x. Then,
this computation is called:

· a halting computation of M on x if cm is a halting
configuration other than any accepting configuration,

· a double-looping computation of M on x if there
exist some i(1≤i≤m−2) and some (possibly empty)
sequence of configurations s such that (i) cj ̸=ck for
each 1≤j≤k≤i, (ii) c1c2......cm = c1c2......ci−1ciscisci,
and (iii) each configuration in cis is different from each
other, and different from each cr(1≤r≤i), and

· a rejecting computation of M on x if the sequence
c1c2......cm is a halting, or double-looping computa-
tion.

Theorem 3.1. L[3-AIk]−L[3-UM1] ̸= ϕ.

Proof: Let V (m)={x1c1x2c2......xmcm | ∀i(1≤i≤m)
{xi∈{0,1}(m,m,m) ∧ ci∈{2}(m,1,m)}}, and T3={xy |
∃m≥1{x,y∈V (m)} ∧ x̸=y}, where for any two three-
dimensional tapes x and y with l3(x)=l3(y), we denote
by xy the three-dimensional tape obtained by concate-
nating y to the east of x. To prove the theorem, we
below show that (1) T3 ∈ L[3-AIk], and (2) T3 /∈ L
[3-UM1]. It is obvious that Part (1) of the theorem
holds. Here we only prove (2). We suppose to the
contrary that there is a 3-UM1 M which accepts T3.
Let Q be the set of states of the finite control of M .
We divide Q into two disjoint subsets Q+ and Q−

which correspond to the sets of states when M holds
and does not hold the marker in the finite control, re-
spectively. M starts from the initial state in Q+ with
the input head on the upper-northwestmost symbol of
an input tape. We assume without loss of generality
that M satisfies the following condition (A): ‘ M does
not go out of the boundary symbols #’s. (Of course,
M does not go into the input tape from the outside

of the boundary symbols #’s.)’ For each M≥1, let
W (m)={xy | x,y∈V (m)}. Below we shall again con-
sider the computations of M on tapes in W (m) for
large m≥1. Let x be any tape in V (m) that is sup-
posed to be an east or west half on an input tape (in
W (m)) to M , and let #’sx (resp., x#’s) be the tape
obtained from x by attaching the boundary symbols
#’s to the west, south, north, upper, and lower (resp.,
east, south, north, upper,and lower) sides. Note that,
from the above condition (A), both the entrance points
to #’sx (resp., x#’s) and the exit points from #’sx
(resp., x#’s) are the east (resp., west) side of #’sx
(resp., x#’s). Let PT (m) be the set of these entrance
(or exit) points. Clearly, |PT (m)| = (m + 2)2. Sup-
pose that the marker of M is not placed on the #’sx
(resp., x#’s). Then, we define a mapping Mw

x (resp.,
Me

x), which depends on M and x, from Q × PT (m)
to the power set of (Q× PT (m)) ∪ Qstop ∪ {loop} as
follows (where Qstop is the set of halting states other
than accepting states, and loop is a new symbol):

· for any (s,p), (s
′
,p

′
)∈Q−×PT (m),

(s
′
,p

′
)∈Mw

x (s,p) (resp., Me
x(s,p)) ⇔ when M

enters #’sx (resp., x#’s) in state s from entrance
point p of the east (resp., west) edge of #’sx (resp.,
x#’s),there exists a computation of M in which M
eventually exits #’sx (resp., x#’s) in state s

′
from

exit point p
′

of the east(resp.,west) edge of #’sx
(resp., x#’s),

· for any (s, p) ∈Q×PT (m) and for any q∈Qstop,
q∈Mw

x (s, p) (resp., Me
x(s, p)) ⇔ when M enters #’sx

(resp., x#’s) in state s from entrance point p of the
east (resp., west) edge of #’sx (resp., x#’s), there ex-
ists a computation of M in which M eventually enters
state q in #’sx (resp., x#’s), and halts, and

· for any (s, p)∈Q×PT (m), loop∈Mw
x (s, p) (resp.,

Me
x(s, p)) ⇔ when M enters #’sx (resp., x#’s) in

state s from entrance point p of the east (resp., west)
edge of #’sx (resp., x#’s), there exists a computation
in which M enters a loop in #’s x (resp.,x #’s).

Let x1, x2 ∈ V (m). We say that x1 and x2 are
· M -equivalent if two mappings Mw

x1
and Mw

x2
are

equivalent, and two mappings Me
x1

and Me
x2

are equiv-
alent, and

· M -equivalent if for any (s, p), (s
′
,

p
′
)∈Q−×PT (m), and for any a∈{w, e}, (s

′
,

p
′
)∈Ma

x1
(s, p) if and only if (s

′
, p

′
)∈Ma

x2
(s, p).

(Note that if x1 and x2 are M -equivalent, then x1

and x2 are M -eqivalent.) Clearly, M -equivalence is
an equivalence relation on V (m). Clearly, there are
at most e(m) = (2|Q|(m+2)2+d+1)|Q|(m+2)2 , where d =
|Qstop|, M -equivalence classes of V (m). Let P (m) be
a largest M -equivalence classes of V (m). Then, we

have |P (m)| ≥ V (m)
e(m) = 2m4

e(m) .
Note that |P (m)|≫1 for large m. By using the same

technique as in the proof of Theorem 6 in [4] and the
well-known counting argument, finally, we can prove
that T3 /∈ L[3-UM1]. ¤
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4 Conclusion

We investigated about marker versus inkdot on
three-dimensional input tapes, and showed some ac-
cepting properties of various three-dimensional au-
tomata with markers or inkdots.

We conclude this paper by giving the following open
problems : (1) L[3-AIk](L[3-AM1]? (2) What are the
relationships between L[3-NIk] and L[3-UM1] and be-
tween L[3-UIk] and L[3-NM1]? (3) Is L[3-NM1] in-
comparable with L[3-UM1]? (4) L[3-UM1](L[3-AIk]?
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Abstract

The study of a disease using genetic identification
becomes possible by using haplotype information. The
Expectation-Maximization algorithms are the stan-
dard approach in the haplotype analysis. These ap-
proaches maximize the likelihood function of geno-
typic distribution assuming Hardy-Weinberg equilib-
rium. However, these methods are time consuming
when applied to sequence of many loci. In this study,
we used a genetic algorithm to obtain the haplotype
frequencies from frequencies of genotypes.

1 Introduction

The DNA sequence of the human genome was al-
most decoded in 2003, and the examination of ge-
netic arrangements and the relation between DNA se-
quences and properties of proteins became the main
interest of recent studies. For example, it becomes
possible to make an identification of the disease gene
from DNA sequence data of patients. We compare
genes from a physically normal person with genes from
a patient owning a certain disease, and are able to find
a gene related to the disease. In this kind of analysis,
haplotype information is an essential factor for fine-
scale molecular genetic research. When it was assumed
that a specific disease was caused by ancestral muta-
tion, base sequence of the neighborhood of disease gene
may resemble that of the people having this disease.
Thus the study of a disease using genetic identifica-
tion becomes possible by using haplotype information.
Haplotype information can be obtained by special ex-
periments at considerable cost, or by using information
of additional family members. Therefore these meth-
ods restrict the applicability of haplotype information.
Some researchers developed other methods which use
varieties of statistical techniques. Clark’s algorithm
[1] can be viewed as an attempt to minimize the to-
tal number of haplotypes observed in the sample. The
Expectation-Maximization (EM) algorithm is the ap-

proach to maximize the likelihood function of geno-
typic distribution assuming Hardy-Weinberg equilib-
rium. However, these methods are time consuming
when applied to sequence of many loci. In this study
we performed the haplotype estimation by applying
genetic algorithm (GA) to the artificial data. We used
a GA of very simple form, and checked the precision
of the results obtained by this method. As an artificial
chromosome, we consider the genes corresponding to
the relative frequencies of assumed haplotypes.

2 Methods

2.1 Haplotype

Homo sapiens has two chromosomes. A genetic con-
stitution on one chromosome is called as haplotype.
Haplotype does not change as far as there is no recom-
bination. If there is recombination, new haplotypes is
formed, and it is conveyed to the next generation by
a gamete and does not change till there occurs a next
recombination.

Haplotypes of a gamete conveyed to the next gener-
ation depends on gametes of parents and a probability
of occurring recombination between loci. The ratio of
occurring recombination is called a recombination ra-
tio. Therefore the heredity of haplotype is regarded as
a stochastic phenomenon determined by a recombina-
tion ratio.

It is important to get haplotypes information for
genetic analysis. However, haplotype information is
very difficult to obatins both experimentally and the-
oretically. Because we cannot distinguish alleles from
a locus of two chromosomes which are in the mixed
state, even if all the genotypes of the individual are
observed experimentally.

Haplotypes of the individual has a case to be de-
cided if we can obtain the genotype of the relative.
If there is no other information, we assume Hardy-
Weinberg equilibrium and can estimate the haplotype
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frequency of the population by means of EM algo-
rithm. In this study, we take other approach of statis-
tical haplotype estimation by applying GA of simple
structure.

2.2 EM Algorithm

We introduce here the steps of EM algorithm to
help understanding of the estimation process.

Let gi = {g1, . . . ,gr} denote the observed geno-
types and fgi denote frequencies of genotype gi. When
the population size is N, let ngi denote the number of
gi. Namely,

Nfgi = ngi , N =
r∑

i=1

ngi .

Let gij denote the locus j of genotype gi. Let hℓj

denote locus j of haplotype hℓ = {h1, . . . ,hs} like-
wise. The u stands for the number of loci, and the
locus j takes values of 1, . . . , u. When an allele has
the possibility to take two different values at each lo-
cus, the number of such loci is u0. Let s denote the
number of haplotypes with the possibility to obtain
from observed genotypes, s = 2u0 .

We set the repetition time of the EM algorithm k =
0. Initially we assume haplotype frequencies

f
(0)
hℓ

=
1
s
.

Under the assumption of Hardy-Weinberg equilibrium,
we derive the haplotype-likelihood

P̂(k)(gi|hx,hy) = 2c
∏

f
(k)
hx

f
(k)
hy

(1)

When hx and hy are different, c = 1. When hx and
hy are identical, c = 0.

Let L denote the probability that the number of gi

is ngi ,

L(k) =
r∑

i=1

ngiP̂
(k)(gi|hx,hy) (2)

The form of the logarithm likelihood can express L
with the polynomial distribution[4],

log L(k) =
r∑

i=1

ngi log P̂(k)(gi|hx,hy) (3)

We treat a problem to maximize this log L(k). Ex-
pectation Ê(k)(nhi) of haplotype is

Ê(k)(nhℓ
) =

r∑
i=1

ngiP̂
(k) (hx,hy|gi,gi; (hx,hy)) (4)

Then, we estimate it by

P̂(k) (hx,hy|gi,gi; (hx,hy)) =
2f

(k)
hx

f
(k)
hy

P̂(k)(gi|hx,hy)
. (5)

Updating the value k → k + 1, we have the haplo-
type frequency

f
(k+1)
hℓ

=
n

(k)
hℓ

2N
. (6)

When this value converges, the estimate of the haplo-
type frequency is f

(k)
hℓ

[2, 5].

2.3 Genetic Algorithm

Instead of using EM algorithm, we adopt the GA
approach. In this study, we use an artificial data of
haplotype frequencies shown in table 1.

Number Haplotype Population
1 GGG 50
2 GGA 6
3 GAG 13
4 GAA 2
5 AGG 22
6 AGA 2
7 AAG 4
8 AAA 1

Total 100

Table 1: Haplotypes and the population.

In this example, the number of loci is 3 and there
are two alleles ’G’ and ’A’. Therefore there are eight
haplotypes.

The first step is to construct genotypical data from
these haplotypes. From these eight haplotypes, we
reorder this haplotype population randomly by using
random numbers, and make 50 haplotype pairs.

Table 2 shows the frequencies of genotypical data
obtained from Table 1. The genotype is shown by
(GG, GA, GA). These are genotypes constructed
from the haplotypes. The first genotype (GG, GG,
GG) means that the sequence has only one haplotype
’GGG’.

The third genotype (GA, GG, GA) has a quite dif-
ferent property. From this genotype, we cannot pre-
dict the haplotype pair uniquely. In other words, two
haplotype pairs (’GGG’, ’AGA’) and (’GGA’, ’AGG’)
reproduce the same genotype (GA, GG, GA).
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Genotype Population
(GG, GG, GG) 11
(GA, GG, GG) 14
(GA, GG, GA) 5
(GG, GA, GG) 7
(AA, GG, GG) 2
(GA, GA, GG) 4
(GG, AA, GG) 2
(GG, GA, GA) 1
(GG, GG, GA) 1
(GG, GG, AA) 1
(GG, AA, GA) 1
(AA, AA, GA) 1

Total 50

Table 2: A genotype and the population which it was
demanded from by haplotype.

In the second step, we estimate haplotype frequen-
cies from these genotype data by means of GA. The
ambiguity of haplotypes appears in the third (GA,
GG, GA) with n = 5, the sixth (GA, GA, GG) with
n = 4, and (GG, GA, GA) with n = 1. In this study,
we consider the haplotype pairs of having ambiguity.
Genotype (GA, GG, GA) may get haplotype pairs
(’GGG’, ’AGA’) and (’GGA’, ’AGG’). We consider the
gene of the length ℓ = 10 = 5 + 4 + 1. The locus of
this gene takes a value of 0 and 1. In the case of 0,
it is assumed that haplotype pair gets ’GGG’, ’AGA’,
and, in the case of 1, it is assumed that haplotype pair
gets ’GGA’, ’AGG’.

This step is illustrated in Figure 1 schematically.
All haplotype frequencies can be obtained from this
gene.

We find genotype frequencies from these haplo-
type frequencies assuming Hardy-Weinberg equilib-
rium. We subtract estimated genotype frequencies and
observed genotype frequencies in each genotype. We
add them and add 1 and we make it a reciprocal num-
ber and use it as the fitness of a population. Let Fm

denote fitness of mth population,

Fm =
1∑r

i=1(Pgi
− P̂gi

)2 + 1
, m = 1, . . . , v. (7)

3 Results

In this study, we set population size of N = 20.
The crossover rate is 0.5, and the mutation rate is
0.05. Table 3 shows the list of calculated haplotype

frequencies. The top shows the true frequency. We
notice that there is a solution completely identical to
the true solution. However, the fitness value of this
solution is low, which suggests the stochastic nature
of the present problem.

Haplotype Number
1 2 3 4 5 6 7 8 Fitness

OHF 50 6 13 2 22 2 4 1
46 8 15 2 26 0 2 1 0.03501
49 6 14 2 23 2 3 1 0.03774
48 6 15 2 24 2 2 1 0.04218
50 4 15 2 22 4 2 1 0.04223
48 6 15 2 24 2 2 1 0.04218
48 6 15 2 24 2 2 1 0.04218
49 5 15 2 23 3 2 1 0.04341
48 6 15 2 24 2 2 1 0.04218
50 4 15 2 22 4 2 1 0.04223

EHF 48 6 15 2 24 2 2 1 0.04218
50 5 14 2 22 3 3 1 0.03796
48 6 15 2 24 2 2 1 0.04218
48 7 14 2 24 1 3 1 0.03585
48 6 15 2 24 2 2 1 0.04218
47 7 15 2 25 1 2 1 0.03909
50 4 15 2 22 4 2 1 0.04223
50 6 13 2 22 2 4 1 0.03267
49 6 14 2 23 2 3 1 0.03774
48 6 15 2 24 2 2 1 0.04218
49 4 16 2 23 4 1 1 0.04731

Table 3: The genotypes and the population which were
obtained from haplotype data. OHF is Observed haplotype

frequencies. EHF is Estimated haplotype frequencies.
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Figure 1: The relations of the value of each locus of
the gene and haplotype pairs.

4 Summary

In this study, we treat the genotypical data of length
3 and with only two alleles ’G’ and ’A’. Therefore it has
comparatively little computational complexity. How-
ever, in practical situations, we must estimate haplo-
types from the genotypes of many loci. We must con-
sider the genotypes whose data at a specific locus were
missing. Then the computational complexity may in-
creases. As for the number of haplotype candidates,
there are two kinds of alleles in each locus. When we
considered ℓ loci, computational complexity becomes
O(2ℓ). Therefore computational complexity becomes
the vast quantity as the number of loci increases. Ac-
tually, the analysis beyond ℓ = 30 is difficult on the
scale of the current computer. Thus we have to treat
such problems by improving and mixing existing algo-
rithms including GA proposed here.

We are now studying the more complex data of ac-
tual DNA sequences, and the results will be reported
in other occasion[1].
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Abstract

One of the most important parameters in the appli�
cation of GAs is the population size N � In many cases�
the choice of N determines the quality of obtained
solutions� The study of GAs with �nite population
size requires the stochastic treatment of evolution� In
this study� we examined e�ects of genetic �uctuations
on the performance of GA calculations� We consid�
ered the roles of crossover and mutation by using the
stochastic schema theory within the framework of the
Wright�Fisher model of Markov processes� The fail�
ure probability of obtaining the optimum solution was
investigated experimentally and theoretically�

� Introduction

This study treats the in�uence of �nite population
size on the performance of genetic algorithms �GAs��
We focused on the e�ect of genetic drift due to the
random sampling of individuals in selection� When
we apply a GA to a given problem� we choose the
population size N intuitively or by experience� This is
because we do not have any reliable theory of choosing
N � If we choose a small N to cut the cost of calcula�
tions� there appear several problems caused by genetic
drift� The main part of the e�ect of genetic drift may
disappear by averaging repeated trials� However there
are several cases in which its e�ect remains �nite even
after averaging� An example of such cases is a GA
on the multiplicative landscape with weak selection
�	� 
�� When one uses a small N� there is a high risk
of poor performance caused by the undesirable e�ect
of genetic drift� The stochastic analysis of GAs using
�nite N is far more complicated than the determinis�
tic ones assuming in�nitely large N � One of the most
fundamental models is the Markov chain theory which
includes selection� mutation and crossover� However�
it is in general di�cult to obtain an analytical expres�
sion of Markov process in closed form� Furthermore

the dimension of the transition matrix increases ex�
ponentially with string length � and population size
N � This fact means that numerical simulations are
impossible when we use realistic values of � and N � In
population genetics� researchers also encountered this
type of di�culties in treating the evolution of a �nite
population by Markov chain model ��� They found
another approach by the application of di�usion equa�
tions� Fisher treated the simple case of no selection
by the heat di�usion equation� We applied stochastic
approaches to the present problem� and studied the
evolution of �rst order schemata in the GA on the mul�
tiplicative landscape with �nite N � In this report� we
considered the evolution of the GA on the multiplica�
tive landscape to study the in�uence of genetic drift
on the performance of calculations� This study in�
cludes the crossover and mutation� and e�ects of these
operators are analyzed by comparing the theory and
numerical experiments� 　

� Models and Methods

��� Representations

In this study� individuals in a population are repre�
sented by binary strings of the �xed length �� There
are n � 
� genotypes� and the ith genotype is given
by the binary representation of the integer i�

i �� i���� � � � � i�	� � �� � i � n� 	��

where i�k� is � or 	�
The population size N is �xed throughout calcula�

tions� and

N �

n��X
i��

Ni�t��

where Ni�t� is the frequency of the ith genotype at
generation t� The relative frequency xi�t� is de�ned
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by
xi�t� � Ni�t��N�

If a population is in linkage equilibrium� the distri�
bution of individuals depends only on the frequencies
of the �rst order schemata ���� Therefore� the relative
frequency xi is represented by

xi �
�Y

k��

hi�k�� �	�

where hi�k� is the frequency of the �rst order schema
corresponding to i�k�� This decomposition enables us
to treat the population by using the schema theory of
exact form ����

��� Deterministic Model

We use the �tness proportionate selection� and the
�tness fi is the multiplicative function of each bit

fi �

�Y
k��

f	 � s i�k�g� �
�

where s is a parameter of selection strength� Within
the framework of the in�nite population model of mul�
tiplicative landscape� the assumption of linkage equi�
librium holds at all generations if the initial state is at
linkage equilibrium ���� Thus the evolution process of
the �rst order schema i�k� � 	 is given by the following
di�erence equation

h��t� 	� �
�	 � s�h��t�

	 � s h��t�
� ��

and the average �tness �f is also given by h�

�f�t� �

�Y
k��

f	 � s h��k�g� ���

denoting i�k� � 	 by 	�k��

��� Wright�Fisher Model

The Wright�Fisher model treats chromosomes hav�
ing one locus and two alleles� corresponding to the GA
of � � 	 with genotypes i � f�� 	g� The number of the
�rst genotype 	 takes the values of N� � f�� 	� � � � � Ng�
and that of the genotype � is given by N� � N �N��
The �tness values of genotypes are

fi�k� �

�
	 �i�k� � ��
	 � s �i�k� � 	��

���

We analyze selection processes by taking into ac�
count the e�ect of random sampling� and consider the
process of choosing o�spring randomly from the popu�
lation in proportion with their �tness values� If there
are N� � i copies of the genotype 	 at the current
generation t� the probability P �jji� of N� taking the
value of j at the next generation t� 	 is given by the
binomial distribution

P �jji� �

�
N

j

�
aj �	� a�

N�j
� ���

where a is given by substituting the right hand side of
equation �� with

h��t��
i

N
�

Thus we have

a �
�	 � s� i

N � s i
� ���

To take into account the e�ect of mutation with mu�
tation rate pm� we replace a by b in equation ���

b � �	� 
pm�a� pm ���

��� Di�usion Equations

The Wright�Fisher model can be approximated by
di�usion equations if N is not too small� The di�usion
equation derived from equation ��� is

���p� t�

�t
�

V �p�




����p� t�

�p�
� M�p�

���p� t�

�p
� ���

where p is the initial value of the relative frequency
y � i�N at time t � �� and

V �p� �
p�	� p�

N
� M�p� � s p�	� p��

We de�ne the ultimate �xation probability by

u�p� � lim
t��

��p� t�� �	��

Using equation ���� we have

d�u�p�

dp�
�


M�p�

V �p�

du�p�

dp
� �� �		�

The boundary condition is

u��� � �� u�	� � 	�

Since 
M�p��V �p� � 
Ns� we have

u�p� �
	� exp��
Nsp�

	� exp��
Ns�
� �	
�

We de�ne the failure probability F that there is no
optimum solution in the stationary state� This prob�
ability is approximately given by u�p�

F � 	� u�p�� �	�
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� Results

We performed numerical calculations of GA with
roulette wheel selection on the multiplicative land�
scape� The results were compared with the determin�
istic and stochastic models of the �rst order schema�
We compared results of

	� selection with s � ���	


� selection with s � ����

Crossover was done with the uniform crossover of
crossover rate pc� We used mutation rates pm of � and
����	 and compared their results� The string length
was � � �� The initial value of the �rst order schema
was h� � 	�
� The calculations were performed re�
peatedly� and results were averaged over 	��� runs�

Figure 	 shows the failure probabilities F with the
weak selection of s � ���	� The solid line represents
the prediction of di�usion model given by equation
�	�� We can observe the e�ect of crossover is very
large� and crossover greatly improve the performance
of GA calculations� We �nd that even the very small
value of pc � ���	 has noticeable e�ect of reducing F �

Figure 
 also shows the results of s � ���	 with
mutation rates of pm � ����	 and �� We notice that
mutation also works as the operator reducing F �

Figure  shows the failure probabilities F with the
strong selection of s � ���� In this case� we have to
use more large crossover rate pc � ��
 to observe the
e�ect of crossover� When we used the small value of
pc � ���	� we cannot observe the e�ect of crossover�

Figure � is the results of s � ��� with mutation
rates of pm � ����	 and �� This �gure also shows the
e�ect of mutation in reducing F �

� Summary

The study of GA on the multiplicative landscape
demonstrated e�ects of crossover on the performance
of GA calculations� Since the failure probability F has
the strong N dependence� we have to choose carefully
the optimum population size N in the case of weak se�
lection s � ���	� In the case of strong selection s � ����
there are notable e�ects of genetic drift and in�uence
of N when N is very small� We also found that muta�
tion has e�ects of reducing the failure probabilities� 　
It was demonstrated that the di�usion approximation
can explain the behavior of GA on the multiplicative
landscape�
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Abstract: Circular  dynamic  stereoscopy  (CDS)  has  special advantages  for  3D measurement  as  it  uses  a  single CCD 
camera without cumbersome settings. In CDS, annular streaks are recorded, with their size inversely proportional to the 
depth/distance of the measuring point from the CCD camera. Therefore threedimensional information can be measured 
automatically by image processing techniques. In this paper, robot vision system and flow measurement system using 
circular dynamic stereoscopy are introduced. Experimental results show the feasibility of our system. 

Keywords: Robot,  Vision,  Image  processing,  three  dimensional  measurement,  CCD,  Calibration 

I. INTRODUCTION 
The automatic inference of depth/distance information 
is  a  primary  aim  of  computer  vision  systems.  The 
stereovision method  and  the  slit  ray  projection method 
are  often  used  for  computer  vision  [1]  [2].  There  are, 
however,  some  limitations  in  the use  of  these  systems. 
In stereovision systems, finding matching pairs between 
frames can often be problematic, particularly when there 
are  several  possible  choices  of matching  points. When 
implementing  the  slit  ray  projection method,  the  target 
must  be  stationary  while  taking  measurements.  These 
systems also need sufficient space for  triangulation and 
making measurements is cumbersome. 
In  this  paper,  a  compact  threedimensional 
measurement system is introduced [3] [4]. By attaching 
an optical device in front of a CCD camera, an image of 
a  measuring  point  takes  a  displacement  from  the 
original position in the image plane. The optical device 
consists of a cubical beamsplitter, and a mirror  setting 
with  45  degree  against  the  optical  axis  of  the  CCD 
camera  lens.  If  the  optical  device  is  rotated around  the 
optical axis of  the CCD camera  lens at high speed, the 
measuring point  creates  an annular  streak  in  the  image 
plane. The  radius  of  the annular  streak  depends  on  the 
depth  of  the  measuring  point,  that  is,  the  radius  is 
inversely proportional to the distance from CCD camera 
to measuring point. Therefore, by analyzing the annular 
streak  in  the  image  plane,  threedimensional 
information of the measuring point can be obtained. The 
experiments  of  flow  measurement  and  robot  vision 
demonstrate the feasibility of our system. 

II.CIRCULAR DYNAMIC STEREOSCOPY 
In  order  to  realize  the  CDS  in  compact  setup,  we 
developed  the  following  system  that  added  a  circular 
shift  to  the  image.  Fig.  1  shows  schematic  diagram  of 
CDS system and Fig.2 shows the optical device on CDS 
system.  By  introducing  a  beamsplitter  and  a  coupled 
mirror  on  the  CCD  camera  lens,  one  of  the  images  of 
the  measuring  point  is  directly  recorded  by  the  CCD 
through  the  beamsplitter  and  the  other  image  is 
displaced  by  the  combination  between  the  coupled 
mirror and beamsplitter. 

Fig.1 Schematic diagram of CDS system 

Fig.2  Optical device on CDS system 

CCD  Camera 

Measuring  Point 

Beamsplitter 

Mirror
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The  magnitude  of  the  displacement  is  related  to  the 
distance  between  the  beamsplitter  and  the  coupled 
mirror.  The  displacement  that  appears  on  the  CCD  is 
related to the distance between the CCD camera and the 
measuring  point.  That  is,  the  displacement  r  in  the 
image  is  inversely  proportional  to  the  distance  D 
between the measuring point and the camera as: 

(1) 
where  f  is the  focal  length of  the camera and d  is the 
magnitude  of  the  image  shifting  by  the  beamsplitter 
and coupled mirror. 
When  the  beamsplitter  and  the  coupled  mirror  are 
rotated physically at high speed during  the exposure of 
the  CCD  camera,  the  annular  streak  and  its  center  for 
each  measuring  point  appear  on  an  image  since  the 
rotational shift is added to the image. Fig. 3.a shows the 
multi  laser  spots projected on  the surface of object and 
Fig.3.b shows the image with circular shift produced by 
our  system.  Since  the  size  of  the  streak  is  inversely 
proportional to the distance of the measuring point from 
the  camera,  each  annular  streak  contains  three 
dimensional  information  of  the  measuring  point.  The 
position and  the size of  the annular  streak in  the image 
are  related  to  the  threedimensional  location  of  the 
measuring point. 
If  the  measuring  point  is  not  stable,  a  spiral  streak 
appears  since  the movement  of  the measuring  point  is 
added to the rotational shift. In this case, 3Dimensional 
position and the velocity of the measuring point can be 
obtained  simultaneously  by  analyzing  the  variation  in 
the  radius  of  spiral  streak.  Fig.4  shows  the  example  of 
spiral streak of moving tracer particle in the water flow. 

III. CALIBRATION METHOD 
The  information  required  for  3D measurement  of  an 
image  is  the  center  position  and  size  of  the  annular 
streak.  The  center  (uc,vc)  and  the  diameter  rc  of  an 
annular  streak  are  obtained  to  subpixel  accuracy 
considering  the  pixel  intensity.  The  parameters  of  the 
annular  streak  are  converted  to  the  world  coordinates 
(xf,yf,zf)  that  are  fixed  on  the  focal  point  of  the  CCD 
camera by 
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where  d  is  the magnitude  of  the  shift  by  the  coupled 
mirror, f is the focal length of the CCD camera, and rc  is 

the radius of the annular streak at this point. The values 
of  f  and  d  can  be  determined  by  sampling  over  two 
distinct  noncoplanar  points,  whose  world  coordinates 
are already known. 
The system is setup for calibration as shown in Fig. 6. 
Suppose  the  world  coordinate  system  is  fixed  on  the 
focal  point  of  the  camera,  the  xaxis  and  yaxis  are 
parallel to the image plane of the CCD camera, and the 
zaxis is along the optical axis of the camera. A x,y scale 
is placed on the surface  of a calibration board  that can 
be moved along the z stage. 

a.  b. 
a. Image without circular shift. 
b. Image with circular shift. 

Fig.3 Image obtained by CDS 

Fig.4  Spiral streak of moving tracer particle 
in the water flow 

Fig.6  Setup  for  calibration 

Pc 

Calibration  board 

CDS system 

Z axis rail 

z 

x 

y

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 866



IV. EXPERIMENT 
1.  Evaluation  of  measuring  accuracy 
To evaluate the feasibility of our system, the following 
experiment  was  conducted.  A  plane  board  was  set 
parallel  to  the  image  plane  of  the  CCD  camera  at  a 
known  distance.  The measuring  point  was  illuminated 
on the surface of the board by a laser spot beam and was 
moved at a constant  speed. The  image was  then stored 
in  a  computer  and  the  position  of  the  laser  was 
calculated. The velocity of the board was changed from 
10  mm/s  to  150 mm/s  by  20  mm/s.  The  result  of  the 
experiment  is  shown  in  Fig.7.  If  the  measuring  point 
moved,  it  draws  spiral  streak. When  the movement  of 
the measuring  point  is  under  120 mm/s,  the  error was 
less than 2mm. 
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Fig.7  Accuracy  of  measuring  system 

2.  Robot  Vision 
The CDS system is set at the tip of the robot arm. The 
stick  with  a  bright  LED  on  the  top  was  moved.  By 
measuring  the  positions  of  the  LED  at  each  times,  the 
robot  arm  follows  it  in  an  instant.  Fig.8  shows  the 
configuration  of  our  robot  vision  system.Fig.9  shows 
the  image  measured  by  robot  vision  system  at  each 
times.Fig10 shows the results of the measurement. 
3. Flow Measurement 
Measurement of tracer particles in water is the primary 
aim of  this  system  (Particle Tracking Velocimetry). By 
measuring  the  positions  of  the  tracer  particles  at  each 
times, the threedimensional velocity distribution within 
a  flow  can  be measured.  Fig.  11  shows  setup  for  flow 
measurement.  The  distance  between  the  center  of  the 
tank and the measuring system is approximately 500mm. 
Polystyrene tracer particles of 0.2mm or less in diameter 
are scattered onto the water. The tracer particles have a 
specific gravity of 1.03, so t that hey may be considered 

neutrally  buoyant  in  water.  These  particles  are 
illuminated  by  a  halogen  lamp.  A  cylindrical  tank  of 
270mm in diameter is placed inside the rectangular tank 
and  both  tanks  are  filled  with  water  to  avoid  any 
distortion of the image. Water in the cylinder tank is set 
into motion via a disc driven by a motor situated on top 
of the cylinder tank. 

Fig.8 Robot vision system 

Fig.9  The  image  measured  by  robot  vision  system 
at  each  times 

Fig10  The  results  of  the  measurement 

Object 

Pc 

CDS System
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Fig. 11 Setup  for  flow  measurement 

(a) Recorded image  (b) Analysis result 
Fig.12 Spiral streaks of tracer particles in flow 

Fig.13 Velocity distribution within the cylinder tank 

An example of the particles streaks is shown in Fig.12. 
Three  dimensional  positional  information  of  tracer 
particle  can  be  estimated  by  processing  image.  The 
estimated  velocity  distribution  within  the  cylinder  is 
shown  in  Fig.  13.  Velocity  vectors  are  interpolated  by 
taking  into  consideration  the  position  of  the  tracer 
particles and the velocity vector of each tracer particle. 

V. CONCLUSION 
We  have  introduced  a  new  approach  to  obtain 
depth/distance  information.  A  single  camera  and  an 
image  rotation  apparatus  record  3D  information  on  a 
single  image.  Annular  streaks  recorded  on  the  image 
plane relate directly to the 3D positional information of 
the individual measuring points. The 3D information of 
the  measuring  points  is  obtained  by  using  an  image 
processing technique. 
Our system is compact and the setup is simple since it 
uses a single camera. The system is thus expected to be 
a  useful  tool  for  various  fields  such  as  flow 
measurement  system  and  robot  vision  system. 
Experimental  results  demonstrate  the  feasibility  of  our 
system. 
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Abstract 

 
We propose a double-lens tracking-camera system 
composed of two lens-modules. One module is to 
take a wide view while the other is to track and 
magnify the target with its pan-tilt mechanism, 
which mimics the eye’s function of tracking and 
watching an object without losing wide whole 
view. We have developed a prototype of the 
camera and applied it two real-world applications, 
i.e., “fish-tracking” and 
“illegal-disposal-surveillance”, and had excellent 
results fundamentally in the applications. 
 
1. Introduction 
 

Our goal is to develop a camera that has the 
eye’s function of tracking and watching an object 
without losing wide whole view. We have 
developed a prototype of the camera and reported 
its fundamental performance already[1][2]. In the 
first prototype, we have introduced “Real Time 
Template Updating (RTTU)” algorithm in which 
the target area in the previous image frame is used 
for the template for the target in the current image 
frame, and then the target area in the current 
image frame is used for the template in the next 
image frame. The algorithm was implemented 
onto a reconfigurable VLSI, or FPGA (Field 
Programmable Gate Array), and the prototype 
worked well basically under the algorithm.  
Miss-tracking, however, also happened 
occasionally because slight positioning shift of 
the target to the center of the template was 
accumulated and the target was shifted out of the 

center gradually. 
In order to overcome this difficulty, we have 

proposed “Center of Gravity Adjustment (CGA)” 
algorithm in which the center of the gravity of the 
template is moved to the center of the template. 
By combining the RTTU with the CGA, we could 
achieve much more precise tracking successfully 
in the second prototype.  

We have applied the prototype to two 
real-world applications, i.e., “fish-tracking” and 
“illegal-disposal-surveillance”, and had excellent 
results fundamentally in the applications. In this 
paper, we explain the newly proposed algorithm 
of RTTU with CGA and discuss the experimental 
results of the applications showing its images. 
 
2. System Overview 
 

Figures 1 and 2 show a photograph of the 
double-lens tracking-camera prototype and the 
FPGA-board, respectively. An FPGA, which is a 
kind of programmable VLSI, is mounted on the 
FPGA-board (a black-colored square part at the 
center of the board is the FPGA). A wide view is 
captured through the wide-view lens module (the 
small-lens module in the figure) in the beginning, 
and it is sent into an FPGA a 
target-tracking-and-detection algorithm is 
implemented onto. In the FPGA, the target 
position is detected immediately and it is fed back 
to the other lens-module for the telescope view 
with the pan-tilt mechanism. We also newly 
developed a magnet-based pan-tilt drive in place 
of the traditional motor-based drive, which 
enables the lens-module to move faster than the 
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traditional one by tree times or more (see details 
in [1][2]). 

 
3. Target-detection and Tracking 
Algorithm 
 

A target can be detected based on the 
template-matching manner fundamentally. In the 
simplest approach, pre-sampled 
target-image-templates are scanned through the 
whole image and the object matched to some 
templates is detected in it. In the ordinary 
approach, however, it is getting difficult to track 
the object correctly as its moving-speed increases. 
In our system, the target-image-template is 
updated during the tracking, which is called  
“Real Time Template Updating (RTTU)” 
algorithm, contrastively to the fixed set of the 
pre-sampled target-image-templates. The target 
image that has been tracked in one previous frame 
tn-1 is used as the template for the present frame of 
tn. According to this updating procedure, the 
template is updated in real-time, or on-line 
manner. The target image in the present frame tn is 
almost the same as in the previous one in the 
frame tn-1, so that the template-image can 
correctly matches the target even under its 
high-speed motion because of the very short 
interval between frames. Under the RTTU 
algorithm, the target thus can be rocked in the 
tracking fundamentally.  

The real-time updating mentioned above 
works well principally if the updating interval is 
much shorter than the target motion. The 
video-frame-rate of 33ms, however, is not so 
short to the target that moves fast close to the 
camera, and it sometimes happens that the center 
of the target gradually moves from that of the 
template and the tracking fails finally.  

This miss-tracking mechanism is analyzed in 
Fig. 3. The figure shows the template and its 

correspondence to the frame at every frame step 
of ti, which is usually 33ms in video frame. The 
template consists of 8 x 8 segments, or pixels and 
that is a part of the frame of 10 x 13. In the 
prototype, a frame of 100 x 72 segments, which is 
sampled from the original digital image of 768 x 
494 pixels, is used. In this explanation, the frame 
size is reduced to 10 x 13 for the sake of 
convenience. In the figure, an “L”-shape like 
target simply moves to the right side without 
changing its shape. The target is at the center in 
the template at t0, and it is exactly matched with 
the target in the frame at t0. Then the template at t1 
is cut out from the frame at t0 and it is the same as 
at t0. The target in the frame at t1 is a little 
different from that at t0 because the target moves a 
little and the quantumization error occurs in the 
image even though the target itself does not 
change in its shape. Thus, some difference in 
shape happens between the targets in the template 
and the frame. The target image in the frame is 
recovered at t5, and the target image in the 
template at t6 is recovered according to it. The 
target-image-position, however, is shifted by 1 
segment to the right as shown in figure. This 
target-image-shift in the template goes as the time 
increases. At t10, the target-image-position is 
sifted by 2 segments to the right compared with 
that at t0. Finally, as shown in the figure, the target 
image disappears at t30. The RTTU algorithm thus 
does not work well by itself because of the 
quantumization error practically. 

In order to overcome this difficulty, we 
propose the Center of Gravity Adjustment (CGA) 
algorithm. In the CGA, the center of the gravity of 
the template Pcg is calculated as follows: 

 

( )P , , ,k k k k
cg cg cg

k k

p x p y
x y

p p
=
⎛ ⎞
⎜ ⎟
⎝ ⎠
∑ ∑
∑ ∑

Fig. 2  FPGA board. Fig. 1  Double-lens tracking-camera. 
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where Pk is the value (brightness) of the k-th pixel 
in the template and xk and yk are the x and y 
coordinates of the pixel, respectively. And Pcg is 
adjusted to the center of the template at every 
frame rate. 
 
4. Applications 
 
4.1 Fish-Tracking 

We applied the system to the fish-tracking in 
which a target fish was detected among multiple 
fish in an aquarium under the wide-lens view and 
the target was tracked being magnified through 
the telescope-lens module. We also developed the 
network interface to connect the camera with the 
Internet to broadcast the live images widely. 

Figure 4 shows a magnified image of the 
target fish tracked with the pan-tilt telescope lens 
module, while Fig. 5 shows the wide-lens view of 
the entire aquarium. The template that is cut out 
from the frame in Fig. 5 is also superimposed at 
the upper left corner.  

The target fish in the entire aquarium image 
is magnified by 3-time, so that its face and fins 
can be clearly observed. In the application, the 
target fish could be tracked successfully even 
under the multiple fish, algae, stones with water 
circulation and pumped air. Observers could 
watch the target fish clearly seeing the entire 
aquarium. 
 
4.2 Illegal-Disposal-Surveillance 
 

Illegal-disposal is one of serious social 
problems, especially in Japan. Some imprudent 
person throws away bulky refuse, or garbage to 
some field illegally. Conventional 
surveillance-cameras are set up in some field 
already. The cameras, however, capture entire 
wide views of fields only. Thus, it is sometimes 

difficult to identify the criminals. 
We are planning to apply the double-lens 

tracking-camera to the 
illegal-disposal-surveillance to solve the problem 
by its feature of tracking and magnifying the 
target. We have carried out some surveillance 
tests using the prototype. Figure 6 shows a 
wide-lens view of the entire filed a person having 
garbage in his hand is captured in (this is not a 
real illegal-disposal but is just an act). The 
template that is cut out from the frame in Fig. 6 is 
also superimposed at the upper left corner as in 
Fig. 6. Figure 7 shows a magnified image of the 
person being tracked with the pan-tilt telescope 
lens module. In this application, we used a 
6-power lens corresponding to the wide area of 
the field. The person can be clearly shown and 
identified easily.  

In the illegal-disposal-surveillance, however, 
some over swings or trembles still remain in the 
pan-tilt camera movement because the wide-view 
area in the illegal-disposal-surveillance is much 
wider than the fish-tracking. This difficulty is 
expected to be improved with high-precision 
digital feed-back control that is planed to be 
added to the current feed-back circuits. 
 
 
5.Conclusions 
 

The Real Time Template Updating (RTTU) 
algorithm with Center of Gravity Adjustment 
(CGA) was proposed in order to achieve highly 
precise tracking, and it was implemented onto the 
FPGA in the double-lens tracking camera. 

The camera was applied to the real world 
applications of the fish-tracking and the 
illegal-disposal-surveillance. In the fish-tracking, 
the target fish in an aquarium could be tracked 
successfully even under the natural situation of 
the aquarium. In the illegal-disposal-surveillance, 

Fig. 4 Magnified image of the target fish. Fig. 5 Wide-lens view of the entire 
aquarium. 
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the target (a parson) could be tracked also, but 
some over swings or trembles still remained in the 
pan-tilt camera movement, which was expected to 
be improved by the digital feed-back control. 
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Fig. 7 Magnified image of the person. Fig. 6 Wide-lens view of the entire field.

Fig. 3 Analysis of the miss-tracking mechanism.
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Abstract: Probabilistic generative models work in many applications of image analysis and speech recognition. In general,
there is an observation vector~y and a state vector~x, and a joint dependency structure among them. The object of interest is,
given~y, the most likely configuration~xMAP and its posterior distribution. In practice, the exact value of posterior probability of
~xMAP is impossible to obtain, especially when there is a large number of observed variables. Here we analyzed the distribution
of posterior probabilities of~xMAP when there areN = 200∼ 1000observations. We used a probabilistic model with simple
linear dependency structure in which the exact value of posterior probability of~xMAP is obtainable. Computer experiments
show that even an identical model generate a variety of posterior distributions, which suggest difficulties in understanding the
meaning of posterior probability. Finally, we propose a method to know the confidence of the estimator~xMAP by computing
P(~x′|~y)’s where~x′’s are neighbors of~xMAP.

Keywords: Bayesian inference, maximum a posteriori estimator, hidden Markov model, dependency graph

1 Introduction

In Bayesian formations, we formalize the relevant prior
information, as a probability distribution, sayP(~x). Then,
given a prior distributionP(~x) and an “observation”~y, we
form the posterior distributionP(~x|~y): the conditional dis-
tribution given what is observed. Given an observation we
seek the most likely configuration~xMAP that maximizes the
posterior distribution.

Suppose we can computeP(~x|~y), the posterior proba-
bility of ~xMAP, although it is in practice difficult to com-
pute the exact value of posterior probability when there is
a large number of observed variables. What doesP(~x|~y)
signal to us? Even if we know the posterior probability of
~xMAP, its meaning is problem-dependent. When, for exam-
ple, P(~xMAP|~y) = 0.01, can we say~xMAP is not so believ-
able? The answer depend on the problem. Even if we fix
the problem setting, it is difficult to answer. It seems that
larger the configuration space of~x, smaller theP(~xMAP|~y).
However, the value of posterior probability, of course, sig-
nals something. When, for example, the posterior probabil-
ity of ~xMAP is 0.98, it signals that~xMAP is most likely inter-
pretation with high confidence. In general, how can we use
the value of posterior probability effectively for processing
in next stage ?

In this paper, we used a probabilistic model with sim-
ple linear dependency structure in which the exact value of
posterior probability of the most likely configuration~xMAP

is obtainable. We, then, analyzed the distribution of poste-
rior probabilities when there aren = 200∼ 1000observa-
tions. We performed a large number of computer experi-
ments to obtain the distribution ofP(~xMAP|~y). The results
suggest that there is a variety of distributions ofP(~xMAP|~y).
We computed not onlyP(~xMAP|~y) but P(~x′MAP|~y)’s where
~x′ is neighbor of~xMAP. The presentation will be nontechni-
cal and by example, highlighting the meaning of posterior
probability, such as, what posterior probability signals or
whether low posterior probability signals that the estimator
is relatively not believable.

2 Bayesian Inference

2.1 Linear dependency graph

As a simple example, suppose thatX1,X2, . . . is a first-
order Markov process with state spaceX ∈ {0,1}, initial
probability distribution

p0 ≡ Prob(X1 = 0) = 0.5 (1)

p1 ≡ Prob(X1 = 1) = 0.5 (2)

and transition probability matrixP≡
·

p00 p10

p01 p11

¸
≡

·
Pr(Xi+1 = 0|Xi = 0) Pr(Xi+1 = 0|Xi = 1)
Pr(Xi+1 = 1|Xi = 0) Pr(Xi+1 = 1|Xi = 1)

¸
=

·
0.99 0.03
0.01 0.97

¸
.
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Figure 1:a, Linear dependency graph. The nodes of theX-
graph represent a source sequence of 0 and 1’s generated
from a Markov chain, and theY nodes represent a noisy
observation.b, A source data~x (represented as a line), an
observation~y (points), and the maximum a posteriori esti-
mator~xMAP (plotted~xMAP + 3) and its posterior probabil-
ity. Yi = Xi +Zi , Zi ∼N (0,σ2),σ = 0.7, 15 i 5 n= 500.
There was 17/500 discrepancies between~xMAP and~xtrue.

Suppose we observe corrupted signalY1,Y2, . . .Yn where

Yi = Xi +ηi (3)

with ηi iid N (0,σ2),σ = 0.7;

Prob(Yi < yi |xi) =
1√
2πσ

∫ yi

−∞
exp

{
− (y−xi)2

2σ2

}
dy (4)

The goal is to estimateX where the estimation will be
based upon the corrupted observations, and based upon the
model, i.e., the prior distribution.

Y itself is not Markov. Nevertheless, the conditional dis-
tribution of X givenY remain simple, whereX givenY is
still first-order Markov. In general, the combination of a
rich marginal structure forY and a simple posterior struc-
ture forX makes hidden Markov process a common mod-
eling tool [1].

2.2 Most likely configurations

Given an observation~y = (y1, · · · ,yn)T we seek~x =
(x1, · · · ,xn)T that maximizes the posterior distribution (the
so called MAP estimator);

~xMAP = argmax
~x

Prob(~x|~y) (5)

where

Prob(~x |~y) =
Prob(~x, ~y)
Prob(~y)

. (6)

SinceProb(~y) is a positive constant, the goal is to compute

~xMAP = argmax
~x

Prob(~x, ~y). (7)

There are legendary practical problems with the actual im-
plementation of Bayesian methods. We want to compute
most likely states with respect to these posterior distribu-
tions, but usually direct evaluation is already impossible
with one hundred dimensions. Fortunately, for random
fields with linear graph, this posterior distribution is itself
Markov, which has some striking computational implica-
tions.

~xMAP = argmax
~x

{
logpx1 +

n

∑
t=2

logpxt−1xt +
n

∑
t=1

logqxtyt

}
(8)

In particular, dynamic programming methods can be used:
computationally-feasible algorithms exist for estimating
the most likely interpretation~x of a given signal~y. In con-
crete, first we compute

C1(i) = log(pi)+ log(qiy1) (9)

Then, we sequentially compute fort = 1, · · · ,n−1

St+1( j) = argmax
i

{
Ct(i)+ logpi j + logq jyt+1

}
(10)

Ct+1( j) = Ct(St+1( j))+ logpSt+1( j) j + logq jyt+1(11)

wherei, j ∈ {0,1}, and

qxtyt =
1√
2πσ

exp

{
− (yt −xt)2

2σ2

}
∆y (12)

Finally, we obtain

x̂n = argmax
i

Cn(i) (13)

Then thex̂t , t = n−1, · · · ,1 will be obtained.

x̂t = St+1(x̂t+1) (14)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 878



2.3 Posterior probability

We want to compute the conditional probability of the
most likely state, given the observation

Prob(~x |~y) =
Prob(~x, ~y)
Prob(~y)

. (15)

Still it is difficult to know the posterior probability when
there is a large numbern of observed variables. If we com-
pute the inverse of the conditional probability, rather than
conditional probability itself, we can obtain the posterior
probability for relatively largen [2].

1
p(~x|~y)

=
p(~y)

p(~x,~y)
=

∑̃
x

p(x̃,~y)

p(~x,~y)
(16)

=
∑

i1,i2,i3,··· ,in
pi1,i2 pi2,i3qi1,y1qi2,y2qi3,y3 · · ·qin,yn

px1,x2 px2,x3qx1,y1qx2,y2qx3,y3 · · ·qxn,yn

=
∑
in

qin,yn

qxn,yn

· · ·
∑
i3

pi3,i4qi3,y3

px3,x4qx3,y3

∑
i2

pi2,i3qi2,y2

px2,x3qx2,y2

∑
i1

pi1,i2qi1,y1

px1,x2qx1,y1

=
∑
in

qin,yn

qxn,yn

· · ·
∑
i3

pi3,i4qi3,y3

px3,x4qx3,y3

∑
i2

pi2,i3qi2,y2r2(i2)

px2,x3qx2,y2

=
∑
in

qin,yn

qxn,yn

· · ·
∑
i3

pi3,i4qi3,y3r3(i3)

px3,x4qx3,y3

=
∑
in

qin,ynrn(in)

qxn,yn

where we put

r2(i2) =
∑
i1

pi1,i2qi1,y1

px1,x2qx1,y1

and fort = 3, · · · ,n

rt(it) =
∑
it−1

pit−1,it qit−1,yt−1rt−1(it−1)

pxt−1,xt qxt−1,yt−1

.

3 Computer Experiments

3.1 Posterior probability of MAP estimator

Computer simulation was carried out forn= 200. Typi-
cal sequences of source signal~xTRUE and observation~y and

its MAP estimator~xMAP are illustrated in Fig.2 (left). Pos-
terior probability of the most likely stateP(~xMAP|~y) and
that of true stateP(~xTRUE|~y) (~xTRUE is unknown to ob-
server) is shown on the upper-right corner for typical four
cases.P(~xMAP|~y) seems to be distributed broadly, and they
were 0.113, 0.164, 0.019, and 0.466 in these four cases.
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Figure 2: Posterior probability distribution of~xMAP for typ-
ical four cases of~xTRUE. Left: See Fig.1 for explanation.
Middle: Distribution ofP(~xMAP|~y) for 10,000 different~y’s
generated from an identical~xTRUE. Right: Relationship be-
tween posterior probabilityP(~xMAP|~y) and reconstruction
rated(~xMAP,~xTRUE)/n.

3.2 Distribution of posterior probability of ~xMAP

We generated a set of 10,000 different observation~y’s
from an identical signal~xTRUE. Figure 2 (middle) show
the distribution ofP(~xMAP|~y) for these 10,000~y’s. The re-
sult shows that there are variety type of the distribution of
P(~xMAP|~y). We asked whether these posterior probabilities
signal to us in this problem setting by examining the rela-
tionship between reconstruction rate and posterior proba-
bility. The results are shown in Fig.2(right). As a recon-
struction rate, we used the normalized Hamming distance

dham(~xMAP,~xTRUE)
n

wheren(= 200) is number of observations. These results
show a tendency that higher theP(~xMAP|~y), larger the re-
construction rate, although it is not so simply interpreted.
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Figure 3: Posterior probability distribution of~xMAP. Left:
Distribution of P(~xMAP|~y) for 10,000 different~y’s gener-
ated from 10,000 different samples of~xtrue. Right: Rela-
tionship between posterior probabilityP(~xMAP|~y) and re-
construction ratedham(~xMAP,~xTRUE)/n.

Figure 3 shows the distribution ofP(~xMAP|~y) for 10,000
totally different sample~xTRUE’s and different sample ob-
servation~y’s. The value ofP(~xMAP|~y) decrease asn being
large (compare Fig.3 (left) to Fig.4 which is the case of
n = 500).
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Figure 4: Reconstruction ratedham(~xMAP,~xTRUE)/n and
posterior probabilityP(~xMAP|~y) for n = 500.

4 Discussion

The value of posterior probability of~xMAP does not tell
us much except in the case ofP(~xMAP|~y) being extremely
large since we do not know in advance the structure of pos-
terior probability distribution. To useP(~xMAP|~y) effectively
in interpretation, we consider the distribution of posterior
probability of perturbed~xMAP in which we generate a set
of ~x’s which is close to~xMAP as a vector, and make a his-
togram ofP(~x|~y). For example there are 5 transition points
(0→ 1 or 1→ 0) in ~xTRUE exemplified in Fig.5. We gen-
erated a set of35 = 243~x’s in each of which each tran-
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Figure 5: Meaning of posterior probability of~xMAP. Upper:
P(~xMAP|~y) = 0.03. See the caption of Fig.1 for explanation
in detail. Lower: Distribution ofP(~x′|~y) where 242~x′ sim-
ilar to~xMAP was generated.

sition point of~xTRUE was systematically shifted -1,0,or 1.
We computedP(~x|~y) for each thus generated~x (see Fig.5).
From this analysis, we see the value ofP(~xMAP|~y) = 0.003
has something to tell us;~xMAP is most likely interpretation
given the observation~y with high confidence.
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Abstract
We propose a kind of self-amendment game, Min-

imum Nomic, as a model to study rule dynamics.
Nomic is a game in which changing the rule of game
is a move. Minimum Nomic is a reduced version of
the original Nomic to keep the essence but promote
evolvability of the self-amendment game. We discuss
the characteristics of Minimum Nomic from the view-
point that how changeability of rules and durability of
games change. By analyzing the dynamics of purpose
and goals and the self-referential property, we claim
that Minimum Nomic is an interesting tool for study
rule dynamics.

1 Introduction

One of the interesting features of complex systems
is “rule dynamics.” It means that a set of rules which
describe the dynamics or the behavior of the system
has a possibility to change through the behavior of
the system. We can find many examples of the system
with rule dynamics here and there such as, laws, lan-
guages, and life. Laws are enacted according to laws.
We use a language according to linguistic rules includ-
ing a grammar and lexicon but the rules will change
based on our use of the language.

The evolution of life also can be seen as a rule dy-
namics. Chemical reaction networks characterizing a
biological system, which is considered as a kind of rules
of the biological system, change when the life evolves.
From the viewpoint of rule dynamics, the most impor-
tant feature of life is, among others, its evolvability.
The biological evolution is an open-ended, an ever-
changing process. The system of life, not as an indi-
vidual but as a lineage, does not stop to change their
rules responding to dynamic environment, since organ-
isms form their own and others’ environment.

We take a stand point that, in understanding com-
plex systems, considering rule dynamics of the systems
as a general feature of complex systems is necessary

rather than pursuing particular key matters such as
DNAs, RNAs, or proteins as reductionism. In particu-
lar, it is interesting how the system gradually wanders
among stable and unstable points in a rule-space or
develops from unstable to stable points.

There is a game of rule dynamics, Nomic, in which
changing the rule is a move. Nomic was invented by
Peter Suber in 1982 [1]. The players of the game
change the rule of Nomic in playing the game. Suber
devised Nomic based on the constitutional system of
the United States. Thus, many rules are strictly set
up in the Initial Set of Rules in order to keep chang-
ing the rule by promoting unique interpretation of the
rules and avoiding conflicts among rules as much as
possible. But this strictness of the Initial Set of Rules
causes less changeability.

In this study we propose Minimum Nomic which is
a variant of Nomic in order to study evolution of rule
dynamics. We modify the rules of the original Nomic
in order to increase the changeability but to keep the
essence of Nomic. The number of initial rules is re-
duced from 29 of the original to 9. Although it is pos-
sible to decrease the number to two, like Pure Nomic1,
the game come to be likely to stop. Accordingly, we
revise the Initial Set of Rules taking both the change-
ability of the rules and the durability of the game into
consideration.

2 Nomic

Nomic was invented by Peter Suber in 1982 as a
self-amendment game based on constitutional system
of the United States. The game was introduced in
Hofstadter’s book [2]. Suber revised the rules and
published them in his book [1]. After that, many sub-
species have been proposed2.

Nomic is a game in which players change the rules
1See http://www.playagaingames.com/games/pure_nomice
2See Peter Suber’s Nomic site, http://www.earlham.edu/

~peter/nomic.htm
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of the game. The Initial Set of Rules of Nomic consists
of 29 rules3. These rules can be changed in the game.
There is a key rule, numbered as 202 in the original
Initial Set of Rules.

Rule 202: One turn consists of two parts, in
this order:

1. Propose one rule change and having it
voted on;

2. Throwing one die once and adding the
number of points on its face to one’s
score.

The procedure to change rules is enacted in the first
part. Further, the score which the players pursue by
trying to change the rules is defined by the second
part. Accordingly, this rule decides the framework of
the game and the purpose of the players. Of course,
they can be amended in the course of the game.

The Initial Set of Rule has hierarchical property. It
means that the Initial Set of Rules is categorized into
“mutable” and “immutable” rules. The players can
propose to amend or to repeal the mutable rules. The
immutable rules can not be modified before it becomes
mutable. This hierarchical setup are devised for the
rules not to be in conflict with each other and for the
game to keep playing. But this rigid property restrains
the potential to keep changing the rules dynamically.

3 Minimum Nomic

3.1 Evolvabiity

We propose Minimum Nomic as a tool for studying
rule dynamics. One of the most important aspects
in rule dynamics is a trajectory of rules, namely, how
an objective system moves around in a rule-space. In
order to study this aspect, model of the rule dynamics
must keep evolvability which consists of the following
two properties:

1. changeability of rules

2. durability of game

The first property corresponds to adaptability, and
the second stability of a system. While these two prop-
erties are sometimes incompatible, they often coexist
in natural dynamical systems such as living, cognitive,
linguistic, and social systems. If a system is too rigid,

3Look at Suber’s site for the complete description of the Ini-
tial Set of Rules.

it cannot adapt to changing situations. If it is too
unstable, it is likely to cease existing.

Nomic is a good model of the self-amendment sys-
tem. The rules are contrived strictly to maintain
the durability of the game. The strictness, however,
lessens the changeability of rules. Further, the rules
are so many and so interdependent complicatedly that
players occasionally feel a cognitive load to keep play-
ing. This characteristic may reduce the playability,
and consequently the durability, of the game. Ac-
cordingly, in modifying the rules of the game, we at-
tempt to reduce the number of rules and to simplify
the structure of rules with paying attention to improve
the changeability and the durability.

3.2 The Initial Set of Rules

The Initial Set of Rules of Minimum Nomic is the
followings4:

101. All players must always abide by all the rules then
in effect, in the form in which they are then in
effect. The rules in the Initial Set are in effect
whenever a game begins. The Initial Set consists
of Rules 101-109.

102. A rule-change is the following: the enactment, re-
peal, or amendment of a rule.

103. Players shall alternate in clockwise order, taking
one whole turn apiece.

104. Each player proposes one rule-change and has it
voted on in her/his turn.

105. A rule-change is adopted if and only if the vote is
unanimous among the players.

106. An adopted rule-change takes full effect at the
movement of the completion of the vote that
adopted it. Each new rule adopted shall be given
a number. The numbers shall begin with 201.

107. Each player always has exactly one vote.

108. If two or more rules conflict with one another,
then the rule with the lowest ordinal number takes
precedence.

109. If players disagree about the legality of a move or
the interpretation or application of a rule, then
the player preceding the one moving is to be
the Judge and decide the question. Disagree-
ment for the purposes of this rule may be cre-
ated by the insistence of any player. This process

4All rules are mutable.
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is called invoking Judgment. The next player be-
come a Judge, and the Judge gives a decision. The
Judge’s Judgment is overruled only by a unan-
imous vote of the other players taken before the
next turn is begun. If a Judge’s Judgment is over-
ruled, the next player to Judge become a new
Judge and gives a decision, and do as same as
above until Judgement is not overruled.

3.3 Characterization of Minimum Nomic

While we cut many rules from Nomic, the essence
of the Nomic, self-amend property and sustaining the
game moves, is remained. The key rule is Rule. 104
that defines the method to amend rules. This is from
the first half of the original Rule. 202, depicted in
section 2.

Note that removing the second half of Rule. 202
eliminates the purpose of playing in Minimum Nomic.
Therefore, the goal is, of course not prescribed, differ-
ent from Nomic in which the first player achieving 100
points becomes a winner. The existence of a definite
goal may lose the durability and the changeability of
the game, sine the game ceases and the rules does not
change when the goal is attained.

Eliminating the purpose and the goal in Minimum
Nomic makes us possible to inquire very interesting
questions: when and how a purpose and a goal of the
game emerge and how they change in the course of the
game.

This modification affects the status of Minimum
Nomic as a game. A popular definition of game [4] re-
quires “variable, quantifiable outcome” and “value as-
signed to possible outcomes” which Minimum Nomic
does not satisfy. While players play Minimum Nomic
observers of the games might judge this as a game. It
depends on players and the evolution of rules if Mini-
mum Nomic is truly game or not.

To increase changeability, and also playability, we
do not categorize the rules as “mutable” and “im-
mutable”. All the rules can be amended by one pro-
posal. This increases, however, at the same time a risk
to lose the durability. Thus, we leave a conflict avoid-
ance (Rule. 108) and a judgment system (Rule. 109)
from the original.

4 Analysis and Discussion of Experi-
mental Results

We analyzed two experimental plays of Minimum
Nomic. The number of players was 5 in both experi-
ments.

4.1 Emergence of Purpose and Goal

In order to obtain reasonable results, we had to
add an auxiliary but important rule, “The game stops
when two hours elapses from the start.” Although
this rule defines a condition to end a game, strictly
speaking, goal is still not prescribed, since a condition
to win is not determined.

In the first experiment, a condition to win was en-
acted: “a winner is a player who uses a particular rule
the most.” By this rule, the purpose of the players
were to propose rule amendment related to the par-
ticular rule. It seems that most players have implicit
purpose, stealthily introduced by Rule. 104, that is to
change rules as much as possible, even though definite
and objective value is not given for doing so. The im-
plicit purpose was manifested but narrowed to change
rules related to one specific rule.

On the other hand, in the second experiment, no
winning condition was defined, even proposed. Thus,
explicit purpose of the game did not emerge. However,
implicit purpose seemed to change. A player proposed
to change his vote from one to two and it was ap-
proved. After that, several proposals to increase the
right to vote was submitted. Here, the implicit pur-
pose became to reign the game, it means that each
player wanted to decide if proposal is approved or not
by his/her interest. Reigning game and changing rules
may conflict with each other.

4.2 Logical Self-Referential Paradox

There is no rule how to start the game in the Ini-
tial Set of Rules of Minimum Nomic. Interestingly,
in the first experiment, the player A proposed a rule,
“this game begins from the player A,” at the starting
point. This raised an interesting issue. Rejecting the
proposal means that “this game does not start from
the player A.” In order to reject the proposal, there
must be a voting process. But evoking the voting pro-
cess means that the game has already started from the
player A. This situation can be expressed as a logical
equation with contradiction, X = ¬X, where X is a
predicate that “this game begins from the player A.”
This is a typical self-referential paradox.

It is easily expected that the self-amendment game
suffers from the contradiction problem on the course
of game. It is usually supposed that a new rule denies
existing rules, that is, the contradiction among differ-
ent rules. Therefore, the arrangements to avoid and
to resolve conflicts are introduces, as Rule. 107 and
108. But the proposal by the player A revealed that
the contradiction occurs by only one rule and not on
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the way but at the beginning, and these devices can-
not settle this problem. It was pointed out that the
self-referential problem is a key concept to understand
the evolution of living systems to obtain subjectiv-
ity and adaptability to an ever-changing environment
in which novel situations may always occur [3], even
though organisms may face a crisis of their existence
by the self-referential problem, as occurred in Mini-
mum Nomic.

5 Conclusion

We propose a self-amendment game, Minimum
Nomic, as a revised version of Nomic, as a tool to
consider rule dynamics. The important problem of
complex systems is evolvability in which both change-
ability and durability, in other words adaptability and
stability, coexist as many natural living complex sys-
tems realize. We could discuss the emergence of pur-
pose and goal and the self-referential feature of rule
dynamics by analyzing the evolution of rules in actual
play of Minimus Nomic. Thus, this game is a use-
ful tool to study complex systems that typically show
rule dynamics. There already exist several mathemat-
ical frameworks for studying rule dynamics [5, 6]. The
self-amendment game approach to rule dynamics is to
combine the empirical and the theoretical rule dynam-
ics.
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Abstract
We demonstrate the advantages of feedforward

loops using a Boolean network, which is one of
the discrete dynamical models for transcriptional
regulatory networks. After comparing the dynamical
behaviors of network embedded feedback and feed-
forward loops, we found that feedforward loops can
provide higher temporal order (coherence) with lower
entropy (randomness) in a temporal program of gene
expression. In addition, complexity of the state space
that increases with longer length of attractors and
greater number of attractors is also reduced for net-
works with more feedforward loops. Feedback loops
show opposite effects on dynamics of the networks.
These results suggest that feedforward loops are one
of the favorable local structures in biomolecular and
neuronal networks.

Keywords : Boolean networks; feedback loop;
feedforward loop; mutual information; entropy;
transcriptional regulatory networks

1 Introduction

Recent studies of natural complex networks [17]
including transcriptional regulatory networks in cells
have revealed at least three stastistical properties:
long-tailed global connectivity distributions having a
small number of highly connected nodes; small-world
properties of short path lengths between any two
nodes; and highly clustered connections among

∗Corresponding author: chikoo@bio.kyutech.ac.jp

adjacent nodes [2, 7, 8, 9, 18, 20, 22, 24]. The last
local structures called motifs consist of a few nodes
and edges among the nodes which are found to
be statistically significant, and can be regarded as
functional modules [18, 20, 22]. Since feedback and
feedforward loops are motif structures as well as basic
and ubiquitous circuits in man-made systems, one can
expect that transcriptional regulatory networks also
have both feedback and feedforward loops; however,
only the feedforward loops prevail [18, 20, 22]. Other
biological networks such as signal transduction and
neuronal networks also have similar tendencies, which
suggests that feedforward loops are favored in complex
biological networks. In general, although massive
available network data demonstrate the statistical
significance, it is unclear why feedforward loops
are advantageous over feedback loops in dynamical
systems.

2 Model and method

2.1 Boolean network

The dynamics of the Boolean networks [6, 21] is
determined by the equation

Xi(t + 1) = Bi [X(t)] (i = 1, 2, ..., N), (1)

where X(t) is a binary state, either 0 or 1, of node
i at time t, Bi(·) are Boolean functions [See Table 1]
used to simultaneously update the state of node i, and
X(t) is a binary vector that gives the states of the
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N nodes in the network. After assigning the initial
states X(0) to the nodes, the successive states of the
nodes are updated by input states and their Boolean
functions. The dynamical behavior of these networks
is represented by a time series of binary states. The
time course follows a transient phase from an initial
state until a periodic pattern, called an attractor, is
established [See Fig. 3].

Table 1: 4 of 16 Boolean functions with indegree Kin

= 2. In this paper, we used Boolean functions shown
below, because of the feasibility of computation and
the biological meaning of the functions [14, 25].

Inputs Output
0 0 0 0 0 1
0 1 0 0 1 0
1 0 0 1 0 0
1 1 1 0 0 0

2.2 Numerical condition

To investigate the effects of feedback and feedfor-
ward loops on the dyamics Boolean networks, we con-
structed many networks with varying numbers of in-
dependent feedback or feedforward loops, where both
loops consisted of three nodes and three directed edges
[See Fig. 1 and Table 2]. After embedding the spec-
ified number of loops, the rest of the directed edges
were assigned at random.

In total, we constructed 9 ×104 Boolean networks
[See Table 2] with fixed a network size. We applied
2 ×103 initial states to each network. Four different
Boolean functions [See Table 1] were used in the same
frequency [See Table 2].

FFL FBL

Figure 1: Two embedded structures: FFL and FBL
stand for feedforward loop and feedback loop, respec-
tively. The loops consist of 3 nodes (squares) and 3
directed edges.

Table 2: Numerical condition: All networks consist of
the same amount of network resources, nodes, directed
edges, and the number of Boolean functions. The dif-
ference among the generated networks lies in the style
of the connections.

Size of networks N 128 nodes
Connectivity For all nodes, Kin = Kout = 2

Boolean function only AND type [See Table 1]
Types of loop FFL, FBL [See Fig. 1]

Number of loops 0, 10, 20, 30, and 40
Number of edges 256

Number of initial states 2000 per network
Number of realizations 104 in each condition

2.3 Entropy and mutual information

We measured the entropy (randomness) and mu-
tual information (coherence) of state variables to char-
acterize the temporal (series) structure of state vari-
ables in the Boolean networks [3, 4, 5, 6] [See Fig. 2].

MI1

MI2

In 

In Out i
ik

j1

j2

Ink Out 

Out 

i1

j1

i2

j2

Figure 2: Flow of state variables from upstream nodes
to downstream. Since the input connectivity for all
nodes is 2 (=Kin), there are two pathways for mutual
information in each node. The input sequence Ini1 for
the node i is the same as the output sequence of an up-
stream node Outj1, and the output sequence of Outi
for the node i is the same as the input sequence of a
downstream node Ink. When node i has multiple out-
put connections, they have the same binary sequence
because state variables in networks are subject to Eq.
(1).

2.4 Complexity of state space

To characterize the complexity of state space from
initial states [See Fig. 3], we use two measures [19]:
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1. Sum of length of attractors: Each network may
contain different number of attractors and the
lengths of the attractors may also vary. The mea-
sures define the total length of the attractors in
state space.

2. Basin entropy [See Appendix 5.1 for details]:

HBasin = −
∑

i

p(i) log2 p(i) (2)

where,
∑

i p(i) = 1. The two measures indicate the
complexity of state space from initial states. Accord-
ing to the definitions, the larger values of two char-
acteristics sgnify higher complexity of the basin of at-
traction [See Fig. 3].

= [ 0010....11 ]

t = 0

t = 3

t = 1

t = 2

X(0) X(0)

7

3

X(0) X(0)

X(0)

N bits

Figure 3: Example of a state space: There are differ-
ent 2N states (shown as circles) in the space for each
network. The numbers 3 and 7 inside attractors in-
dicate the lengths of the attactors. The numbers also
correspond to the size of the basin of attraction.

2.5 Path length

To obtain the structual properties of propagating
pathway of the state variables, we measured two prop-
erties [4, 10, 11, 12]:

1. Path length, which is the average number directed
edges in the shortest path from a node to all
reachable nodes.

2. Average path length, which is the average number
of the path lengths for all the nodes.

3 Results

In total, we obtained 5479157 attractors from 9
×104 networks with 1.8 ×108 intial states. The size

of entropy [See Fig. 7], mutual information [See Fig.
8], total length of attractors [See Fig. 6], and basin
of entropy [See Fig. 7] are measured from the attrac-
tors. We also obtained the dependence of average path
length on the number of embedded loops [See Fig. 5].
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Figure 4: Relationship between the specified number
of embedded loops and the actual number of embedded
loops. Symbols indicate mean ± SD. Dashed line is
given by y = x.

Figure 4 shows that our successful method for em-
bedding loops in Boolean networks. The average path
lengths increases with increasing number of embed-
ded loops [See Fig. 5 and see Appendix 5.2]. Fig-
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Figure 5: Relationship between the number of embed-
ded loops and average path length. Symbols indicate
mean ± SD.

ure 6 shows the complexity of state-space structures.

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 887



0

100

200

300

0

200

400

600

800

1000

1200

0 10 20 30 40

FFL

FBL

T
he

 n
um

be
r 

of
 a

ttr
ac

to
rs

S
um

 o
f l

en
gt

h 
of

 a
ttr

ac
to

rs
The specified number of

embedded loops 
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the number of attractors (bottom). Symbols indicate
mean values.

Feedforward and feedback loops have opposite effects.
Please note that both the number of attractors and the
sum of the lengths of attractors with feedforward loops
slightly decrease. Both entropies in Fig. 7 indicate op-
posite effects on different loop structures. Unlike Figs.
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Figure 7: Relationship between the number of em-
bedded loops and size of entropy (upper), and basin
entropy (bottom). Symbols indicate mean values.

6 and 7, the size of mutual information increases with
increasing number of embedding loops [Fig. 8].
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Figure 8: Relationship between the number of embed-
ded loops and the size of mutial information. Symbols
indicate mean values.

4 Summary and discussion

We examined the effects of embedding loops on
dynamical and topological properties. The networks
with more feedback as well as feedforward loops ex-
hibit longer path lengths. As for the dynamical prop-
erties, the networks with more feedback loops show a
larger number of attractors and greater size of entropy
and mutual information, demonstrating that feedback
loops increase the complexity of the state space of the
networks. In other words, the feedback loops behave as
pattern generators of a temporal program of gene ex-
pression or entropy generators, and the resultant mu-
tual information (coherence) is driven by the entropy.
On the other hand, the networks with more feedfor-
ward loops show a smaller number of attractors and
size of entropy but larger mutual information. The
effects indicate that feedforward loops play a role of
stabilizing the state space as well as organizing tem-
poral patterns with less entropy.

The structure of feedback loops resembles that of
a repressilator [16], which is a synthetic genetic reg-
ulatory network consisting of three genes connected
in a feedback loop. The repressilator shows self-
sustained oscillations reminiscent of our results from
Boolean networks with feedback loops. Other studies
[13, 22, 24] demonstrate that feedforward loops can
exhibit temporal and spatial order with differential
equations. Our results are similar, as shown in Fig.
8.

Control parameters for the dynamics of Boolean
networks are input connectivity, Kin, the size of net-
work, the bias of Boolean functions, and output con-

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 888



nectivity distributions [1, 15, 6]. In this report,
we change only the connection style with the same
amount of network resources [See Table 2]. Neverthe-
less, Figs. 6 – 8 demonstrate that the internal con-
nection style may well be regarded as a novel control
parameter for the dynamics of Boolean networks.

Our results may provide a blueprint for the design
of an artificial regulatory gene network [16, 23], elu-
cidate the role of loop structures in dynamical sys-
tems, and provide some insight into the prediction of
relationships between complex network structures, be-
haviors, and functions. Since the currently available
biological network data show resultant structures af-
ter evolutionary and/or developmental processes, our
constructive approach [4, 5, 6, 10, 11, 12] is one of the
promising ways for disentangling natural large-scale
complex networks.
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5 Appendix

5.1 Basin entropy

The definition of basin entropy deals with the de-
gree of partitioning of state space by basin of attrac-
tions. For example, even though the same number of
attractors may be found by starting from different ini-
tal states, the portions of the number of initial states
that follow into those attractors can vary from one
network to the other. Eq. (2) gives the minimum and
maximum entropy when all 2000 different initial states
fall into only one attractor and 2000 different attrac-
tors, respectively. By the definition, p(i) in Eq. (2) is
giving as

p(i) =
ai

2000
(3)∑

i

ai = 2000 (4)

where ai is the number of initial states that reached
the i-th attractor, The number 2000 is obtained the
numerical condition [See Table 2].

5.2 Average path length

Since we generated networks with random assign-
ment of edges between nodes under fixed connectivity,
Kin = Kout = 2, we can assume a tree-like structure of
a nodes in a network (Fig. 9a). With this assumption,

it can be said that the number of downstream nodes
increases exponentially, and the relationships between
average path length L and network size N can be ex-
pressed as follows :

2(2L − 1)
21 − 1

= N − 1 (5)

The average pathlength L can be obtained by trans-
forming Eq. (5),

L = log2

(
N − 1

2
+ 1

)
. (6)

When the number of embedded loops increases, the
average actual number of downstream nodes decreases
(Fig. 9b), leading to the reduction of the common
ratio in Eq. (5). Using the reduced common ratio x
where x takes 1 < x < 2, Eq. (5) changes to

2(xL − 1)
x1 − 1

= N − 1. (7)

Similarly, Eq. (7) can be transformed into

L = logx

[
(x − 1)(N − 1)

2
+ 1

]
. (8)

FFL FBLb)

a)

Figure 9: Differences in the number of downstream
nodes: Dashed arrows indicate output connection from
a node a) and from subgraphs b). a) The number
of downstream nodes increases almost exponentially
with random assignment of edges. b) With embed-
ding loops, the average number of downstream nodes
decreases since the number of edges inside the loops
becomes large.
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Abstract

We study the method to extract a reliable complex
network from a set of time series which correspond to
nodes. Normally whether a pair of nodes is connected
( a link ) or disconnected ( no link ) is decided by
the two body functions calculated from the pair time
series. But sometimes noise makes it difficult to decide
clear links. We separate every time series into two
parts by random 0/1 number to get two sample sets
of time series, and we decide links for the two sample
networks respectively. After repeating this process, we
finally get reliable network by choosing common links
among several sample networks. We apply the method
to climate networks of temperature on the earth.

1 Introduction

Complex networks especially which show scale free
have been studied earnestly these days. [3] There are
two types of networks. One type of networks is di-
rect expression of networks in real world, for example
computer networks made by wired computers. And
other type of networks has links defined by the similar-
ity of the components, for example company networks
made by correlation function of the stock prices. In
latter case, the function which describes the similar-
ity ( for example correlation function ) includes noise
and sometimes it is difficult to extract stable links out
of the noise. So we propose the empirical method to
distinguish stable links and noise using data. First
we explain the method to extract a network from a
set of N time series using the two body functions,
which describe the similarities between two time se-
ries, in simple case. We consider N time series of the
length L, xi(t){i = 1, 2, .., N, t = 1, 2, .., L} (or sources
of these time series) as nodes of a network. To de-
termine links of the network, the two body functions
Ci,j{i, j = 1, .., N} which describe the similarity of two

time series are computed between every combination
of xi(t). With given threshold σ, we consider a pair
of nodes {i, j|w(Ci,j) > σ} has a link. ( Here func-
tion w expresses the strength of the similarity.) If the
two body function Ci,j holds the permutation symme-
try on subscripts, the network is undirected. A lot
of studies have been done in this category. Sometimes
no meaningful criterion for inclusion/exclusion of links
can be found. So we studied a method to extract the
stable links from noisy data and applied climate net-
works.

2 Simple explanation of the method to

extract reliable links

As we mentioned in introduction, sometimes the se-
ries xi(t) include a lot of noise and there is no criterion
to decide meaningful links. And the value of threshold
σ is not obvious. In these cases, we can test the relia-
bility of the links by dividing a time series into some
parts and make one network from one part respec-
tively and check the consistencies of the networks. A
straight forward separation is to separate the time axis
into some divisions 0 < t < T1, T1 < t < T2,

� . For
this separation, we have to consider stationarity of
the time series. Another separation is to separate the
time series by random numbers. When we separate
the time series into two parts, we generate a time se-
ries R(t) of the same length as the original time series
by random number 0/1. (Fig.1) Next we rearrange
the time series xi(t){i = 1, 2..N} into two time series
x0,i(s){i = 1, 2..N} and x1,i(s){i = 1, 2..N}.

{x0,i(s)|s = 1, 2, ..L/2} = {xi(t)|R(t) = 0, t = 1, 2, ..L}

{x1,i(s)|s = 1, 2, ..L/2} = {xi(t)|R(t) = 1, t = 1, 2, ..L}

After repeating this process, we can get several sets of
the time series from which networks can be extracted,
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Figure 1: Separation of the time series by random
numbers

and we choose common links in these networks for a
stable network. In this method, we can not use the
information of the memory of each time series but it is
possible to extract the similarity of the non stationary
time series. Similar method was used in [8]. In their
work, they selected a replica time series from original
one by random number allowing duplication.

3 Climate networks

Nowadays a lot of attention is paid to various net-
works , but only a few studies have been done about
climate networks on the earth. [6],[7] But there are
some phenomena which indicate the study of the cli-
mate networks may be useful and fruitful. In Japan it
is said that the climate changes in the cycle of three
cold days and four warm days, that is

�

3 kan 4 on
�

in Japanese. And sometimes the temperature, precip-
itation or some other climate observations have con-
nection with each other beyond far distances, which
is called teleconnection. In this work, we consider the
temperature at a location changes cyclically, even if we
subtract the seasonal effect from original temperature.
And dynamics of the climate produces some correla-
tion between temperatures in different locations with
time delay. Imagine limit cycles weakly connected.
Some of them are synchronized depending on con-
nected parameters. See [2] The global National Cen-
ters for Environmental Prediction - National Center
for Atmospheric Research( NCEP-NCAR ) provides
reanalysis dataset of various climate data in every 100-
hPa atmospheric pressure levels and every grid with a
resolution of 2◦ latitude × 2◦ longitude. We choose
47 locations from the grids so that density of the lo-
cations is almost equal on the earth and use 500-hPa

and study the daily temperature data from 1979 to
2005.[1]

4 Similarity of the nodes in climate

networks

We examined the above idea in the two meth-
ods,

�

the correlation method with shifts
�

and
�

the
phase synchronization method with shifts

�

, to ex-
tract the climate network from temperature time se-
ries. First we removed seasonal trends by subtract-
ing the yearly mean temperature of the day from each
day’s temperature. If we symbolize the temperature
of one of 47 locations i as Ti(t, d), where t is the
index of the day from 1/1/1979 to 12/31/2005 and
d is the index of the day in a year from 1 to 365,
the temperature anomaly can be expressed as follows,
xi(t) = Ti(t, d) − 1

Y

∑
d=d′ Ti(t

′, d′), where Y = 27 is
the number of year in the record.

4.1 Correlation method with shifts

A simple method to get the similarity of the dy-
namics between locations is to use correlation func-
tion. We compute the cross correlation functions
Ci,j(τ) ≡ Cort(xi(t)xj(t + τ)) with time delay daysτ
(−K < τ < K) for each pair of locations i and j .
The strength of the similarity of the link is chosen to be
Wi,j = maxτ (Ci,j(τ)−meanτ (Ci,j(τ)))/stdτ (Ci,j(τ)),
where maxτ , meanτ and stdτ are the maximal value,
mean value and standard deviation in the range of τ ,
respectively. So every ith-jth location pair has the
set values of ( Wi,j , τ

max
i,j ), where maxτ (Ci,j(τ)) =

Ci,j(τ
max
i,j ).

4.2 Phase synchronization method with
shifts

Next we examine more sophisticated method for
dynamical system which can be modeled by weakly
connected nonlinear oscillations. Recently phase syn-
chronization method has been applied to a lot of com-
plex dynamical systems, for example chaotic system
, the binocular fixation eye movements [4] and tem-
perature and precipitation in different regions etc [5].
In this method, we use nonlinear phase φi(t) which is
defined by Hilbert transform. The generalized phase-
difference is ϕn,m(t) = nφ1(t) − mφ2(t) between two
oscillators. After taking mod (π), if the generalized
phase-difference is constant, we can say two oscilla-
tors are synchronized. But generally it has time de-
pendence, so we have to see the histogram of ϕn,m to
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judge whether two oscillators are systematically syn-
chronized or not. Then we use the Shannon entropy.
If the entropy equals 0, they are shifted constantly. If
the entropy is large, the cycles of two oscillators are
independent so they are not synchronized. We con-
structed the complex signals

zj(t) = xj(t) + iyj(t) = Aje
iφj(t)

by Hilbert transform of xj(t). Now we have the non-
linear phase φj(t) at the jth location. Next we define
the generalized phase-difference ϕn,m,i,j(t) for various
m and n values and every pair of the locations i and
j.

ϕn,m,i,j(t) = (nφi(t) − mφj(t)) mod 2π

We create a histogram of ϕn,m,i,j with M bins of
size 2π/M and we get the distribution, pk, of phase-
difference of each bin k, that shows how the phase-
difference of the pair of two locations occurs. To quan-
tify the systematic occurrence of the phase-difference,
we used the Shannon entropy S and define an index
ρn,m,i,j .

ρn,m,i,j =
Smax − S

Smax

, S = −

M∑
k=1

pk ln pk

By definition, the maximum entropy and the range
of the index are Smax = lnM and 0 ≤ ρn,m,i,j ≤ 1.
ρn,m,i,j = 1 means complete phase synchronization, in
this case the distribution of the frequencies pk shows
sharp peak at a value of k. Next we shift the time
t → t + τ in one of the two time series xi(t) , xj(t)
and calculate the phase-difference ρn,m,i,j(τ) between
one time series with shift τ and the other time series
without shift. Finally we have max value of the index
ρn,m,i,j(τ) in deferent values of τ . Here we consider
only phase-difference ρ1,1,i,j (n = 1 , m = 1). The
strength of the similarity of the link is chosen to be the
standardized max value of the index ρ1,1,i,j . Wi,j =
maxτ (ρ1,1,i,j(τ))/meanτ (ρ1,1,i,j(τ)),where maxτ and
meanτ are the maximal and mean value of ρ1,1,i,j(τ)
in the range of τ , respectively. Then every ith-jth
location pair has the set values of ( Wi,j , τ

max
i,j ), where

maxτ (ρ1,1,i,j(τ)) = ρ1,1,i,j(τ
max
i,j ).

5 Extraction of reliable links

We already explained the method simply in sec-
tion 2. Now to make four networks for four seasons
separately, we explain the method in both correlation
networks and phase synchronization networks.

5.1 Correlation method with shift

The method for the correlation networks is:

(1) to divide time series a into 4 seasons.

(2) to put 0 or 1 on each day randomly.

(3) to shift time series b by τ days from time series a.

(4) to calculate correlation between daily data of time
series a which are on summer and labeled 0 and
corresponding daily data of shifted time series b.

(5) to repeat process (4) for 4 seasons and label 0 and
1.

(6) to repeat process (3) ∼ (5) for different shift τ .

(7) to put the different random number 0/1 and to
repeat process (2) ∼ (6) S times.

(8) to repeat process (1) ∼ (7) for every combination
of time series.

(9) to determine links which have strong positive and
negative correlations with shift in 2S data sets
respectively.

(10) to regard common links in 2S data sets as stable
links.

Fig.2 shows the schematic explanation of above pro-
cess (1) ∼ (10).

5.2 Phase synchronization

The method for the phase synchronization networks
is:

(0) to transform time series a and b into phase time
series by Hilbert transformation.

(1) Using these phase time series ã and b̃, do the same
process as the correlation networks above (1) ∼

(10).

6 Result

The climate network extracted by phase synchro-
nization in winter season with threshold Wi,j > 3.5 is
shown in Fig. 2. The links of black lines show com-
mon links which are common in 21 data sets among
24 data sets (87.5%). Fig.3 shows the distribution of
number of common links. In the case of the random
time series, every pair of nodes in the network has
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Figure 2: The climate network by phase synchroniza-
tion in winter season with threshold Wi,j > 3.5, using
24 sample data sets. The links of black lines show com-
mon links which are common in 21 data sets among
24 data sets (87.5%).

a link by the same probability of δ, so the probabil-
ity that the fixed pair i, j has a link in s networks
and does not have a link in S − s networks among S

networks is CS
s (1 − δ)S−sδs. It decreases rapidly and

monotonously according to the increase of s. In Fig.
3, the distributions are quite different from rapid and
monotone decrease and the probability goes up when
s approaches to S. This shows the common links in
high percentage are meaningful.

7 Summary

We studied the method to increase the reliability of
a link which is defined by the similarity of the two time
series. We separated every time series into two parts
by random number and got two sample sets of half
length. Repeating this process gave us several sample
sets of time series and enables us to choose common
links among these sample sets. The distribution of the
links shows our method is useful to increase reliability
of the links. This work was supported by the Aca-
demic Frontier Joint Research Promoting Center and
Joint Research Fee of Tokyo University of Information
Sciences.
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Figure 3: The distribution of the number of common
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Abstract : This paper deals with the design and fabrication of a indigenously developed mobile robot named as SOBOT 
(solar robot) which can accomplish 2 dimensional motion on a x-y plane and move from one point to another point using a 
power supply which is derived from an array of solar panels.  The solar array converts the solar power into electrical 
energy and this energy is used to drive the actuators so that the wires are avoided as in the case of a conventional power 
supply. A small 3-axes arm is also mounted on the mobile trolley which is used to do some mundane pick and place 
operations.  Also a ultrasonic sensing system is designed and used which is used to avoid the obstacles in its path of 
motion, thus making the system more intelligent. The generated solar voltage from the solar cells is thus an add-on feature.   
 

Keywords : Solar energy, Mobile robot, Arm, LDR, Actuators. 
 

I. INTRODUCTION 

Imagine a day in your life when you wake up in the 
morning and find a automatic machine walking up to you 
and saying ‘Good Morning Sir ! Have a cup of tea’. How 
would you respond to such a situation ? With so much 
progress made in the field of science, engineering and 
technology, this dream is absolutely realizable in the 
automation age with the advent of robotization. Thus, 
robotics has become an interdisciplinary field that mixes 
various engineering disciplines such as electrical, 
electronics, computers, mechanical, and instrumentation 
into one. To move the mechanical system (robot), power / 
energy is required [1].  

The energy is the most important issue in our modern 
technological world and that too the solar energy as it is 
the inexhaustible source of energy. Solar energy is a 
renewable resource that is environmentally friendly. 
Unlike fossil fuels, solar energy is available just about 
everywhere on earth. And this source of energy is free, 
immune to rising energy prices. Solar energy can be used 
in many ways - to provide heat, lighting, mechanical 
power and electricity. The energy is the most important 
issue in our modern technological world. It is the basic 
need of any industrial or domestic work. Therefore, the 
need of energy is ever increasing and traditional energy 
resources are seems to be lagging behind as they are not 
the reproductive and are limited. In this situation, the solar 
energy can be seen as the endless source of energy. 

It is the basic need of any industrial or domestic work. 
In this research work, a unique 5 axes system is designed 
and fabricated with indigenous components starting from 
scratch and driven by solar cells, i.e., actuation is by solar 
energy. The vehicle designed is a moveable trolley, which 
can move in the 2D / x-y plane. It has also got a 4 axes 
arm mounted in the front of the vehicle which consists of 
a rotating base, shoulder up and down, elbow up and 
down and the grip open / close.  

An line of tactile sensors are mounted at the inner 
faces of the gripper so that the gripper fingers stops 
immediately once the fingers touch the object. An array of 
obstacle avoidance sensors, viz., the ultrasonic 
transmitters and receivers is also mounted at the front end 
of the vehicle to avoid the collision of the robot with the 
obstacle and the walls. The power to this vehicle and the 
arm is driven by an array of solar cells. This array of solar 
cells acts as a uninterrupted automatic power supply thus 
supplying continuous power to the robot and avoiding the 
electric wires from the mains [2].  

The solar cells also track the position of the sun 
automatically when the robot is moving in the work space 
or in any open area. Light dependent resistors are used for 
the feedback purposes. The generated solar voltage from 
the solar cells is thus an add-on feature of this robot. 
Stepper motors are used for the movement of the robot. 
This research work implemented can be viewed as the 
combination of the various sub-systems. The overall 
design is divided into the design of the mechanical 
assembly, electronic assembly and the software assembly.  
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So, the theme of this work is to generate the proper 

outputs from the various sub-systems and interconnect 
them properly for successful working of the robot. For the 
controlling purpose, a microcontroller is used, so that no 
additional memory interfacing is needed as in the case of 
microprocessor. The entire automatic maneuvering of the 
system with the obstacle avoidance algorithms, battery 
charging algorithms, etc., is burnt in a EPROM chip and 
used along with the microcontroller for the robotic 
manipulation & arm maneuvering purposes [3].  

The various parts of the electrical and electronic 
design are the light detection unit, lux meters, the display 
systems, motor driving units, the microcontrollers, the 
solar panel arrays and the stepper motors (actuators). The 
designed robot is used for doing some operations such as 
PNP operations, picking up a explosive material in the 
hall and dump it outside and hence was named as 
‘SOBOT’, which means a solar robot. A user friendly 
graphical user interface (GUI) was developed and this 
was used to perform the successful robotic manipulation 
task using the developed robot model.  

Power is a critical resource for robots with remote, 
long-term missions, so this work focuses on the power 
generation capabilities of robotic explorers during 
navigational tasks, in addition to power consumption. 

The paper is organized in the following sequence.  A 
brief introduction about the system and its background 
literature was presented in the previous paragraphs.  
Secondly, the features of the work considered is 
presented. This is followed by the design of the 
mechanical assembly in section 3. Design of the 
electronic & software part is presented in section 4 along 
with the flow-chart for the control scheme. Section 5 
concludes the work followed by the references.  

 

II. FEATURES OF THE WORK 
The designed, fabricated & implemented unit has the 

following features :  
• A mobile trolley with 3 wheels having 2 DOF for 

carrying the entire arm system. 
• A manipulator arm with 4 DOF to perform the PNP 

operations.  
• Onboard microcontroller as the robot controller. 
• Use of stepper motors to impart motion. 
• A user friendly language to program the robot.  
• Ultrasonic movement detectors to detect the obstacles.  
• Potentiometers, LDR’s, ADC to provide feedback. 

• LCD display for visual display of the user program. 
• Use of solar cells connected to the power supply unit.  
• Usage of lux meters. 

The SOBOT (Solar Robot) was designed, fabricated 
and implemented at 3 levels, viz., 
• Design of mechanical sub-system, 
• Design of electronic sub-system, 
• Design and implementation of the software & control. 

III. DESIGN OF THE MECHANICAL ASSEMBLY 

The 3D view of the designed and fabricated unit of the 
robot in pictorial form is shown in Fig. 1. Many of the 
features incorporated in the robot can be clearly seen here. 
The moveable base is made of a brown hylam sheet cut 
into a bullet like shape as shown in Fig. 1.  Brown hylam 
is used as it does not get dirty because of the constant use 
and it acts like an insulator, light weight, yet strong. 
Wheels, which are actually tricycle wheels are attached at 
the back end while a castor, wheel supports the front 
portion of the robot [4].   

 

 
 

Fig. 1 :  Designed & fabricated SOBOT 
 

Steppers motors capable of generating a torque of 4 
kg-cm at 60 rpm is used to drive the wheels.  A 1:4 spur-
spur gear arrangement is used for reducing the speed to 15 
rpm and increases the torque by 16 kg-cm at the wheels. 
Though torque is increased at the expense of speed, this 
allows the mobile base to carry the entire weight (about 
12 kgs) of the robot reliably at a speed of about 10 cms / 
sec. The SOBOT’s arm has got 4 Degrees Of Freedom 
(DOF), i.e., it has got 4 different axes of motion which is 
pictorially depicted as shown in Fig. 1. The arm mounted 
on the trolley consists of the arm base ; arm shoulder, arm 
elbow and the arm roll motion with the arm grip motion.  
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Worm and worm wheel arrangement is used for the 
shoulder and elbow joints because even when the arm is 
in the intermediate position, it won’t fall down and thus 
acts a locking mechanism.  The gripper designed is of a 
parallel jaw type, which will work on the principle of left-
hand / right-hand screw. The LH / RH screw is made by 
tapping a brass rod with LH die from one end and RH die 
from other end so that gripper jaws will move in opposite 
direction, that is jaws will move either towards each other 
to grip an object or away from each other to release it. 
Here, the tip position, ‘p’ remains constant when the 
gripper moves inwards or outwards [5]. 

IV.  DESIGN OF THE ELECTRONIC AND 
SOFTWARE PART 

The electronic system involves many electronics cards to 
take care of functions like control, drive, interface, display 
and feedback. Electronic design consists of various cards 
like the power supply card, controller card and driver 
card, interfacing card, display card, sensing and the 
feedback card, light detection card, etc.,. The heart of the 
system is shown in the form of a block-diagram in Fig. 2.  
In this context, only a few cards are being dealt with.   
 

 
 

Fig. 2 : Heart of the SOBOT 
 

The excitation sequences for driving the stepper 
motors is summarized in Table 1. 

 
Table 1 : Excitation scheme for driving the steppers 

 

Light detection circuit detects the highest intensity 
light direction amongst the four ADC & converts the 
maximum intensity light into the digital readout for lux 
meter. Motor driving circuit provides the necessary 
driving current for the motor (wheels), also controllers the 
speed of the motor. The display, functioning as a lux 

meter provides the digital readout. The “heart” rather 
“brain” of the work is “microcontroller 89C51” which 
accepts all the inputs, processes them with the help of 
software stored in the internal memory and generates the 
necessary control signals.  

The term ‘automatic power supply generation’ 
describes that the power to drive the system is obtained 
from the solar array which is mounted on the top of the 
robot, which navigates or tracks the position of the sun & 
converts the solar into electrical energy. In the work 
considered, the main purpose is to collect the solar power 
efficiently. There are many approaches to achieve the 
same objective & one of them is based on the solar 
calendar where the position of the in the sky throughout 
the year is programmed into the computer and the 
computer guides the solar panels to a particular direction 
at a particular day. In these systems, no feedback is 
needed as the position of the system is fixed. But in 
mobile solar robotic navigation systems, the feedback is 
required continuously from the light sensors as the 
position of the navigation system from the sun is not 
fixed. This is the main theme of our work to have a 
continuous feedback to reposition the system and supply 
the power continuously to drive the actuators [6].  

To have a feedback, we have used light dependent 
registers (LDR’s) as the light sensors. The final position 
of the solar panel is achieved throughout two roll motions: 
- one in the horizontal direction and the other in the 
vertical direction. To achieve the horizontal motion, 4 
LDR’s are used which detects the maximum horizontal 
component of the light source, once the horizontal 
component is detected the vertical component is scanned 
and thus the final position is achieved. The generated 
solar voltage is displayed as an add-on feature.  

A microcontroller AT89551 from ATMEL is selected 
as the main controller. The software port is developed 
using “MICROVISION 2 “from Keil software systems. 
The program is developed in C and is complied using keil 
compiler. It was really helpful in debugging and testing. 
The theory is tested practically by programming the 
microcontroller. To test the light detection circuit, the 
motors and the ADC circuit, 2 routines are programmed 
which is the part of the main program. The light detection 
circuit which consists of LDR ports and comparator LM 
324 generates the proper signals. The ADC IC (ADC 
0804) was also accurate enough. The stepper motors, 
especially base motor was demanding more current (about 
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1000 mA), but the driver IC ULN 2803 was able to drive 
the motors. The whole circuit is mounted on the rotating 
structure to avoid the wiring to jumble especially for the 
arm [7]. 

START

Initialisation

 Test routine 1 
called

Get the data, 
process, 
display

Test routine 2 
called

Rotate both motors & 
display the max intensity 

sensing LDR

Get the signals from 
LDC circuit

Decide the location of 
the light facing LDR

Generate the control 
sequence for base motor

Is desired LDR 
facing max 
intensity?

Is solar cell facing 
the max intensity ?

Generate control sequence 
to rotate the top motor

Get the data from ADC and 
adjust into BCD format

Display the count

Yes

Yes

No

No

Yes

No

Yes

No

 
Fig. 3 : Flow chart for the control scheme of SOBOT 
 

The add-on feature of the work is design of the lux 
meter, which shows the current maximum intensity 
received by the LDR’s. For that, we have to convert the 
analog intensity variation represented by the proportional 

voltage in the digital form. Commonly available 8-bit 
ADC 0804 from Texas Instruments is used here for 
conversion of analog intensity variations to digital readout 
[8].  The intensity response of the LDR is converted into 
the proportional voltages. The maximum amongst them is 
filtered out by the “Light Detection Circuit” This voltage 
is applied as an input to the ADC. ADC which is 
configured in “free running” mode converts the analog 
input voltage into 8-bit digital data. This digital data is 
applied to the port of the microcontroller which processes 
the data to display the digital readout [9]. 

 

V.  CONCLUSIONS 

A Solar Mobile Articulated Robotic System named as 
SOBOT was indigenously designed, fabricated and 
implemented and tested to do PNP operations and to 
avoid the obstacles in its path of motion. We have been 
successful in achieving our primary objective. The 
accuracy and repeatability of ‘SOBOT’ was quite good. 
The objective of finding the direction of the sun (or the 
light source) was achieved with fairly good amount of 
accuracy. The precision in orientation can be increased by 
increasing the number of light sensors. We hope that this 
work gives the impetus to the future students and they 
will also undertake many more challenging works. We 
desire that this new techno-savvy generation bring India 
on par with the developed nations. 

 

REFERENCES 
[1]. Robert, J.S., “Fundamentals of Robotics : Analysis and 

Control”, PHI, New Delhi., 1992.  
[2]. Klafter, Thomas and Negin, “Robotic Engineering”, PHI, 

New Delhi, 1990.  
[3]. Lovass Nagy V, R.J. Schilling, “Control  of  

Kinematically  Redundant  Robots  Using {1}-
inverses”, IEEE Trans. Syst. Man, Cybernetics, Vol. 
SMC-17, No. 4, pp. 644-649, 1987. 

[4]. Fu, Gonzalez and Lee, “Robotics : Control, Sensing, 
Vision and Intelligence”, McGraw Hill, Singapore, 1995. 

[5]. Ranky, P. G., C. Y. Ho, “Robot Modeling, Control & 
Applications”, IFS Publishers, Springer, UK., 1998. 

[6]. T.C.Manjunath, “Fundamentals of Robotics”, Nandu 
Publishers, 5th  Revised Edition, Mumbai., India, 2007. 

[7]. Phillip  Coiffette, “Robotics  Series, Volume I to VIII, 
Kogan Page, London, UK, 1995. 

[8]. Luh, C.S.G., M.W. Walker, and R.P.C. Paul, “On-line 
computational scheme for mechanical manipulators”, 
Journal of Dynamic Systems, Measurement & Control, 
Vol. 102, pp. 69-76, 1998. 

[9]. Lorenzo and Siciliano, “Modeling  and  Control  of  
Robotic  Manipulators”, McGraw Hill. 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 898



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 899



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 900



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 901



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 902



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 903



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 904



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 905



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 906



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 907



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 908



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 909



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 910



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 911



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 912



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 913



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 914



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 915



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 916



The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 917



 

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31-February 2, 2008

©ISAROB 2008 918



Proceedings

[A]
N. Abe GS4-4 (702) GS9-1 (304) GS16-1 (199) GS19-2 (791) GS22-3 (123)
N. Abe GS23-1 (135) GS23-3 (143)

Takahiko Abe OS15-2 (393)
Toyokazu Abe OS7-5 (175)

N. Aibe OS5-3 (873)
K. Aihara OS11-1 (469) OS11-3 (477) OS11-4 (481)
S. Alonso OS9-3 (495) OS9-4 (500)
S. Aly GS16-3 (207)
T. Aoki OS3-3 (755)
K. Arai GS21-5 (111)
M. Arai GS2-2 (658)
F. Arroyo OS9-1 (485) OS9-2 (491) OS9-3 (495) OS9-4 (500)
T. Asada OS2-5 (743)
H. Asano GS13-3 (363)
M. Ataka OS11-2 (473)
T. Awano OS5-3 (873)

Rumiko Azuma GS7-6 (296)
Ryuichi Azuma OS12-4 (857)

[B]
G-D. Baek GS1-3 (682)

H. Bang GS18-3 (231)
S.C. Banik OS16-2 (771)

R. Beck IT1 (5)
A. Binder OS10-4 (520)
G. Bravo OS9-1 (485)

[C]
M. Campos OS10-2 (510)

M.S. Chang GS20-6 (915)
Y-Z. Chang GS10-2 (634)

A. Chekima OS18-3 (344) OS18-4 (350)
J-I. Cheon OS15-4 (401)

S-P. Cheon GS1-3 (682)
S.H. Chia GS3-5 (55) GS21-3 (103)
T.L. Chien GS3-5 (55) GS7-4 (288) GS20-5 (911)

Y. Chigoi GS3-4 (51)
J-H. Cho GS14-2 (529)
Y.I. Cho OS13-2 (618)
B-S. Choi OS14-3 (256)
J.Y. Choi IT4 (25)

M.G. Choi GS23-2 (139)
M.W. Choi GS12-3 (419)
Y-K. Choi GS9-2 (308)
M-G. Chun GS14-2 (529)
C.M. Cianci GS22-2 (119)

J.J. Collins IT3 (20)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-1



[D]
F. Dai OS1-2 (815) OS1-3 (819) OS1-4 (823) OS1-5 (827)

J.A. Dargham OS18-3 (344) OS18-4 (350)
A. Date OS5-4 (877)

J.A. de Frutos OS9-2 (491)
S. Deris OS17-1 (320) OS17-2 (324) OS17-3 (328)
K. Doya GS14-3 (533)

[E]
M. Eaton IT3 (20)

W.S. Eom GS21-4 (107)

[F]
L. Fan OS7-4 (171)
L. Fernandez OS9-1 (485) OS9-2 (491) OS9-3 (495) OS9-4 (500)
R. Freund OS10-4 (520)
B. Fu OS3-3 (755)

Y-Y. Fu GS7-4 (288) GS22-1 (115)
H. Fujigaki GS7-1 (274)
Y. Fujihara OS1-2 (815) OS1-3 (819) OS1-4 (823) OS1-5 (827)
A. Fujino GS11-1 (710)
M. Fujisawa OS19-1 (453)
H. Fujita OS11-2 (473)
A. Fujiwara GS9-1 (304)
K. Fujiwara OS11-4 (481)
M. Fukuda OS4-1 (831) OS4-2 (835)
M. Fukumoto GS18-4 (236)
T. Fukushima OS12-2 (849)
H. Furutani GS5-5 (81) OS4-1 (831) OS4-2 (835) OS4-3 (839) OS4-4 (843)
H. Furutani OS12-4 (857) OS12-5 (861)
M. Furuya GS14-5 (543)

[G]
N.H. Giap OS14-5 (266)

J. Gil OS9-2 (491) OS9-4 (500)
J. González OS10-2 (510)

R. Goto GS10-3 (638)
D. Guinard GS22-2 (119)

J.H. Guo GS3-5 (55) GS21-3 (103)
A. Gutierrez OS9-3 (495)

[H]
Z. Haga OS16-4 (779)

M.A.A. Halim GS3-2 (41)
S. Hamabe OS1-3 (819)
A. Hamzah GS12-2 (415)
C. Han PS2 (439)

C-H. Han OS14-1 (248)
S-H. Han OS13-3 (622) OS13-4 (626)
S.S. Han IT4 (25)

K. Harada OS19-4 (465)
Z.H.A. Hasan GS4-3 (698) GS4-5 (706)

T. Hase OS16-4 (779)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-2



S.Z.M. Hashim OS17-1 (320)
S. Hashimoto GS6-2 (378)
T. Hashimoto GS3-6(59) GS8-1 (881)

M. Hatakeyama GS3-6(59) GS8-1 (881)
K. Hatanaka GS13-4 (368)
Y. Hayakawa OS12-1 (847)
E. Hayashi GS3-4 (51) GS4-2 (694) GS6-3 (382) GS18-1 (223) GS19-6 (807)
E. Hayashi GS21-1 (95) GS21-2 (99)
R. Hayashi OS2-5 (743)
Y. Hayashi OS12-1 (847)
H. He OS7-4 (171)
S. He GS4-4 (702) GS9-1 (304) GS16-1 (199) GS19-2 (791) GS22-3 (123)
S. He GS23-1 (135) GS23-3 (143)
J. Heo GS7-5 (292)

J-S. Heo OS14-1 (248)
K. Hirai OS15-2 (393)
A. Hirano GS3-1 (35)
A. Hirayama GS19-1 (787)
J. Hirayama GS17-2 (187)

Y. Hitaka OS2-1 (726)
M-Y. Hsieh OS15-4 (401)
T-H. Huang OS7-2 (163)
G-H. Hwang GS23-4 (147)
S.T. Hwang GS12-1 (411)

[I]
Y. Ichise OS19-2 (457)
H. Ide GS13-3 (363)
H. Iizuka GS15-1 (551) GS22-5 (131) GS23-5 (151)

Satoshi Ikeda OS4-3 (839) OS4-4 (843)
Shinichi Ikeda OS1-4 (823)

S-M. Im OS14-4 (262)
T. Imabeppu GS10-5 (646)
N. Inou GS19-5 (803)
H. Inujima OS15-4 (401)
H. Ishibuchi GS10-4 (642) GS16-2 (203) GS17-4 (195)
Y. Ishida OS19-1 (453) OS19-2 (457) OS19-3 (461) OS19-4 (465)
A. Ishihara GS17-2 (187)

Shin Ishii GS1-1 (674) GS1-2 (678) GS2-3 (662) GS5-2 (67) GS5-6 (85)
Shin Ishii GS14-5 (543) GS16-4 (211) GS17-2 (187) GS18-5 (240)

Shinichi Ishii OS16-5 (783)
S. Ishikawa GS11-2 (714) GS16-5 (215) GS16-6 (219) GS17-3 (191) GS18-4 (236)

M. Ishitobi OS3-5 (763)
Y. Itai GS16-5 (215)
J. Ito GS2-5 (670)

Kazuyuki Ito GS9-3 (312) GS11-1 (710) GS13-1 (355) GS19-1 (787) GS20-4 (907)
Kei Ito GS13-4 (368)
M. Ito OS2-3 (734) OS2-4 (739) OS3-3 (755)
N. Ito OS6-5 (585) OS6-6 (587)
T. Ito OS4-1 (831) OS4-2 (835) OS4-3 (839) OS4-4 (843)
K. Izumi OS16-1 (767) OS16-2 (771) OS16-3 (775) OS16-5 (783)

[J]

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-3



R. Jagadeesh GS23-6 (155)
C.S. Jeon GS21-4 (107)

H-W. Jeon PS3 (443)
H-Z. Jin GS6-4 (385)
T-S. Jin GS23-4 (147)

M.R.M. Juhari GS3-2 (41)
B-W. Jung GS9-2 (308)

S. Jung PS3 (443)

[K]
M. Kabganian GS7-7 (300)
T. Kai GS20-4 (907)

K.. Kajisa OS4-3 (839)
N. Kamikawa GS3-3 (47)
A. Kamimura OS6-5 (585)

B.H. Kang GS20-6 (915)
I. Kang GS21-4 (107)

S.H. Kang GS12-6 (431)
A. Kashiwagi OS6-7 (593)
F. Katayama GS2-2 (658)
H. Kawamura GS22-5 (131) GS23-5 (151)
S. Kawano GS18-2 (227)
K. Kawasue GS20-2 (899) OS5-1 (865) OS5-2 (869)

S.M. Khanafiah GS4-3 (698) GS4-5 (706)
T.Q.D. Khoa GS5-4 (77)

T. Kikuchi OS12-1 (847)
C.S. Kim GS12-3 (419)

D-H. Kim GS14-2 (529)
D.K. Kim IT4 (25)
H.S. Kim GS16-5 (215) GS17-3 (191) GS18-4 (236)

H-K. Kim OS13-1 (613)
J. Kim GS7-5 (292)

J-H. Kim OS13-3 (622)
J-I. Kim OS15-5 (405)

J-Y. Kim OS14-1 (248)
K-Y. Kim OS14-6 (270)
M.K. Kim GS12-6 (431)

S. Kim GS1-3 (682) GS7-5 (292)
S.Y. Kim GS12-3 (419) GS12-6 (431)

W-H. Kim OS14-2 (252) OS14-5 (266)
Y. Kim GS7-5 (292)

Y.D. Kim GS14-2 (529)
H. Kimura GS19-5 (803)
H. Kinjo OS8-1 (597) OS8-2 (601) OS8-3 (605) OS8-4 (609)
T. Kinoshita GS21-2 (99)
T. Kitajima GS2-1 (654)
Y. Kiyama OS5-1 (865)

C-N. Ko GS7-4 (288) GS22-1 (115)
S-J. Ko OS14-3 (256)

K. Kobayashi GS5-1 (63) GS14-6 (547) GS15-2 (555) GS15-4 (563)
N. Kodani GS12-4 (423)
N. Kogawa GS5-1 (63)
T. Kohno OS11-2 (473) OS11-3 (477)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-4



N. Kokubo GS11-3 (718)
O. Konishi GS13-4 (368)
T. Konishi OS18-1 (336) OS18-2 (340)

M. Kono OS2-2 (730) OS3-1 (747) OS3-2 (751) OS3-4 (759) OS4-1 (831)
M. Kono OS4-2 (835) OS4-3 (839) OS4-4 (843)
T. Kosaka GS15-5 (567)

M. Koseki GS19-5 (803)
M. Koshino GS13-2 (359)
K. Kouno GS17-3 (191)
T. Kubik GS18-6 (244)
K. Kubo GS7-3 (284)
S. Kubota GS2-1 (654)
T. Kuremoto GS5-1 (63) GS14-6 (547) GS15-2 (555) GS15-4 (563)
T. Kurita GS22-3 (123)

M. Kurose GS10-5 (646)
A. Kusagur GS19-3 (795)
I. Kuwajima GS16-2 (203) GS17-4 (195)

K-C. Kwak GS14-2 (529)

[L]
X-T. Le OS13-3 (622) OS13-4 (626)
D-J. Lee GS14-2 (529)
H.S. Lee GS12-6 (431)

H-H. Lee OS15-1 (389) OS15-3 (397) OS15-5 (405)
J.M. Lee GS6-4 (385) GS21-4 (107) GS23-2 (139) IT4 (25)

Ju-Jang Lee OS14-3 (256) OS14-4 (262)
Jung-Ju Lee OS14-1 (248) OS14-6 (270)

J-W. Lee OS14-3 (256)
K. Lee PS2 (439)

M.H. Lee GS12-1 (411) GS12-3 (419) GS12-5 (427) GS12-6 (431)
M-J. Lee GS23-4 (147)

Sangheon Lee PS2 (439)
Sanghoon Lee GS18-3 (231)
Seungyeol Lee PS2 (439)

Soojin Lee GS1-3 (682)
S.J. Lee PS5 (451)

S-T. Lee GS10-2 (634)
T-H. Lee OS15-5 (405)
W-S. Lee OS13-3 (622) OS13-4 (626)
Y-Y. Li GS19-4 (799)

H. Lim GS6-4 (385)
Y.C. Lin GS3-5 (55)
H.H. Lund IT1 (5) IT2 (11)
L.T. Lung GS12-2 (415)

J. Lyou PS5 (451)

[M]
K.J. Mackin GS14-1 (525) GS2-2 (658) GS8-3 (891)

C. Maeda GS18-5 (240)
Y. Maeda OS7-6 (179)
M. Maeshiro OS8-2 (601)
Y. Maki GS5-3 (71)
G. Makihara OS3-2 (751)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-5



T.C. Manjunath GS19-3 (795) GS20-1 (895) GS23-6 (155)
R. Mardiyanto GS21-5 (111)
K. Matusita GS8-3 (891)

M.F. Misman OS17-2 (324) OS17-3 (328)
J. Miura GS10-3 (638)

H. Miyagi GS7-6 (296)
J. Miyamichi PS1 (435)

K. Miyamoto GS6-3 (382)
M. Miyazaki OS15-3 (397)
M. Miyoshi GS16-6 (219)
R. Mizokami GS23-3 (143)
T. Mizuno GS13-3 (363)
T. Mochizuki GS18-1 (223)

M.S. Mohamad OS17-1 (320) OS17-2 (324) OS17-3 (328)
N. Mokhtar GS12-2 (415) GS12-4 (423)

S-J. Moon OS13-1 (613)
K. Mori GS11-2 (714)

Takeshi Mori GS1-1 (674) GS1-2 (678) GS2-3 (662)
Toshiyuki Mori OS2-4 (739)

T. Morimura GS14-3 (533)
K. Morinaga GS10-1 (630)
Y. Moritaka GS19-6 (807)
T. Moriya GS7-1 (274)

M. Mubin GS12-2 (415) GS12-4 (423)
Y. Muraoka OS5-1 (865)
Y. Murase OS6-6 (587)

[N]
R. Nadafi GS7-7 (300)
T. Nagado OS3-1 (747)
K. Nagahama OS12-2 (849) OS12-3 (853)
F. Nagata OS16-4 (779)
T. Nagumo GS13-3 (363)
K. Naitoh OS6-1 (571) OS6-2 (575) OS6-3 (577) OS6-4 (581)
M. Nakagawa GS5-4 (77)
N. Nakahara GS14-6 (547)
K. Nakamura OS1-4 (823)
K. Nakano GS2-5 (670)
K. Nakasaki OS3-5 (763)
S. Nakashima GS17-1 (183)
R. Nakatsu GS6-1 (374)
M. Nakatsui GS5-3 (71)
M. Nakayama OS15-4 (401)
S. Nakayama GS10-1 (630) GS10-5 (646) GS10-6 (650)
K. Nakazono OS8-4 (609)
N. Nanjoh GS2-3 (662)

N.F.M. Nasir GS3-2 (41)
K. Natori PT1 (1)

H.Q.T. Ngo OS14-2 (252)
A. Niimi GS13-4 (368)
M. Nishi OS3-5 (763)
R. Nishioka GS22-5 (131)
Y. Nojima GS10-4 (642) GS16-2 (203) GS17-4 (195)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-6



H. Nomura GS5-2 (67)
Y. Nomura GS11-3 (718)
A. Nozawa GS13-3 (363)
E. Nunohiro GS8-3 (891)

[O]
S. Oba GS5-2 (67) GS5-6 (85) GS14-5 (543) GS18-5 (240)

U.H. Obaidellah GS4-3 (698) GS4-5 (706)
M. Obayashi GS5-1 (63) GS14-6 (547) GS15-2 (555) GS15-4 (563)
H. Ogai OS15-2 (393) OS15-4 (401)
T. Ogata GS18-4 (236)
T. Ogawa OS8-1 (597)

S-B. Oh OS13-3 (622) OS13-4 (626)
H. Ohbuchi GS17-3 (191)

Koji Ohnishi GS1-4 (686) GS7-2 (278)
Kouhei Ohnishi OS8-4 (609) PT1 (1)

M. Ohshiro GS8-3 (891)
T. Ohshita OS15-3 (397)
T. Ohta GS15-4 (563)
H. Ohtake GS3-1 (35) GS14-4 (537)
A. Ohuchi GS22-5 (131) GS23-5 (151)
Y. Ohya OS5-1 (865)
T. Oka OS7-3 (167) OS7-5 (175) OS7-6 (179)
H. Okabe OS4-4 (843)
M. Okamoto GS5-3 (71)
K. Okamura OS16-3 (775)
S. Okatani OS4-1 (831) OS4-2 (835)

M. Oku OS11-1 (469)
D. Okumura GS18-2 (227)
S. Omatu GS15-5 (567) OS17-1 (320) OS17-2 (324) OS17-3 (328) OS17-4 (332)
S. Omatu OS18-1 (336) OS18-2 (340) OS18-3 (344) OS18-4 (350)

M. Omoto OS16-4 (779)
I. Ono GS5-3 (71)
S. Ono GS10-1 (630) GS10-5 (646) GS10-6 (650)
C. Oosawa GS8-2 (885)
N. Oshiro OS8-1 (597) OS8-2 (601)
M. Oswald OS10-4 (520) PT2 (16)
T. Otani GS13-2 (359)
S. Ouchi GS12-4 (423)
Y. Oya OS5-2 (869)
S. Oyama GS20-2 (899)

[P]
L. Pagliarini IT2 (11)
D. Park GS7-5 (292)

H.G. Park GS12-5 (427)
J.B. Park PT3 (29)
J-H. Park GS23-4 (147)
P.G. Park GS20-6 (915)
T-H. Park GS20-3 (903)
Y-I. Park GS5-7 (89)
C.D. Pathiranage OS16-1 (767)

H. Patil GS19-3 (795) GS20-1 (895) GS23-6 (155)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-7



M.D. Pedersen IT1 (5)
M.A. Peña OS9-1 (485)
T.A. Pérez OS10-2 (510)

D. Purwanto GS21-5 (111)

[Q]
J.A. Qudeiri GS9-4 (316)

[R]
N.A. Rahim GS3-2 (41)

J. Ravi GS23-6 (155)
R. Rizauddin GS9-4 (316)

J.H. Ryu GS12-1 (411) GS12-5 (427)

[S]
S. Sagara GS22-4 (127)
S. Sakai GS20-2 (899)
T. Sakai GS6-2 (378)
Y. Sakai GS16-6 (219)
H. Sakamoto GS6-1 (374)
M. Sakamoto GS5-5 (81) OS4-1 (831) OS4-2 (835) OS4-3 (839) OS4-4 (843)
M. Sakamoto OS12-4 (857) OS12-5 (861)
K. Sakurama GS2-5 (670)
Y. Sakuramoto OS7-3 (167)

D.C. Sam OS8-3 (605)
H. Sasaki PS1 (435)
A. Sato OS2-2 (730)
G. Sato OS15-2 (393)
M. Sato GS19-2 (791)
O. Sato OS2-2 (730)
Y. Sato GS10-3 (638)

M.A. Savageau GS8-2 (885)
H. Sawada OS15-1 (389)
M. Sekikawa OS11-3 (477)

J.M. Sempere OS10-1 (505) OS10-2 (510)
H. Senda GS20-2 (899)

D.G. Seo GS23-2 (139)
A. Serag GS10-6 (650)
S. Serikawa GS17-1 (183)

R.S. Sharmila GS19-3 (795)
S.V. Shiau GS20-5 (911)

T. Shibata GS16-4 (211)
Takashi Shimada OS6-5 (585) OS6-6 (587)
Tokuzo Shimada GS7-1 (274) GS7-3 (284)

Y. Shimada GS20-4 (907)
E. Shimizu OS2-3 (734) OS2-4 (739)
D. Shimogaki OS1-5 (827)
M. Shimono GS4-2 (694)
T. Shimono PT1 (1)

B-K. Shin OS13-4 (626)
H-B. Shin OS13-3 (622)
J-H. Shin OS14-2 (252) OS14-5 (266)
J-S. Shin OS15-1 (389) OS15-3 (397) OS15-5 (405)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-8



T. Shiofuku GS16-1 (199)
Y. Shiraishi GS4-1 (690)
F. Shoji OS15-1 (389)
K. Shoji PS1 (435)
K. Sodebayashi GS5-6 (85)
Z. Soh GS3-1 (35) GS14-4 (537)
N. Soin GS12-4 (423)

H-S Son GS6-4 (385)
H-S. Song OS14-6 (270)

T. Sonoda GS6-3 (382)
W.M. Stevens GS2-4 (666)

K.L. Su GS20-5 (911) GS21-3 (103) GS22-1 (115)
Y. Suga OS18-1 (336) OS18-2 (340)
K. Sugawara OS12-1 (847)
M. Sugisaka GS11-4 (722) GS12-2 (415) GS18-6 (244) OS1-1 (811)
K. Sugita OS7-3 (167) OS7-4 (171) OS7-5 (175) OS7-6 (179)

I.H. Suh GS18-3 (231)
J-W. Suh OS14-6 (270)

Yasuhiro Suzuki OS10-3 (516)
Yosuke Suzuki GS19-5 (803)

[T]
Y. Tabuchi GS4-4 (702) GS9-1 (304) GS16-1 (199) GS19-2 (791) GS22-3 (123)
Y. Tabuchi GS23-1 (135) GS23-3 (143)
A. Taguchi PS1 (435)
Y. Taira GS22-4 (127)
M. Takahashi GS2-2 (658)
N. Takahashi OS2-2 (730) OS3-4 (759)
M. Takami GS23-1 (135)
T. Takaya GS22-5 (131) GS23-5 (151)
F. Takeda GS4-1 (690)
K. Takeda GS1-2 (678)
K. Takemoto GS8-2 (885)
T. Takenouchi GS17-2 (187)
H. Taki GS4-4 (702) GS9-1 (304) GS16-1 (199) GS19-2 (791) GS22-3 (123)
H. Taki GS23-1 (135) GS23-3 (143)
N. Takiguchi GS3-1 (35) GS14-4 (537)
D. Tamura GS11-1 (710)
H. Tamura GS18-2 (227)

J.K. Tan GS11-2 (714) GS16-5 (215) GS16-6 (219) GS17-3 (191) GS18-4 (236)
H. Tanaka GS18-2 (227)
K. Tanaka OS16-3 (775)
R. Taniguchi GS16-3 (207)
Y. Taniguchi GS1-1 (674)
K. Tanno GS18-2 (227)
E. Tauchi OS7-3 (167)

M. Teranishi GS15-5 (567)
S. Togo OS12-3 (853)

M. Tokumitsu OS19-3 (461)
N. Tomozoe OS4-3 (839)
F. Toyama PS1 (435)

V.M. Trifa GS22-2 (119)
Z-R. Tsai GS10-2 (634)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-9



T.I.J. Tsay GS19-4 (799)
T. Tsuji GS3-1 (35) GS14-4 (537)
K. Tsuji OS12-1 (847)
N. Tsukamoto GS10-4 (642)
S. Tsuru OS6-7 (593)
N. Tsuruta GS16-3 (207)

J.H. Tzou GS21-3 (103) PS4 (447)

[U]
E. Uchibe GS14-3 (533)

M. Uchida GS5-7 (89)
T. Uchikawa OS12-1 (847)
S. Uchino GS4-4 (702)
T. Ueda GS5-3 (71)
S. Ueki OS6-2 (575)
T. Uewaki GS21-1 (95)
E. Uezato OS8-3 (605)

M. Umeki OS10-3 (516)
H. Umeo GS3-3 (47)
S. Usui OS3-1 (747)

M. Utsunomiya GS5-5 (81)

[W]
M. Wada GS13-4 (368)
M. Wakiyama OS2-1 (726)
T. Wakiyama GS20-2 (899)
X. Wang GS11-4 (722)
H. Watanabe OS11-2 (473)
K. Watanabe OS16-1 (767) OS16-2 (771) OS16-3 (775) OS16-4 (779) OS16-5 (783)
Y. Watanabe OS3-3 (755)

C.S. Woo GS4-3 (698) GS4-5 (706)
D-Y. Woo GS9-2 (308)
C.J. Wu GS7-4 (288) GS20-5 (911) GS22-1 (115)

D. Wu OS15-2 (393)

[Y]
T. Yaginuma OS2-3 (734)

M. Yahiro OS6-1 (571)
T. Yamada GS15-3 (559)
Y. Yamagata GS23-5 (151)
D. Yamaguchi GS2-2 (658)
T. Yamaguchi GS14-1 (525)
Y. Yamaguchi OS5-3 (873)
K. Yamamori OS12-2 (849) OS12-3 (853)
A. Yamamoto GS16-5 (215)
H. Yamamoto GS9-4 (316)
M. Yamamoto OS7-2 (163)
T. Yamamoto OS8-3 (605) OS8-4 (609)
Y. Yamamoto OS5-3 (873)
A. Yamanashi OS2-4 (739)
S. Yamane OS1-2 (815)
K. Yamasaki GS8-3 (891)
S. Yamashita GS11-3 (718)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-10



N. Yamauchi OS15-4 (401)
R. Yanamshetti GS23-6 (155)
N. Yano GS16-4 (211)
Y. Yano GS15-2 (555)
M. Yasunaga OS5-3 (873)

B.W. Ying OS6-7 (593)
A. Yokokawa GS13-1 (355)
M. Yokomichi OS3-2 (751)
M. Yokota OS7-1 (159) OS7-2 (163) OS7-3 (167) OS7-4 (171) OS7-5 (175)
M. Yokota OS7-6 (179)
T. Yomo OS6-7 (593)

H-S. Yoon GS20-3 (903)
S.M. Yoon GS12-1 (411) GS12-5 (427)

I. Yoshihara OS5-3 (873) OS12-2 (849) OS12-3 (853)
H. Yoshikawa OS2-1 (726)
Y. Yoshioka GS9-3 (312)
Y. Yoshitomi OS2-5 (743)
W. You OS15-2 (393)
D. Yu GS18-3 (231)
N. Yukinawa GS18-5 (240)
S. Yukita GS10-3 (638)

S.W. Yun GS20-6 (915)

[Z]
F. Zhang OS3-3 (755)
Y. Zhang OS12-5 (861)
H. Zhao OS1-1 (811)

Y.F. Zu GS23-2 (139)

The Thirteenth International Symposium on Artificial Life and Robotics 2008(AROB 13th ’08),
B-Con Plaza, Beppu, Oita, Japan, January 31- February 2, 2008

©ISAROB 2008 A-11


	OS17-4.pdf
	Abstract
	Keywords:

	Introduction
	Bill Data Preprocessimg
	Data Compression
	A Pre-Clustering
	B PCA Modeling

	Classification
	Reliability Evaluation
	Experimental Results and Discussion
	Conclusions
	References

	OS18-3.pdf
	ABSTRACT
	1. INTRODUCTION
	2. THE DATABASES
	3. PROPOSED METHOD
	4. LIPS DETECTION
	However, when maximum intensity is used there is a differenc

	5. CONCLUSIONS
	REFERENCES

	OS18-4.pdf
	I. INTRODUCTION
	II. THE DATABASES
	2.1 The In-House Database
	2.2 The WWW Database

	III. COLOUR TRANSFORMATION
	VI. FUSING TWO CHROMINANCE COMPONENTS
	4.1 Histogram Thresholding
	4.2 Neural Network

	V. FUSING THE OUTPUTS OF TWO SKIN DETECTION SYSTEMS
	5.1 Histogram Thresholding
	5.2 Neural Networks

	VI CONCLUSIONS
	REFERENCES

	preface.pdf
	１
	Editors:  Masanori Sugisaka and Hiroshi Tanaka


	1.pdf
	ON
	CO-OPERATED BY
	SPONSORED BY
	SUPPORTED BY
	GENERAL CHAIRMAN

	PROGRAM CHAIRMAN
	VICE-CHAIRMAN
	ADVISORY COMMITTEE
	INTERNATIONAL ORGANIZING COMMITTEE
	INTERNATIONAL PROGRAM COMMITTEE
	LOCAL ARRANGEMENT COMMITTEE
	HISTORY
	OBJECTIVE
	GENERAL SESSION TOPICS
	ORGANIZED SESSION TOPICS
	COPYRIGHTS
	Oita University

	4.pdf
	TECHNICAL PAPER INDEX
	Room A
	Room A
	Room B
	Room C
	Room A
	Room C
	Room A
	Room B
	Room C


	Proceedings3.pdf
	Sheet1


