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Foreword

At the dawn of the new millennium, robotics is undergoing a major trans-
formation in scope and dimension. From a largely dominant industrial focus,
robotics is rapidly expanding into the challenges of unstructured environ-
ments. Interacting with, assisting, serving, and exploring with humans, the
emerging robots will increasingly touch people and their lives.

The goal of the new series of Springer Tracts in Advanced Robotics
(STAR) is to bring, in a timely fashion, the latest advances and develop-
ments in robotics on the basis of their significance and quality. It is our hope
that the wider dissemination of research developments will stimulate more
exchanges and collaborations among the research community and contribute
to further advancement of this rapidly growing field.

The monograph written by Federico Cuesta and Ańıbal Ollero builds upon
the application of fuzzy logic to the area of intelligent control of mobile robots.
Reactive, planned and teleoperated techniques are considered, leading to the
development of novel fuzzy control systems for perception and navigation of
nonholonomic autonomous vehicles. The unique feature of the work lies in its
comprehensive treatment of the problem from the theoretical development
of the various schemes down to the real-time implementation of algorithms
on mobile robot prototypes. As such, the book spans across different do-
mains ranging from mobile robots to intelligent transportation systems, from
automatic control to artificial intelligence.

Remarkably, the doctoral thesis at the basis of this monograph was a
finalist for the First EURON Georges Giralt PhD Award devoted to the best
PhD thesis in Robotics in Europe. A fine addition to the series!

Naples, Italy Bruno Siciliano
November 2004 STAR Editor



Preface

This book presents the results obtained in the framework of several projects
both at a national and international level in the area of intelligent mobile
robotics navigation, and fuzzy control system design and stability analysis.

The book deals with the design, stability analysis and implementation
of new intelligent fuzzy control systems for perception and navigation of
nonholonomic autonomous vehicles. Reactive, planned and teleoperated tech-
niques are considered. Simulations and real experiments with the autonomous
vehicles ROMEO-3R and ROMEO-4R, designed and built at the University
of Seville, illustrate the application of the methods. Autonomous parking of
ROMEO-4R backing up a trailer is also considered. The book emphasizes
the application of fuzzy logic to the above topics. An important point is the
stability analysis of the fuzzy reactive navigation. Thus the book presents
an overview of stability analysis techniques for nonlinear fuzzy systems in-
cluding Lyapunov, input-output analysis, frequency response methods and
bifurcation theory analysis and their application to the stability analysis of
fuzzy reactive navigation in an autonomous vehicle. These methods can be
of interest for students and researchers in the areas of nonlinear systems,
robotics and fuzzy control. Thus this book can be of interest for different
scientific communities: Robotics, Intelligent Transportation Systems, Auto-
matic Control and Artificial Intelligence, among others.

This book originates from the PhD thesis of the first author at the Uni-
versity of Seville, supervised by the second author. This thesis obtained the
Excellence Doctorate Award from the Univ. of Seville and it was nominated
for the 1st EURON PhD Award in Robotics in Europe. The book collects, in
an integrated way, works that have been published in several international
journals. Moreover, some recent works have also been included.

It would not have been possible to compile this book without the pre-
cious help and the contributions of the following persons that are gratefully
acknowledged here:

• We are indebted to Javier Aracil and Francisco Gordillo for their con-
tributions to the material presented in Chapter 2. We also want to thank
Karl-Erik Årzén and Mikael Johansson from the Lund Institute of Technol-
ogy (Sweden) and Robert Babuska from the Delft University of Technology
(The Netherlands) who closely collaborated in the FAMIMO project.



X Preface

• We thank Enrique Ponce and also Javier Aracil for their significant contri-
butions to the bifurcation analysis presented in Chapter 3.

• We are especially indebted to Begoña Arrue and Reinhard Braunstingl with
whom we have closely collaborated in the material presented in Chapter 4.

• We are grateful to Fernando Gómez Bravo for the fruitful collaboration
in the domain of nonholonomic vehicle maneuvering and the autonomous
parking methods presented in Chapter 6.

• We also want to thanks the people that contributed to the adaptation
of the ROMEO vehicles. The experimental results contained in the book
would not have been possible without their help.

This work was supported in part in the framework of several projects:
FAMIMO, funded by the European Commission (4th Framework Pro-
gramme, ESPRIT LTR Project 21911); the project ROMARC, funded by
the Spanish Comisión Interministerial de Ciencia y Tecnoloǵıa (CICYT) un-
der Grant TAP99-0926-C04-01; and the project CROMAT, funded by the
Spanish Ministerio de Educación y Ciencia, Dirección General de Investi-
gación under Grant DPI2002-04401-C03-03.

Seville, October 2004 Federico Cuesta
Anı́bal Ollero



Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Outline of the Book. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2. Fuzzy Systems and Stability Analysis . . . . . . . . . . . . . . . . . . . . . 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 A Reminder on Fuzzy Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Qualitative Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Lyapunov Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Quadratic Lyapunov Functions . . . . . . . . . . . . . . . . . . . . . 15
2.4.2 Piecewise Quadratic Lyapunov Functions . . . . . . . . . . . . 18

2.5 Input/Output Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5.1 Small Gain Theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.5.2 Circle Criterium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.3 Conicity Criterium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6 Frequency Response Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.6.1 Equilibria in Multivariable Fuzzy Systems . . . . . . . . . . . 30
2.6.2 Limit Cycles in Systems

with Symmetric Nonlinearities . . . . . . . . . . . . . . . . . . . . . 32
2.6.3 Extension to Asymmetric Nonlinearities . . . . . . . . . . . . . 36

2.7 Decomposition of a Takagi-Sugeno Fuzzy System
as a Lur’e Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.8 Comparative Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.8.1 Example 1: Globally Stable Affine Takagi-Sugeno

Fuzzy System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.8.2 Example 2: Fuzzy System with Unstable Limit Cycle . 43
2.8.3 Example 3: Fuzzy System with Multiple Equilibria . . . 45

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3. Bifurcations in Simple
Takagi-Sugeno Fuzzy Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Fuzzy Systems and Bifurcation Theory . . . . . . . . . . . . . . . . . . . . 52
3.3 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56



XII Contents

3.3.1 System with Linear Consequents . . . . . . . . . . . . . . . . . . . 56
3.3.2 System with Modified Consequent . . . . . . . . . . . . . . . . . . 63
3.3.3 System with Affine Consequents . . . . . . . . . . . . . . . . . . . . 68

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4. Intelligent Control of Mobile Robots
with Fuzzy Perception 79. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2 Environment Perception and Mobile Robot Control . . . . . . . . . 81

4.2.1 Potential Field Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.2.2 Vector Field Histogram and VFH+ . . . . . . . . . . . . . . . . . 87
4.2.3 Fuzzy Occupancy Grids . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2.4 General Perception Vector . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.3 Fuzzy Perception in Nonholonomic Vehicles . . . . . . . . . . . . . . . . 94
4.3.1 Virtual Perception Memory . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4 Perception-Vector-Based Fuzzy Control
for Nonholonomic Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.4.1 A Behavior-Based Control Scheme Based on the

Perception Vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.4.2 Behavior Blending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.4.3 Reactive Parking Behavior . . . . . . . . . . . . . . . . . . . . . . . . 107

4.5 Improving Reactive Capabilities . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.5.1 Teleoperation Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.5.2 Hybrid Control: Combined Reactive 

and Planned Behaviors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.6 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5. On the Stability of Mobile Robots
with Fuzzy Reactive Navigation 123. . . . . . . . . . . . . . . . . . . . . . . . . . .
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
5.2 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.2.1 Equilibrium Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.3 Local Stability Analysis 

by Lyapunov Linearization Method . . . . . . . . . . . . . . . . . . . . . . . 129
5.3.1 System Without Time Delays  . . . . . . . . . . . . . . . . . . . . . . 129
5.3.2 System with Time Delays . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.3.3 Relation with the Parameters of Reactive Navigation  . 131
5.3.4 Simulation Experiments  . . . . . . . . . . . . . . . . . . . . . . . . . . 132
5.3.5 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.4 Conicity and Lyapunov Stability Analysis . . . . . . . . . . . . . . . . . 136
5.4.1 Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.4.2 Derivation of the Dynamic Fuzzy System . . . . . . . . . . . . 138
5.4.3 PWQ Lyapunov Function-Based Analysis  . . . . . . . . . . . 140
5.4.4 Conicity-Based Stability Analysis  . . . . . . . . . . . . . . . . . . 140
5.4.5 Discussion and Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 144



Contents XIII

A. Adaptation of Conventional Electrical Vehicles . . . . . . . . . . . 189
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
A.2 The Autonomous Vehicle ROMEO-3R . . . . . . . . . . . . . . . . . . . . 191
A.3 The Autonomous Vehicle ROMEO-4R . . . . . . . . . . . . . . . . . . . . 192

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

5.5 Frequency Response Methods and Bifurcations . . . . . . . . . . . . 145
5.5.1 Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
5.5.2 Frequency Response Analysis . . . . . . . . . . . . . . . . . . . . . . 149
5.5.3 Influence of Time Delay in Vehicle Navigation . . . . . . . 151
5.5.4 Influence of Control Gain in Vehicle Navigation . . . . . . 155
5.5.5 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6. Intelligent System for Parallel Parking 
of Cars and Tractor-Trailers 159. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.2 Planning Maneuvers in Nonholonomic Vehicles . . . . . . . . . . . . . 161

6.2.1 Planning Maneuvers in Cart and Car-Like Vehicles . . . 161
6.2.2 Tractor-Trailer Maneuvering . . . . . . . . . . . . . . . . . . . . . . . 162
6.2.3 Changing Trailer Orientation . . . . . . . . . . . . . . . . . . . . . . 165

6.3 Autonomous Parking in Cart and Car-Like Vehicles  . . . . . . . . 167
6.3.1 Collision Avoidance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
6.3.2 Fuzzy Selection System . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

6.4 Autonomous Parallel Parking in Tractor-Trailer Systems  . . . . 172
6.4.1 Collision Avoidance in Tractor-Trailer 

Parallel Parking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
6.4.2 Fuzzy Selection System . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

6.5 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
6.5.1 Cart and Car-Like Vehicle Parallel Parking  . . . . . . . . . . 179
6.5.2 Tractor-Trailer Parallel Parking  . . . . . . . . . . . . . . . . . . . . 185

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186




