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Abstract

This thesis addresses the problem of visual navigation of wheeled mobile robots.
The key idea is to use bearing information of landmarks as the sole measurement
in the Image-Based Visual Servo control design. In this thesis, a panoramic camera is employed as the visual information provider for navigation manoeuvres.
Biomimetic visual navigation models and Lyapunov control functions are used in
the control design and theoretical analysis of the controller's stability.
It is shown that homing tasks of wheeled mobile robots can be successfully
conducted by using biomimetic strategies and a low resolution panoramic camera. Detailed discussions of two biomimetic models for navigation, the Average
Landmark Vector (ALV) and Weighted Landmark Vector (WLV) model, are presented.
The steps to wheeled mobile robot navigation control were:
• use a simple exteroperceptive sensor to obtain image features;
• organise these image features into vectors which denote the surrounding
environment and provide navigation information to the mobile vehicles;
• use image feature vectors in constructing a closed-loop visual servo controller which is used to control the wheeled mobile robots to a required
V
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pose along a pre-specified orientation.
Navigation controllers were designed for both holonomic and non-holonomic
wheeled mobile robot systems , first for a holonomic unicycle mobile robot where
the 'rolling-but-not-slipping ' non-holonomic constraint was temporarily omitted.
In actual experiments, nice convergence results proved the performance of the
control design. The second controller was designed for a non-holonomic unicycle
mobile robot. This part of study ended with complete theoretical analysis and a
full set of indoor experiments which validated the efficient performance of the
visual servo control in non-holonomic unicycle mobile robots.
This discussion is then extended to control for a car-like mobile robot with
Ackerman steering. The task was to design a bearing-only navigation controller
using the similar control strategies employed by the unicycle mobile robot. Later,
another design, a time-varying phase-switching non-holonomic Ackerman controller with two motion modes, is going to be discussed. In each mode, a Lyapunov function is proposed to ensure the final convergence. Simulation results
are presented to demonstrate the theoretical characteristics of this approach.
The problem of colour landmark detection from a panoramic camera, which
works at a relatively low resolution, is successfully solved in this thesis. An elegant landmark detection algorithm is proposed using low-order image moments
and a colour blob matching algorithm. This colour detection algorithm guarantee effective and robust detection of colour landmarks fro m panoramic image
sequences as confirmed by laboratory experiment results. The influence to the
controller performance from image noi e during experiments is also investigated.

Table of Contents

.

Declaration

I

...

Acknowledgments

Ill

Abstract

V

1

1

Introduction
1.1

1.2

Problem Definition ....

2

1.1.1

Problem Statement

3

1.1.2

Motivation for Research

5

Challenges and Approach . . . .
1.2.1

2

The Proposed Approach

8
12

1.3

Main Investigations and Contributions

17

1.4

Outline of the Thesis .........

19

Sensing & Navigation for Mobile Robots

21

2.1

Introduction . . . . . . . . . . . . .

21

2.2

Sensor-Based Feedback Navigation

23

2.2.1

Sensors for Mobile Robot Navigating

24

2.2.2

Visual Servo Control of Mobile Robots

28

Biomimetics: A Road to Robot Visual Homing

32

2.3

Vll

Table of Contents

Vlll

2.4

2.5
3

4

2.3.1

Inspiration from the Natural World .

33

2.3.2

Biomimetic Navigation Models

36

Navigation Control of Mobile Robots

40

2.4.1

Holonomy and Non-holonomy .

41

2.4.2

Mobile Robot Navigation Control

44

......... . . . . . .

50

Conclusion

System Design

51

3.1

Introduction . . . . . . . . .

51

3.2

Mobile Robot Configuration

52

3.2.1

Actuators and Wheels

52

3.2.2

The Panoramic Camera .

54

3.2.3

Peripherals

56

3.3

Landmark Design .

58

3.4

Landmark Detection

61

3.4.1

Colour and Region Modeling .

62

3.4.2

Detecting Landmarks in Panoramic Images

64

3.5

Sensitivity Analysis

68

3.6

Conclusion

75

....

Visual Homing of a Holonomic Unicycle

77

4.1

Introduction ..

78

4.2

System Model .

80

4.2.1

Kinematic Model of a Unicycle

80

4.2.2

Average Landmark Vector Model

82

4.2.3

Weighted Landmark Vector (WLV) Model .

85

4.3

Co t Functions

f

f

f

f

f

I

I

•

f

I

f

O

f

o

I

o

•

0

89

4.3.1

Kinematics of Average Landmark Vector

89

4.3.2

Kinematics of Weighted Landmark Vector .

99

Table of Contents

4.4

Holonomic Control Design . .
4.4.1

4.5

. 103
. 106

4.5.1

Simulations and Experiments Using the ALV Model

. 106

4.5 .2

Simulations and Experiments Using the WLV Model

. 109
. 115

Non-holonomic Control Design

119

5.1

Introduction . .

5.2

System Model .

5.3

Non-holonomic Control Design and Analysis

5.4

Implementation ...

5.5

Experiments

Discussion . . . . . .

Control Design for Car-Like Vehicles

. 119

....

. 121
.. 122
. 136

. . . 136
. 139
141

6.1

Introduction . . . .

. 141

6.2

System Description

. 143

6.3

Visual Servo Controller Design .

. 145

6.3.1

Controller Design .

. 147

6.3.2

Simulation . . . .

. 152

6.4

6.5
7

Existence of Solutions

Implementation Results . . . .

5.4.1

6

. 100

Discussion . . . . . . . . .

4.6
5

IX

Switched Hybrid Non-holonomic Control Design

. 159

6.4.1

Forward Mode . .

. 160

6.4.2

Backward Mode

. 162

6.4.3

Switching Conditions and Simulation

. 168

Conclusion

Conclusions

. 170
175

7.1

Major Contributions .

. 175

7.2

Discussions and Future Work .

. 178

Table of Contents

X

7.3

Conclusions

Bibliography

. 182

183

List of Figures

1.1 · Homing of a mobile robot . . . . .

4

1.2

Holonomic mobile robot platform

11

1.3

A non-holonomic mobile robot . .

12

1.4

The mobile robot platform Nomad XR4000

16

2.1

The basic structure of modem mobile robots . . . . . . . . . .

24

2.2

Basic structure of Position-Based Visual Servo (PBVS) control

29

2.3

Basic structure of Image-Based Visual Servo (IBVS) control

31

2.4

A typical foraging path of a Cataglyphis bicolor .

35

2.5

Diagrammatic explanation of snapshot model

37

2.6

Diagrammatic explanation of ALV Model ..

39

2.7

Improved Average Landmark Vector (IALV) model

41

2.8

Non-holonomic constraint of a rolling disc .

44

3.1

The Nomad XR4000 mobile robot . . . . .

53

3.2

Omni-directional Powered Caster Module (PCM) of the XR4000

54

3.3

Driving components of the Nomad XR4000

55

3.4

Theoretical structure of the panoramic camera

56

3.5

The omni-directional camera on the Nomad XR4000

57

3.6

The robot and a landmark in a conventional camera

57

3.7

An image taken by the panoramic camera

58

Xl

..

LIST OF FIGURES

X.11

3.8

The design of the landmarks

60

3.9

Landmark configuration in Robotic Systems Lab

61

3.10 Binary image of yellow blobs.

69

3.11 Binary image after noise fading operation

69

3.12 Landmark candidates

70

3.13 Landmarks detected from the panoramic camera .

70

3.14 Actual noise level of landmark detection .

75

4.1

Kinematic model of a unicycle-like mobile robot.

81

4.2

Geometric description of the ALV model .

84

4.3

The distribution of q in workspace . . . .

85

4.4

Diagrammatic explanation of the WLV model

87

4.5

Level set of lqgl

93

4. 6

Level set of the cost function ¢(f)

93

4.7

Level set of the potential function V(f ) .

94

4.8

Local level set of lql at a landmark where it is a minimum

98

4.9

Distribution of dJ at a landmark where it i a minimum . .

102

4.10 Simulation of the holonomic control law using the ALV model

102

4.11 Simulation results of experiments

108

4.12 The results of a holonomic unicycle experiment

109

4.13 Experimental trajectorie in holonomic experiment

110

-+.14 The final orientation and po ition of holonomic experiment

110

4.15 Simulation samples u ·ing the WLV model

112

..........

I

4.16 Simulation ample of the WLV model and
-+.17 E ·perimental re ults u ing

eight-switching . . .

.18 Final po e and orientation u ing the WL
.19 E perimental data for a WL
--.1

eight- witching

Geometry definition of y and

experiment

model

113
114
116
117
. 12

LIST OF FIGURES

Xlll

5.2

Actual trajectories in experiments

5.3

Final positions and orientations in experiments

. 139

6.1

Parallel parking manoeuvres . . . . . .

. 143

6.2

The model of Ackerman mobile robots .

. 144

6.3

The geometry of the tracking error and tracking angle error

. 146

6.4

The Sllv1ULINK model of the phase-switching control

. 153

6.5

Simulated trajectory when K

6.6

Simulated trajectory when K

6.7

Control inputs in the simulation when K

6.8

Control inputs in the simulation when K

6.9

Simulated value of a, f3 and L when K

6.10 Simulated a,/3 and L when K

. . . . . . .

. 138

= 300
= 100

= 100

. 155
. 155

= 300
= 100

. 156
. 156

= 300

. 157

. . .

. 157

6.11 Detail of a section of trajectory in Fig. 6.5

. 158

6.12 Geometric description of the system response in

V

. l 65

6.13 Simulated trajectory starting from (0, 0, 1r)

. 171

6.14 Simulated trajectory starting from (0, 4, ~)

. 171

6.15 Control inputs and variables of Fig. 6.13

. 172

6.16 Control inputs and variables of Fig. 6.14

. 172

6.17 Lyapunov functions in simulation starting from (0, 0, 1r)

. 173

6.18 Lyapunov functions in simulation starting from (0, 4, ~)

. 173

6.19 The detail of Lyapunov function L starting from (0, 0, 1r)

. 174

6.20 The detail of Lyapunov function L starting from (0, 4, ~)

. 174

List of Tables

1.1

Sensors used in robots

6.1

Parameters used in the Ackerman robot simulations

154

6.2

Settings for simulation in SIMULINK . . . . . . .

154

6

XlV

Terms and Abbreviations

Below is a list of terms and abbreviations used in this thesis.
AC

Alternating Current

ALV

Average Landmark Vector

ANU

Australian National University

DOF

degrees of freedom

EKF

Extended Kalman Filter

GPS

Global Positioning System

IALV

Improved Average Landmark Vector

IBVS

Image-Based Visual Servo

PBVS

Position-Based Visual Servo

PCM

Powered Caster Module

RSL

Robotic Systems Lab

RSISE

Research School of Information Sciences and Engineering

SLAM

Simultaneous Localisation and Mapping

VTOL

Vertical Take-Off and Landing

WLV

Weighted Landmark Vector

WMR

Wheeled Mobile Robot

DROS

Dave's Robotic Operating System

xv

Nomenclature

Estimated centroid point of an image blob
Geometric coordinates in the global frame
Coordinates of the e1i landmark in the global frame
Robot coordinates in the image plane
Landmark coordinates in the image plane

a

Variable of non-holonomic controller
Normalised landmark feature vector in the global frame

V

The neighbourhood of V
Normalised velocity in the global frame

/3

Variable of non-holonomic controller
Tracking error vector
Positive constant ·
A time function in weight switching

E

The radius of a small circle around a landmark

Etrack

Tracking error of the non-holonomic controller

y

Tracking angle error of the non-holonomic controller

A

Lagrange multiplier

A·I

Eigenvalues of a matrix

(b)

The body-fixed frame of the mobile robot
XVI

..

Nomenclature

XVll

(g)

The global frame

(i)

The image plane

<H

The convex hull of the set of landmarks

N

The small neighbourhood of a landmark

w

Angular velocity of a mobile robot

c/>(f)

Cost function
The angle of unit landmark vector relative to x-axis of the global
frame

p

Positive constant
Positive constant

0

Orientation of the robot in the global frame
Limiting orientation when g*

= gi

Steering angle of front wheels
Position of the mobile robot in the global frame
Robot location in the image plane
Minimum point of the potential function and the cost function
Positive one in a pair of split landmarks where a landmark is the
m1 n1mum
Negative one in a pair of split landmarks where a landmark is the
rmn1mum
Points on the line determined by the minimum and g
Position of landmarks in the global frame
Landmark position in the image plane
Points defined in a small neighbourhood of gi along the direction
of q~v

fo

The initial position of the mobile robot

A

Transform matrix

xv111

Nomenclature

a1

Estimated height of an image blob

B

Positive constant

b

Variable of non-holonomic controller

b1

Estimated width of an image blob

c

Positive constant

c 1 , c2

Positive constants

d

The distance from the robot to the virtual central line

D8

Jacobian of g

D!mg

Jacobian Matrix of bearing vector in the image plane

Df

Partial Derivative according to

e

A scalar variable

E(f)

Lyapunov function of range information of landmarks

ed

Distance error function

es

Area error function

eareaJhreshold

Threshold on

es

in landmark matching

edistanceJhreshold

Threshold on

ed

in landmark matching

f(x, y)

Image density function at location (x, y)

g(u, w)

Saturation constraint function

h

2 x 2 identity matrix

K

Positive constant

k

Positive constant and k > l

k1, k2, k3

Positive constants

L

Lyapunov function of non-holonomic controller

l

Wheel base of the robot

M

Image moment matrix

E

g

[O, 1]

Nomenclature

XlX

(p +

q)1h

order image moments

The bearing of a landmark in the body-fixed frame
The bearing of a landmark in the image frame
The bearing of a landmark in the global frame
q

Average Landmark Vector in the body-fixed frame

Q(()

Hessian of the potential function
A constant vector approximates

q~~i
0

in N

Sum of unit vectors except the fh one in the global frame
Representation of ALV q in the global frame
Landmark feature vector generated from split landmarks
q thresh

The threshold of switching weight sets

R(0)

Rotation matrix from the body-fixed frame to the global frame

r(t)

Minimal distance from the robot to the landmarks

r l·

Distances from the mobile robot to landmarks in the global frame

.
r limg

Distance from robot to landmarks in the image plane

s

Area of an image blob

s

Wheel steering rate

So

A candidate Lyapunov function

T(u , w, it)

A Lagrangian optimal function

T switch

The moment to switch bearing weights

u

Linear velocity of a mobile robot
Potential function
Potential function defined using split landmarks

V

The set inR 2 x

§1

with

fY

= 0 and 0 = 0

Linear velocity of the robot in the body-fixed frame

xx

Nomenclature

Mobile robot velocity in the global frame

w

Lyapunov function of backward mode controller

X

Positive function

z

A scalar variable

E ( -E, E)

CHAPTER 1

Introduction

In recent decades, the study of robotics has become mainstream in the scientific
community. Robotics fuses a wide range of academic fields including electrical
and mechanical engineering, computer science, systems and control engineering,
etc. The number of robotic systems in the world is growing year by year; most
are traditional robotic manipulators used in industrial applications such as mining, medical, space exploration, etc. Numerous aerial drones already in use for
restricted applications, and the potential for a wide range of autonomous vehicles
to contribute to new applications. Current mobile robot systems are laboratorybased experimental vehicles, although there are some commercial autonomous
vehicles (with extensive sensor suites) operating in highly restricted environments
such as mines or loading zones. Other small robots such as robotic vacuum cleaners and toys such as the Sony AIBO robotic dogs are common. In order for autonomous robotic ground vehicles to expand into applications between these two
extremes, the reliability and flexibility of existing functionality must be improved.
Reliability of a vehicle implies that it is able to perform the simple basic motion tasks necessary for safe operation using a variety of different sensor configurations and, if necessary, still be able to adequately achieve certain emergency
goals using a minimal, highly reliable, robust sensor modality. Inspiration for
1
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such functionality can be drawn from the biological world, where insects such as
ants and honey bees are capable of reliably achieving navigation tasks, such as
homing, using a single sensor modality, e.g. low resolution vision. In this thesis,
I consider an analogous task for a wheeled mobile robot, namely visual homing
.
.
using a panorarruc camera.

1.1

Problem Definition

Robot navigation is the process of planning and following feasible trajectories in
order to relocate the robot from one pose (position and orientation) to another in a
workspace. To conduct navigation, robots need to have the ability to move and the
ability to locate the destination [Technology Research News, 2005]. According
to Leonard and Durrant-Whyte, mobile robot navigation could be divided into
three fundamental questions: "where am I?", "where am I going?" and "how
should I get there?" [Leonard and Durrant-Whyte, 1991]. In mobile robotics, the
topics of robot localisation, destination specification and path-finding (or pathplanning) are corresponding to the above questions. For the rob<?t navigation, the
solutions usually fall into following two categories:
Map-based navigation: A known map of the environment is available. Robots

use their sensors to localise with respect to the map.

avigation is done

on the fixed world map. Sometimes additional obstacle avoidance routines
are used to avoid colliding with unmapped objects. The other style in this
paradigm the Simultaneous Localisation and Mapping (SLAM) where the
robot is required to build a map of its environment. SLAM algorithms recogni e the coupling between the map estimating proce

and the localisation

of the robot. The navigation is still based on a map, albeit one hopes that the

1.1 Problem Definition
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map now contains all important objects. It is still also to have separate obstacle avoidance routines. Map-based techniques are useful and important
for efficient navigation in a known environment. SLAM techniques are the
crucial learning ability that enables a robot to develop a map that will aid
future navigation of an environment and identify new obstacles in existing
mapped environments.
Navigation without a map: In this paradigm the robot has a characterisation of
the desired goal specified in terms of sensor input. There is no attempt
to generate an explicit map since the navigation of the robot is achieved
by controlling it to achieve a desirable change in the observations. The
characterisation of 'desirable change' in the sensor inputs defines certain
behaviours that become the motion primitives for the robot.
Sensor-based techniques are demanded by almost all navigation algorithms to
achieve goals because they are extremely robust and usually theoretically simple
and reliable. According to [Leonard and Durrant-Whyte, 1991], there are three
fundamental questions of mobile robot sensor-based navigation: "What can I
sense around me?", "What would I like to do?" and "How can I best start moving
to achieve that?". Modern mobile robot systems need to develop a reliable and
robust level of functionality in this area. My thesis investigates one example of
sensor-based behavioural navigation, that is, visual homing.

1.1.1

Problem Statement

The problem considered in this thesis is to use a panoramic camera as the sole
sensor for global homing behaviour of a wheeled mobile robot (Fig. 1. 1). It is
assumed that the home position is always associated with an observable visual

4
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u

.

Landmark

Docking Station

Landmark

Initial positions and orient~tions
. ...

Q

.

Landmark

Figure 1.1: The goal is to manoeuvre a wheeled mobile robot from an arbitrary initial pose into the docking station. The docking station can only
accept mobile robots converging to a pre-specified orientation. The mobile
robot does not have a map or similar knowledge of surrounding environment
and relies solely on bearing measurements of a small number of targets acquired from a panoramic camera.

target. The homing task is to manoeuvre the mobile robot such that it approaches
the home position from a pre-specified direction with a given limiting orientation.
'Visual homing ' refers to the ability that many animals and insects find their
way home by using visual cues [Weber et al. , 1999] , [Collett , 1996]. The strategies discusse d in this thesis are inspired by study of homing strategie s for insects.
Many applications of mobile robots require navigation must become more accurate as the robot approaches the goal. For example , fetch and recover tasks
which involve the approaching and grasping of an object, or docking tasks which
normally require the robot to engage with the docking mechanism from a specific direction. A key challenge of the problem considered is that wheeled mo-
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bile robots are subject to non-slipping rolling (non-holonomic) constraints. It is
known that designing stabilising controllers for non-holonomic systems is challenging according to Brockett's theorem [Brockett, 1983]. The requirement to
pose the control design purely in the image space makes the controller design and
analysis even more challenging.
It is worth mentioning that the initial position of the robot is always close

enough to the docking position and all of the landmarks since this is a local navigation problem and no map is needed. Also, I assume that this workspace is
absolutely obstacle free throughout this thesis.

1.1.2

Motivation for Research

When reliability is the primary issue in the design of a mobile robot system, it is
necessary to implement sensor systems that are robust and require little in the way
of calibration and maintenance. The mechanical complexity, power consumption
and cost of the sensors should also be taken into consideration. For commercial applications it is important to develop systems that are mechanically elegant,
drawing little power to operate and cheap to implement on production vehicles.
For example, a robotic vacuum cleaner will require a suite of sensor systems that
costs as little as possible and yet is still capable of achieving the required tasks.
A typical sensor suite used by mobile robots is shown in Table 1.1. For commercial applications of mobile robots, the cost of sensor systems must be minimised. A camera ·system offers one of the most reliable and least expensive data
sources among available exteroperceptive sensors at the moment. Cameras can
be used in multiple sensor modalities derived from the rich source of information
they provide. Processing the image sequence to obtain usable information is a

6
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Exteroperceptive
I Interoperceptive I
Proprioceptive
Vision sensors (panoramic,
Odometers
Battery monitors
stereo, etc)
Accelerometers Error handling in code
Proximity sensors (infrared,
Compasses
Thermal overloads
ultrasonic, etc)
Gyroscopes
Laser range finders
Sonars
Table 1.1: Sensors used in robots.

difficult and computationally time-consuming task. However, following recent
trends in computer vision and the ever improving computing resources available,
it seems reasonable that the camera system will become a standard sensor device
for commercial mobile robotic applications even in unstructured environments.
Especially, panoramic camera systems are becoming more ubiquitous in mobile
robotic applications due to their simplicity, reliability, cost and functionality.
A hypothetical example provides some insight into the future. Consider the
case of a commercial robotic vacuum cleaner. Several such units are already
on the market. However, they tend not to have very sophisticated control and
navigation strategies. A future robotic vacuum cleaner should be able to roam
throughout a dwelling , ensuring that every room is well cleaned. Moreover, at
the point where it completes its task (or requires recharging) it should be able
to locate its charging station and successfully dock. Commercially, the sensor
systems are required to be reliable and robust for a minimal cost. A panoramic
camera would be a natural core exteroperceptive sensor system, augmented by
some cheap infra-red proximity sensors and touch sensors. The robot could identify visual landmarks using the panoramic camera to locate itself during the above
tasks. In particular, if the robot always commences motion when docked to the
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charging station, it would be able to take a snap-shot view of the environment in
the correct docking position and orientation. This information could be used to
choose a suitable set of landmarks to apply the theory developed in the thesis. In
principal, once the robot had found its way to the general vicinity of the docking
station, it would always be able to navigate accurately to the docking position
based on these landmarks, without requiring an accurate map of the environment.
Many of the robot navigation systems rely on a full exteroperceptive sensor suite to extract detailed localisation and map information which is used in
trajectory planning algorithms. For the sort of applications discussed above the
sensor systems are unlikely to provide sufficiently precise information for the
robot to build a detailed and accurate map of its environment or provide adequate
localisation estimates to allow sufficiently precise motion control for tasks such
as docking. Furthermore, the processing power required to run a sophisticated
localisation and mapping filter may not be available on a small commercial autonomous vehicle. Simultaneous Localisation and Mapping (SLAM) algorithms
may still be used for global navigation on such vehicles. However, accurate and
detailed navigation and control tasks need to be handled in a different manner.
Image-Based Visual Servo (IBVS) techniques have been studied in the past two
decades precisely because they offer significant advantages in robustness and reliability in practical applications. Adapting IBVS ideas to local navigation and
control of mobile robots offers the potential to provide an important capability for
such a class of mobile platforms.
Many animals and insects display a remarkable ability to return to their nest,
relying primarily on vision as an exteroperceptive sensor [Wehner, 1981]. Insect
behaviour is particularly of interest to the field of robotics due to the limited processing abilities of a tiny insect brain. It is conceivable that similar strategies
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can be implemented on a robotic system. The approach taken in this thesis is
to draw inspiration from the biological world and then to implem ent those ideas
as rigorously analysed control algorithms. This thesis also aims to provide an
excellent starting point for a detailed systems analysis. Another key idea in the
design is that no map should be required. The robot does not need to. develop a
map or localise itself with respect to a map. It relies instead on moving in such
a way that its observed image feature vector is minimised. The only requirem ent
is that sufficient landmarks remain visible during the homing manoeuvre. There
is no evidence so far that those insects studied for their navigational abilities recently [Collett et al., 2002, Wehner, 2003] are using map or map-like mechanisms
in navigation.

1.2

Challenges and Approach

The scope of this project was driven by the final goal of developing practical
IBVS controllers for wheeled mobile robots. Within this topic there are a range
of challenges that must be overcome.

Recognition of Landmark Features
Digital cameras have been widely used as the primary exteroperceptive sensors in mobile robot visual navigation. To ensure the effectiveness and robustness of the navigation, visual landmarks must be robustly and accurately extracted from the image sequence. Our design requires that visual features of
landmar ks are detected from the image sequence provided by the panoramic
camera. Panoramic cameras provide reasonable pixel resolution in angular estimation. However, the pixel resolution is low with respect to range estimation.
Consequently, it is only practical to measure the landmar k bearings using such a
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panorarmc camera. It is not the primary goal of this work to develop landmark
recognition algorithms. However, a robust algorithm that operates under all normal lighting conditions is required for proof of concept of the algorithms.
Representation of Image Error Kinematics
The approach taken involves an image-based formulation of the closed-loop
control problem. A key part of the design process is to develop a kinematic model
of the system in terms of the observed image features. The resulting model relates
the kinematics of the image features to the velocity inputs of the robotic vehicle
via an image Jacobian. The image Jacobian depends on relative range of observed
targets and cannot be measured from the image sequence. However, it has properties that can be exploited in the control design. Characterising the properties of
the image Jacobian is crucial in understanding the control problem.
Development of IBVS Control Strategies
Image-Based Visual Servo control strategies do not rely on an explicit reconstruction of the Cartesian pose of the robot. The task goal is expressed in terms of
an image error in the image domain. The control strategies are designed based on
the kinematics of the observed feature in order that the image error is stabilised
to zero. In this thesis, both holonomic and non-holonomic control strategies are
investigated for unicycle and car-like mobile robots.

Holonomic Systems:
A kinematic holonomic mobile robot is one in which all degrees of freedom
are velocity actuated (Fig. 1.2). That is, one may assign arbitrary planar
velocities and an arbitrary angular velocity to the holonomic vehicle. A
holonomic mobile robot can follow arbitrary trajectories, within its velocity
limits. The control problem in this case is to locally specify inputs for a
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trajectory that leads to a path that achieves the desired goal. The properties
of the closed-loop trajectory are required to satisfy certain constraints associated with the desired task. In particular, the robot must approach the goal
pose from a given direction with a specified final orientation to dock.
Non-holonomic Systems:

A kinematic non-holonomic mobile robot may be driven to any point in
state-space via a suitable set of manoeuvres, but there are local velocity
constraints on its motion, typically rolling-but-not-slipping constraints associated with wheel geometry, that prevent arbitrary motion (A car-like robot
shown in Fig. 1.3 is an example).
Control of non-holonomic robots is known to be difficult. Due to nonholonomic constraints it is impossible to find a smooth local stabilising control law for the state of such vehicles [Brockett, 1983]. The control problem
in this case is one of specifying local trajectory that is feasible with respect
to the non-holonomic constraints and leads to a feasible global trajectory
that achieves the desired goal. The properties of the closed-loop trajectory
must satisfy the constraints associated with the desired task, as well as the
non-holonomic constraints. The desired task should be feasible with respect
to the non-holonomic constraints for the problem to be well posed. In addition, the control strategy must satisfy the input constraints of the real robot.

Analysis of the Closed-Loop Response
Given a candidate control design, the performance of the closed-loop system
can be analysed for a wide range of initial and operating conditions. This analysis
can provide a level of confidence in the robust performance of the algorithms, especially for the case of non-holonomic control where the velocity constraints can
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Figure 1.2: This figure shows the holonomic mobile robot platform PPRK
BrainStem Easy Kit. It is equipped with Swedish omni-directional wheels
which enable the platform to conduct holonomic movements. Image courtesy of Acroname Products (http://www. acroname. com/robotics/
parts/R141-PPRK-BS- 2. html).

lead to high levels of actuation. A key aspect of the analysis is to guarantee that
the control inputs satisfy constraints that are imposed by the physical steering and
drive systems of a real robot.

Experimental Evidence of the Performance of the Closed-Loop System
It is important to experimentally verify the performance of the closed-loop
IBVS control algorithms proposed. The experimental evidence must be of sufficient quality to provide an indication of the ongoing robust performance of the
proposed control algorithms.
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Figure 1.3: A car-like non-holonornic mobile robot [Usher et al., 2002b].

1.2.1

The Proposed Approach

Detection of Landmark Features
To robustly and accurately detect targets from the image sequence provided
by the panoramic camera, the target landmarks, which consist of two coloured
rectangles surrounded by a black edge, are constructed to exploit both geometric
and colour cues. These landmarks are hung on the ceiling of the laboratory. The
target detection is performed on the captured panoramic image sequence. Colour
segmentation is used to identify possible blobs corresponding to target colours.
Although the target images are distorted by the conic mirror geometry of the
panoramic camera it is still possible to characterise the landmarks using certain
measuring methods.

1.2 Challenges and Approach

13

Representation of Image Error Kinematics
The observed landmark bearing kinematics are derived as optic flow equations. The image feature used is a weighted average of the observed features, and
its kinematics are obtained by summing the kinematics of the landmark bearings.
The image Jacobian is shown to be positive definite at almost all points in the
domain of interest. The exact structure of the image Jacobian depends on the unknown depths to each landmark. The dependence of the image kinematics on the
unknown target depth is shown to cause the image Jacobian to become unbounded
at landmarks. A body-fixed frame representation of the image feature kinematics
is used in the control design. However, an inertial frame representation of the
kinematics is often used in the analysis.

Development of IBVS Control Strategies
The core idea is to exploit the natural structure of the image space representation of landmarks in the control design. The bearing measurement of a landmark
is discontinuous at the landmark itself. That is, as the robot rolls exactly under a
landmark the relative bearing of that landmark will flip instantaneously and discontinuously by 180 degrees. By incorporating the bearing measurements in a
sensor-based error criterion which is used to define a control Lyapunov cost function , a natural discontinuity is introduced into the control design at landmarks .
It is assumed that there always is a visible landmark at the goal position, thus ,
there will be a discontinuity in the control design at the target pose due to the
image-based formulation of the problem.
The concept of the control design is for the robot to track a descent trajectory
for the cost function that is sufficiently close to the gradient descent so that the
robot inherits these convergence properties. It is shown that, for suitable configuration of landmarks or choice of weighting function , the natural discontinuity in
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the image-based error criterion leads to a Lyapunov cost function that is characterised by a steep-sided narrow trough, descending gently in to the target position
from a direction dependent on the landmark geometry. By careful choice of landmark weights or geometry, the trough can be chosen to be singular at the landmark
and the direction of it can be assigned. A gradient descent trajectory for this cost
function in the image space will descend quickly into the trough and converge to
the goal position from the desired direction. Due to the singularity of the control
Lyapunov cost function at the goal, trajectories for all initial conditions coalesce
at the limiting point with the desired goal pose.
Holonomic Systems:

A holonomic mobile robot model can be assigned arbitrary planar and angular velocities. The goal of the proposed control is to track the gradient
descent of the proposed Lyapunov function as closely as possible. Due to
the dependence of the cost function on the unmeasurable landmark ranges ,
it is in1possible to compute the gradient explicitly. Instead, the positive definite properties of the image Jacobian are used to find a descent direction.
A straightforward scaling is introduced to ensure the velocity limits on the
vehicle are not exceeded. The resulting control input provides a robust homing algorithm that has direct connections to recent research on insert homing. Experimental verification of the control algorithm was obtained which
showed that the holonomic unicycle mobile robot tracked the proposed trajectori es nicely in converging to the destination pose in the trough.
Non-holon omic Systems:

Two models are considered in the control design for the non-holonomic vehicles: a unicycle model that can turn around its central axis (cf. Fig. 1.4),
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and a car-like mobile robot with Ackerman steering (cf. Fig. 1.3). The approach taken is to estimate and track the descent direction given by the Average Landmark Vector as closely as possible. Since it is impossible to assign
an arbitrary planar velocity, a secondary image-based error is introduced
associated with the error in heading angle. The control design is posed to
minimise the Lyapunov function which is subject to velocity bounds on the
vehicle. This is achieved by solving a constrained optimisation problem.
In the case of the differential model a full analysis is possible and satisfactory performance is obtained in a direct manner. Experimental results were
obtained and the docking precision satisfied the required tolerances. In the
case of the car-like vehicle the obtained results by naive application of these
ideas lead to a highly oscillatory input that tracked the holonomic trajectory by backing and filling continuously to enable the robot to overcome its
non-holonomic constraints.
Although this solution is of theoretical interest it is not a practical outcome
for the algorithm. The approach taken was to propose modifications of the
global algorithm to bring the robot into this zone to enable image-based
docking. The modified approach could be viewed as a phase-switching timevarying controller. In practice, the forward motion of the vehicle is based
on the image-based controller. The vehicle would continue forward until
the velocity bounds prevented further decrease in the Lyapunov function.
The reverse mode was modified to attempt to cause the vehicle to reverse
back in order to improve its chances of completing its next approach run.
No entirely satisfactory choice of backing manoeuvre was found , although
some encouraging results are available.
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Figure 1.4: The mobile robot platform Nomad XR4000.

Analysis of the Closed-Loop Response
A primary goal of this thesis is to provide a rigorous analysis of the imagebased homing strategies that have been proposed recently in the literature. It is
important to recognise the discontinuou s nature of the control inputs and consider issues related to the existence and uniqueness of solutions. To this end a
considerable effort is expended in the thesis in fully analyzing the closed-loop
evolution of the systems considered. Existence and uniqueness of the solutions
are fully explored at all points in state space and the nature of the cost function at
landmarks is fully characterised. The global behaviour of the robot is also of interest and extensive simulation and experimental studies are undertaken to verify

1.3 Main Investigations and Contributions

17

the performance of the vehicle over a wide range of initial conditions. The introduction of time-varying weighting terms into the definition of the image feature
enables one to shape the trajectory of the robot and some analyses of this effect is
undertaken.

Experimental Evidence of Performance of a Closed-Loop System
An extensive suite of experiments were conducted to evaluate the performance
of the proposed control algorithms. The robot, Nomad XR4000, used in experiments has onboard high-performance odometers which provide 0.1mm measuring
accuracy for position and orientation recording. The images from the panoramic
camera are automatically recorded. Final positions and orientation are carefully
manually measured and documented. All of these strategies ensured that an accurate description of the experiments were documented to demonstrate the practical
performance of the proposed control design in actual environments.

1.3

Main Investigations and Contributions

The following were the main investigations and contributions I made during my
research on visual servo control in mobile robot navigation.

• Image-based visual servo control designs for navigation applications of mobile robots were investigated. Mobile robot platforms used in these control
designs were unicycles and car-like vehicles with Ackerman steering. In
the unicycle controller design, both holonomic and non-holonomic mobile
robots were studied. These control designs need only the bearing information of landmarks to stabilise a wheeled mobile robot. Pose reconstruction
was not required by those control approaches. Lyapunov control function s
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were employed for these controllers. Detailed theoretical analysis is presented. The unicycle controllers were implemented on the mobile robot
Nomad XR4000. In experiments, the proposed visual bearing navigation
algorithms were able to stabilise mobile robot to the destination home position with a pre-specified orientation. Experimental results were provided
proving satisfactory performance. A sensitivity analysis was also provided.
Analysis and theoretical simulation results were presented for the Ackerman vehicle controller as well.
• One important contribution of this thesis is the investigation of singular and
discontinuous points of the Lyapunov functions which resulted from the
properties of bearing-only measurement of landmarks in the biomimetic
visual navigation models. This thesis presents detailed analysis and an elegant solution for this problem.
• Detailed discussion of two biomimetic visual navigation models is another
key contribution of this thesis. The navigation models are based on easily computable image features such as the ALY and the WLY models, a
modification of the ALY model proposed in this thesis. Both of these models employ bearing information of visual landmarks. The WLY model is
a better choice when some landmarks are of more importance than others . Modification of docking pose and trajectory could be achieved without
changing actual constellation of landmarks. Both models have been proved
very suitable in dealing with mobile robot homing navigation problems.
• This thesis proposed an effective landmark detection algorithm. In the image sequence captured by the panoramic camera, geometric distortion of
the shape of landmarks and variable lighting condition make the landmark

1.4 Outline of the Thesis

19

detection quite difficult. For the mobile robot navigation control, robustness
and reliability of landmark detection are primary requirements. In the strategy proposed, colour segmentation and shape-matching of landmarks using
low order image moments are investigated. Experimental results showed
that the strategy was very reliable under different lighting conditions.

• This thesis presented a novel visual landmark design for indoor visual navigation experiments of wheeled mobile robots. The landmark design provides the mobile robot stable visual cues. When combined with the above
target matching algorithm, robust detection of all the landmarks was guaranteed even using a panoramic camera.

1.4

Outline of the Thesis

The remainder of the thesis has the following structure:
Chapter 2 comprehensively covers recent developments in mobile robot navigation. It briefly reviews the development of mobile robotics , background information of sensor-based mobile robot control and recent development of holonomic and non-holonomic mobile robots control.
Chapter 3 discusses experimental configuration and related target detection
problems including landmark design, landmark detection and sensitivity analysis.
In Chapter 4, biomimetic visual navigation models are investigated and new
visual servo control models are proposed. Complete theoretical analysis of the
visual servo control method of holonomic mobile robots is presented, followed
by actual experimental results.
Chapter 5 discusses the design of a closed-loop visual servo control method
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for non-holonomic unicycle mobiles and experimental results are presented.
The application of visual bearing servo control which is expanded to car-like
vehicles with Ackerman steering is the key material of Chapter 6. It analyses
two visual navigation controllers for Ackerman vehicles. Simulations show how
the mobile robot model with Ackerman steering can be converged to the docking
station under the proposed visual servo control.
Finally, Chapter 7 presents the closing remarks of the thesis.

CHAPTER2

Sensing & Navigation for Mobile
Robots
Nowadays, robots are playing an increasingly important role both in industrial
and domestic settings. After about 60 years of development, modem robots are
moving from the laboratory environment to everyday applications. Wnile most
manipulators are still used mainly in industrial areas, most mobile robots, especially wheeled mobile robots, are used in research facilities and laboratories and
more and more mobile robots will soon be seen in homes and in service locations.

2.1

Introduction

In past decades, research on robots has grown into an important component of
modem science. Since robots possess advantages of efficiency, accuracy and
consistency, they are the most suitable choice in circumstances where they are
exposed to danger, high temperature, pressure or radiation, or have to deal with
long-term heavy duties and high-frequency repetitive tasks.
According to the definition of the Robot Institute of America, 1979: a robot
is "a reprogrammable, multi-functional manipulator designed to move material,
21
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parts, tools, or specialised devices through various programmed motions for the
performance of a variety of tasks".

The appearance in 1966 of the first modern mobile robot 'Shakey' was a remarkable event announcing the beginning of high-speed development of mobile
robots. 'Shakey' was equipped with a camera, a range finder and sensors, and
used a typical 'stop-plan-move' in dealing with navigation and obstacle avoidance tasks. One similar design was the line-following mobile robot 'Stanford
Cart' introduced in 1970. Since then, the research and applications of mobile
robots have bloomed. The number of working robots has sharply increased, and
modern robots have become more versatile. Robotics is now a leading discipline
at the frontier of modern science.
Robots can be categorised according to differences in mechanical structure,
control methods, level of intelligence and other characteristics. Using the traditional classification, modern robots are divided into the following two types:

• Manipulators - manipulators are robots which have a physically fixed base
in the workplace. They have certain number of joints and the end-effectors,
and can be program-controlled, tele-operated or sensor controlled.

• Mobile Robots - a mobile robot is 'a robot system which has no stationary
base so that it can change its pose in the workspace using wheels, legs
and other motion mechanisms' . Examples include aerial mobile robots ,
grounded mobile robots, underwater mobile robots , etc.
Traditionally, the majority of robots are manipulators which are employed to perform dangerous, boring, repetitive and tedious tasks , for instance, welding and
painting jobs and assembly in some manufacturing industries , and even in nuclear power plants [Vertut and Coiffet, 1985]. There still exist some other types
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of robots which are not belong to the above categories. For example, a mobile
robot with a manipulator. Such robot systems are not the major part yet.
Mobile robots are becoming more popular recently in many areas. They are
employed in space exploration, deep sea research, and even homes and medical
applications. For instance, robot lawn mowers and vacuum cleaners are sold in
the household market. In some hospitals , mobile robot surgical systems are at
work. More applications are going to be explored.
Section 2.2 presents a description of sensor-based control of mobile robots ,
concentrating on IBVS control. Section 2.3 investigates biological models and
approaches used in mobile robot control covering applications of biomimetics in
robotics. Section 2.4 explains the characteristics, kinematic models and recent
approaches in control of non-holonomic mobile robots.

2.2

Sensor-Based Feedback Navigation

Recalling the three fundamental questions about robot navigation, each of them
is associated with important robotic research topics. The first one, 'Where am I?',
concerns mobile robot localisation while navigating a mobile robot addresses the
last tv,ro: '"V,There am I going?', and 'Hov.r should I get there?'. Localisation and
navigation of mobile robots are intimately connected.
As shov.rn in Figure 2.1 , a modern mobile robot system is normally composed
of a variety of sensors} control units, computers , communication equipment, etc.
Sensors are used to pro-.;, ide necessary system and en-.;, ironment information. In the
follov. ·ng section} an

O\

erview of recent developments of sensor-based feedback

mobile robot navigation v.rill be presented. The rest of this section v.rill address
de-.;, elopment of isual servo control..
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Figure 2.1: The basic structure of modem mobile robots.

2.2.1

Sensors for Mobile Robot Navigating

Mobile robots can travel within their workspace and change their pose according to requirements . Navigation control is thus very necessary for mobile robots.
The quality of navigation control determines the robustness and reliability of the
robot system. One primary requirement of navigating a mobile robot is that environment information is available to the robot, which usually achieved by using
on board sensors. Robot navigation systems using sensors are called sensor-based
navigation systems.
Exteroperceptive sensors used on robots are versatile. [Borenstein et al., 1996]
presented a comprehensi ve study of sensors and techniques used by mobile robots.
The following is an introduction to several widely used exteroperceptive sensors.
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Visual Sensors Visual sensors are devices that can provide optical measurements
of the surrounding environment. Extensively used visual sensors include
still cameras, video cameras and visual range sensors. Vision is the most
powerful sensor modality known which can provide rich and real-time data.
Employing vision enables the robot to recognise objects and to understand
surrounding environments. Compared with other sensors, besides the rich
data vision can provide, the relatively low cost, wide detect range, simple structure, easy modelling, etc make visual sensors very attractive for
robotics. Although there is a long way to go before they can be extensively
used in practically available mobile robots for everyday application, the potential of visual sensors is strong. In the past decades, there already have
been a great amount literature concerning this area.

[Bischoff and Graefe, 1998] is a good reference about machine v1s1on
in robots.

Using cameras in vision-based docking was discussed in

[Minten et al., 2001] where a potential field based algorithm was proved
effective for docking a mobile robot using visual colour landmark features.
This article provided a possible strategy for mobile robot navigation using colour landmarks, while there are a number of improvements could be
conducted in future research: the docking accuracy, the camera structure,
the landmarks, etc. [Ma et al., 1999] proposed an image-based navigation
algorithm to stabilise non-holonomic robot systems to a trajectory using
visual-based sensors. Research into usage of stereo cameras in navigating
a mobile robot was presented in [Hattori, 2000]. The above literature discussed common cameras. Panoramic cameras are also widely used since
they can provide a 360° view without changing the pose of the camera.
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While they can simplify the hardware design, the disadvantages mainly in
extracting landmarks and image distortion should also be considered. For
theoretical analysis and usage of panoramic cameras, [Gaspar et al., 2000],
[Winters et al., 2000] and [Chahl and Srinivasan, 1997a] provided good
discussion.

Laser Range Finders Laser range finders offer very high precision and accuracy in measuring distance at a high refresh rate. Laser range finders are
particularly suitable for indoor applications. One example was given in
[Roy et al., 1999] where a mobile robot navigation problem was solved
using a partially observable Markov decision process. The authors used
two SICK laser range finders to generate the map of the location.

In

[Batalin et al., 2004], a mobile robot obstacle avoidance controller used
a sensor network algorithm with a laser range finder. In navigation experiments, high motion accuracy was reached without using a map or localisation manoeuvres. [Victorino et al., 2003] presents a full discussion
of safe navigation methodology in a unknown environment using a laser
range finder. The detection range of laser range finders is usually limited.
The objects have to be kept well in the detection range of the robot. One
weak point of laser range finders is that the installation position is at a fixed
height. Hence, possibly objects lower than the finder may be missed. Another problem is that when obstacles are transparent, the ability of laser
range finders is very much weakened.

Sonar and Infrared Sensors Sonar and infrared sensors are small, light and
easy to install which mean they can be configured readily to suit task
requirements.

[Burgard et al., 1999] presented an application of an ar-
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ray of 24 sonar sensors for sonar-based mapping using an EM algorithm.
[Cahut et al., 1998] described a similar configuration, where an accuracy
test for line-matching operation was proposed to get the navigation map
updated.

[Lincott and Ngoc, 2002] combined Markov localisation tech-

niques and SLAM in exploiting the range information gathered by sonar
sensors. These sensors are sensitive to angle information but not quite good
at dealing with range information. Their detection distance is limited and
scan speed is low. Reading of sonar and infrared sensors may be affected
by multiple reflections and crosstalk noise of multiple sensors. Usually
they are used together with other sensors to achieve the required precision
[Aboshosha and Zell, 2003], [Oh et al., 2000], [Flynn, 1988]. Researchers
have tried to improve the distance estimation ability of infrared sensors
[Novotny and Ferrier, 1999] but their effectiveness was still limited.

Multiple Sensor Systems The purpose of using multiple sensor systems, which
are also known as 'hybrid' sensors, is to fuse their advantages together to
compensate for their disadvantages. [Davison, 1998] presented a detailed
discussion of robot navigation using multiple sensor systems. [Tani, 1996]
and [Roy et al., 1999] gave examples of using cameras and laser range finders to navigate robots. Another example is the 'MDARS-E' mobile robot
system [Pastore et al., 1999] designed by SPAWAR Systems Center. It was
equipped with a differential Global Positioning System (GPS) gyroscope,
dead reckoning and laser-based sensors to navigate the robot. In the mean
time, it used radar, laser, ultrasonic sensors and stereo cameras for obstacle avoidance. Higher reliability, accuracy and stability of mobile robot
navigation could be achieved by using multiple sensors and sensor-fusion
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techniques. However, even if the high cost of building such systems is
affordable, those systems still face much higher complexity, many more
difficulties in sensor calibration, data fusing and signal processing, etc.

2.2.2

Visual Servo Control of Mobile Robots

Visual servo control is a subclass of feedback control where feedback information
is generated via visual sensors. 'Visual servo' denotes the closed-loop feedback
control by visual sensors perceiving robot pose and state. It was first used in
[Hill and Park, 1979] to distinguish the approach from earlier work. An advantage of visual sensors is that they can provide rich information with simple structure. A number of visual servo approaches have been developed and implemented
since the past two decades.
[Shirai and Inoue, 1970] was the first published work about visual servo control which showed how the visual servo control method increased the position
accuracy of a robot. Since then, considerable research has been devoted to this
subject. In robotics, [Hashimoto, 1993] systematically discussed visual servo
control. [Hutchinson et al., 1996] and [Hashimoto, 2003] also presented detailed
overviews of visual servo controL Although both of these publications are for visual servo robot manipulators, they are good introductions to mobile robot visual
servo control.
According to [Hutchinson et al., 1996], visual servo control could be divided
into two main categories depending on where the visual error feature is defined:
Position-Based Visual Servo (PBVS) and Image-Based Visual Servo (IBVS).
Some researchers like [Malis et al., 1999] and [Chaumette and Malis, 2000] had
worked on fusing IB VS and PB VS in order to achieve better control performance.
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Figure 2.2: Basic structure of PBVS control. In PBVS control, the camera
provides images of the workspace and/or the robot to the image processing
unit. Using extracted visual information in image space, the pose of the mobile robot in Cartesian space can be estimated. Then this pose is compared
with the desired pose to generate error information in Cartesian space to
compute control inputs.

However, since this part is beyond the scope of this thesis, it is not covered here.
Position-Based Visual Servo Control
PBVS approaches define the error in Cartesian space. Images used in the control

loop are captured by one or more cameras and 3D cartesian space information
is mapped onto the 2D image space. Desired image error features are extracted
from images and then used to estimate the pose of the robot and the objectives in
Cartesian space. This estimation of pose is actually a recovery procedure which
reconstructs 3D Cartesian space information from 2D images. Geometric models
of the robot and objects have to be known and the camera needs to be well calibrated. Given the reference pose, the error between the current and desired pose
can be computed which is then sent to the robot controller in order to compute
inputs to actuators or wheels such that the error is minimised.
A number of papers have been published on PB VS control. Kalman filter and
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Extended Kalman Filter (EKF) are used in estimating of robot and target pose
([Artus et al. , 2003], [Das et al., 2001]).

[Madhavan and Durrant-W hyte, 2004]

implemented the visual servo control on a utility trial vehicle where a CSS natural landmark localisation algorithm was combined with an EKF. Their algorithm
used natural landmarks to localise the vehicle in a map and then guided the vehicle to its destination in an open environment. Some researchers used stereo
cameras in the visual servo control of a hybrid mobile robot for door opening
tasks ([Han et al., 2002]). They employed an 'eye-in-hand' style of manipulator
configuration to construct an 'endpoint closed-loo p' system. For position-based
visual servo control, reliance on object model and geometric information has imposed difficulties to its applications. Recently, [Fang et al., 2005] explored PBVS
control using a Lyapunov-based technique. This design could stabilise the mobile
robot pose despite the lack of depth estimation and accurate object models.
In PBVS control approaches, the computation of the feedback is not coupled
with the pose estimation problems. In other words, the feedback control design is
separate from image-to-pose reconstruction. This characteristic makes the control
design of PBVS relatively simple. However, accuracy and performance of PBVS
control rely on the calibration accuracy and image measuring errors.

Image-Based Visual Servo Control
As the name implies , the IBVS approach directly employs the image error measured in the image frame and compares it with a reference to generate an image
error. The visual servo controller uses this error to generate the control inputs to
drive the mobile robot system so that this image error is minimised. Only i1nage
features are needed in IB VS control approaches , and there is no reconstruction of
3D information. This feature makes IBVS controllers immune to image noise and
leads to more stable control performan ce and robustness. Instead of reconstruct-
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Figure 2.3: Basic structure of IBVS control. The mobile robot controller
employs the image feature error directly in image space. There is no pose
estimation between feature detection and control as in PBVS.

ing a pose in Cartesian space, IBVS methods normally need an image Jacobian to
conduct the control to Cartesian velocities [Hutchinson et al., 1996]. Some IBVS
methods also suffer from local minima or reduced regions of convergence when
compared to similar PBVS systems.
[Ma et al., 1999] proposed an IBVS design for navigating a non-holonomic
mobile robot along a given trajectory.

[Conticelli et al., 1999] used a Lya-

punov direct method in IBVS control of a non-holonomic mobile robot to
approach an object.

Dynamic effects encountered in visual closed-loop sys-

tems were exploited by [Corke and Good, 1996], [Hamel and Mahony, 2000] and
[Hamel and Mahony, 2002]. An application of IBVS in controlling a Vertical
Take-Off and Landing (VTOL) aerial robot was discussed in [Hamel et al., 2002]
where an 'eye-in-hand' camera configuration was used.

IBVS applica-

tions using panoramic visual sensors were discussed by [Hong et al., 1991],
[Gaspar et al., 2000] and [Usher et al., 2002b].
Some IBVS approaches need the estimation of the landmark depth
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which could lead to extra estimation errors.

To overcome this difficulty,

partitioned techniques have been employed by some researchers.

Parti-

tioned methods use Jacobian-based IBVS to control robot motion while using other techniques to apply more direct control to Cartesian velocities
[Gans et al., 2003]. Examples of applications of the partitioned methods are available in [Corke and Hutchinson, 2001] and [Deguchi, 2002]. [Gans et al., 2003]
presented a performan ce test of the visual servo approaches using partitioned
methods to compare the individual strengths and weaknesses of these methods.
[Kragic and Christensen, 2002] provided a comprehensive discussion for visual
servo control, including image based, position based and 2 1/2D visual servo. Although this report addressed on the application of visual servo for manipulators,
it gave clear and detailed description and examples for the visual servo control.
This section reviewed research in visual servo control in robotics by providing
an overview. It also briefly reviewed some problems in navigating a mobile robot
using visual feedback control, and the PBVS and IBVS as well. Vision-based
control is a young but active area of robotics. Currently, there still some important
topics to be explored, this thesis presents some contributions ,in this area. This
section provided some fundamental information for the IB VS controllers to be
proposed later.

2.3

Biomimetics: A Road to Robot Visual Homing

First used in [Schmitt, 1969] , biomimetics denotes the imitation of mechanisms in
nature in designing and applications (systems, models and materials). According
to the Merriam-Webster dictionary , Biomimetics means
' the study of the formation , structure, or function of biologically produced
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substances and materials and biological mechanisms and processes especially
for the purpose of synthesizing similar products by artificial mechanisms which
mimic natural ones' .
'Biomimetics' does not mean the exact duplications of natural mechanisms.
Instead, it emphasises employing models and methods extracted from natural
subjects. [Bar-Cohen, 2005] gave a comprehensive summary of recent developments of biomimetics. Many systems and materials received help from the
natural world; e.g. velcro was invented by George de Mestral in 1948 after
he noticed that burrs sticking onto the fur of his dog had a bunch of small
hooks. His invention of velcro came directly from consideration of such structures
[Velcro Australia, 2006]. Another example is the light-weight solid honeycomb
structure which was copied from the cell structure of honeycomb. Biomimetic
visual navigation research is . of special interest for this thesis because of the
biomimetic models used.

2.3.1

Inspiration from the Natural World

In the natural world, to compete with predators and other animals, many crea-

tures inherit talents through evolution. Some birds and insects possess excellent
orientation and navigation abilities which make them able to forage or travel
to locations far away and return to their homes.

For example, pigeons are

well known for their long range homing instincts. Even if they are released
in unfamiliar locations hundreds of kilometres away, pigeons can still manage to find the way home. Their navigation abilities have been proved by pigeon homing games and scientific reports [Walcott, 1996], [Walker et al., 2002],
[Nehmzow and Wiltschko, 2001]. They suggest that pigeons are able to deter-
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mine horning orientation by using the angle of the Sun and a magnetic sense.
These conclusions have promising potential for practical application in longrange navigation for robots. Some tiny insects such honeybees and ants also possess natural horning abilities. In experiments, honeybees could even fly back to
their hive after being released at a unfamiliar site up to 350m away [Gould, 1986],
[Cartwright and Collett, 1987].
It was noticed that Cataglyphis bicolor, a kind of Sahara Desert ant, was also

capable of navigating with pin-point accuracy to find the home after travelling
thousands of times its own body length [Wehner, 2003]. Experimenta l results
proved these small creatures made a direct horning trajectory from about 250 metres away [Wehner, 1987] shown in Figure 2.4. It was argued that these ants used
chemical pheromonal traces left behind when foraging to navigate. However, the
high surface temperature during daytime in deserts makes this method impractical for Cataglyphis desert ants since chemical pheromonal traces would disappear
very quickly. Moreover, if desert ants were using chemical traces , they should return home by following roughly the same path they came out, which would be
definitely different from what Figure 2.4 proved.
Analysis of experimental results may lead to the answer:

ants em-

ploy high level landmark-ba sed navigation methods to mark the way back
[Wehner and Wehner, 1979].

Cognitive maps are probably used with vi-

sual landmarks [Wehner and Menzel, 1990]. In [Muller and Wehner, 2001] and
[Wehner and Wehner, 1990], researchers also proposed a continuously updated
homeward based vector was employed as an egocentric navigation strategy. Their
strategy is: a snapshot of the surrounding landmarks at a location is taken and
stored a the reference snapshot for subsequent visits to this location. When the
ant is about to return to this location, another snapshot of its current location
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Figure 2.4: A typical foraging path of a Cataglyphis bicolor in an experiment. These desert ants can orient themselves at locations far away from
nest and return home directly. This figure shows that a Cataglyphis bicolor
ant returned home directly after foraging along a path of over 200 meters.
The highly-curved path (blue) is the foraging path and the almost straight
one (yellow) is the homing path showing a clear know ledge of the direction
of home. (Image adapted from [Wehner and Wehner, 1990] by permission
of the author.)

is taken and compared with the reference snapshot. The error between the two
images is used to give the ant a correct homing direction.
A skylight compass is probably used during the homing process.
[Lambrinos et al., 1997] proposed that Cataglyphis bicolor employed landmark
features combined with the polarisation pattern of the sky for homing. Similar
strategies are used by honeybees [Cartwright and Collett, 1983] and bumblebees,
Bombus terrestris, [Goulson and Stout, 2001].

36

Chapter 2 Sensing & Navigation for Mobile Robots

2.3.2

Biomimetic Navigation Models

The weight of the brain of a desert ant Cataglyphis is only about 0.1mg. Considering the tiny brain size and simple nerve system, the navigation abilities of ants
are impressive. The effectiveness and accuracy of navigation make the models
and algorithms used by ants especially attractive for researchers seeking potential strategies to improve mobile robot navigation. Some biomimetic models have
been proposed and implemented in visual servo control. The following part describes several of them briefly.

Snapshot Model
Cartwright and Collett studied the behaviour of bees in foraging and
homing [Cartwright and Collett, 1983], [Collett et al., 2002].

In experi-

ments, they found honeybees successfully repeated the visit to a food
source by using visual cues, regardless of the change in landmark configuration at the food source. Collett proposed that bees could learn the
compass bearings and the angular size of the landmarks near the food
source and used the information to guide them repeatedly to the same spot
[Collett and Baron, 1994]. By comparing the bearing and size information
of landmarks in the current retina image with corresponding information
about food source which should be stored in a memory image, honeybees
could compute the discrepancy information so that they could find the correct path to the food source.
These authors then proposed the Snapshot model based on their research
and experimental results. In this model both bearing and size information
of the landmarks are used. An image of the home location is captured as
the home snapshot. Landmarks in this home snapshot are segmented into
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Figure 2.5: This figure shows the method of calculating the landmark feature vector in the snapshot model (derived from model 5 in
[Cartwright and Collett, 1983]). The snapshot position is marked by a short
arrow and a cross at the centre of the upper circle. Different areas are marked
by thick and thin arcs in the rings, respectively. The inner ring depicts the
snapshot and the outer ring denotes the landmark configuration of the current
view. Each pair of areas contribute two unit vector. One is tangential and one
is radial. (For clarity, some tangential unit vectors are omitted in plotting.)
The longest arrow pointing from the centre of the circle is the generated homing vector of the snapshot model.

dark areas in a unit cycle. During the homing procedure, retinal images
are continuously captured, and landmarks in those retinal images are segmented as new dark arcs in the unit cycle. These two dark areas resulting
from the same landmark in both retinal images and home snapshot image
are matched. This matching manoeuvre generates two unit vectors with one
perpendicular to the unit cycle and the other one at a tangent to the unit cycle (Fig. 2.5). If there exist n landmarks, 2n unit vectors will be generated.
Final driving vector is computed by summing all these 2n unit vectors.
In the snapshot model, the absolute direction must be setup as the global
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reference, and the orientation of the snapshot view must be kept constant
during the matching processing. As the number of landmarks increases, the
matching process could get very complex and an erroneous match might
occur because of a mismatch of different landmarks. The snapshot model
also needs the target position available at home location and is probably
computationally expensive if used in practical mobile robot navigation.

Average Landmark Vector (ALV) Model
By studying the navigating abilities of the Saharan desert ant Cataglyphis
bicolor (Fig. 2.4), an Average Landmark Vector (ALV) model was pro-

posed [Lambrinos et al., 1998], [Lambrinos et al., 2000] , which has similar
performance to the snapshot model but with a more compact landmark representation.
In the ALV model, landmark feature at any location is denoted by a landmark feature vector which is the average of landmark unit vectors. Each
landmark unit vector is associated with a landmark and points from the
robot towards a landmark. At the home position, a specia) landmark feature
vector, the target landmark vector, is generated and stored. At any position,
the landmark feature vector is computed and compared with the target landmark vector such that a homing vector can be generated. In the ALV model,
an orientation measurement is required for the transformation of the vectors from the robot coordinate frame to the world coordinate frame. Often,
a compass is used.
The ALY model requires considerably less resources for storage and computation , because only an averaged landmark feature vector is needed, instead of more detailed image information in the snapshot model. The need
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Figure 2.6: The cross at the centre of the upper circle denotes the target position. The circle at the bottom left depicts the situation at a random position
other than the target position. The landmark vectors are denoted by the arrows
which point from the centre of the circles to landmarks. At each position, a
vector alv current is generated by averaging the landmark vectors. The desired
homing vector alv1wme (marked by the thickest arrow) is computed by subtracting the stored target vector alvtarget from alvcurrent• (To make the figure
easy for viewing, the averaged landmark vector is enlarged to 6 times its actual size).

to match landmarks also is avoided. The ALV model could be more practical for mobile robot navigation applications. This model has been employed in both computer simulation [Lambrinos et al., 2000] and in actual
robot navigation [Moller, 2000].

Improved Average Landmark Vector (IALV) Model
The IALV model is an adapted version of the ALV model proposed by
[Usher et al., 2002a]. By employing bearings of landmarks plus explicit
landmark range information, the IALV model made significant improvement to homing effectiveness and accuracy. In the IALV model, landmarks
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are denoted by vectors which start from current location and end at the
landmarks. That is, range information of landmarks is included. Similarly to the ALY model, a landmark feature vector is calculated by averaging all landmark vectors (Fig. 2. 7) to compare with the feature vector of
the desired home location. In actual experiments, the IALY model was
elegantly demonstrated by implementin g it with a car-like mobile robot
[Usher et al. , 2002b]. The IALY model combines range estimation to enhance the performance with the minimum number of landmarks desired
decreases from 3 (in the ALY model) to 1. Neither the ALY nor IALY
model requires landmarks to be unique. As with the ALY model, the IALY
method requires a measuremen t of orientation to permit coordinate transformations between the robot and world frames.
The effectiveness and elegance of biomimetic navigation models make them
attractive for mobile robot navigation. However, previous discussion of
these models have not involved much the theoretical analysis of their kinematic properties in navigation. Their applications in mobile robot navigation were also restricted to the style of 'driving the robot to match the stored
image'. Since this thesis presents two biomimetic navigation models developed and adapted from the ALV model, it is reasonably essential to present
an overview for biomimetic navigation in this chapter.

2.4

Navigation Control of Mobile Robots

Most Wheeled Mobile Robots (WMRs) are non-holonom ic systems due to constraints of physical construction. Control of such non-holonom ic systems is actually quite complicated although the problem statement of non-holonom ic mo-
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Figure 2.7: Diagrammatic explanation of the Improved Average Landmark
Vector (IALV) model. The circle at the bottom left depicts the situation at
any position other than the home location. The landmark vectors are denoted by the vectors which point from the robot to landmarks while their
length is determined by the distance from it to the robot. IALVcurrent is
generated by averaging the landmark vectors. The desired homing vector
IALVhome (marked by the thickest arrow) is then computed. (Figure adapted
from [Usher et al., 2003]).

bile robot control may look quite straightforward and simple. Many interesting
but challenging questions have been generated in non-holonomic system control.
For the topics in the control of holonornic and non-holonornic robot systems,
comprehensive reviews and analyses were presented in [Laumond et al., 1998],
[Kolmanovsky and McClarnroch, 1995] and [Neimark and Fufaev, 1972].

2.4.1

Holonomy and Non-holonomy

Given an n-dimensional mechanical system and its configuration space is denoted
by C, every configuration in C could be described by an n-dimensional vector,

42

Chapter 2 Sensing & Navigation for Mobile Robots

which is composed of generalised coordinates

Correspondingly, the velocity at a point in configuration space is denoted by

where Tc(x) is the tangent space of the system at x.
If the constraints of the mechanical system are of the following form:

fi(x, t)

= 0,

i

= l, ... , k,

(2.1)

they are called holonomic constraints, because of their independence of time
derivatives of x. Hence, holonomic constraints lead to strict geometric constraints
on the workspace, i.e., the number of degrees of freedom (DOF) of the system is
reduced. If a velocity constraint can be integrated into the form of Eq. 2.1, it is a
holonomic constraint.
Non-holonomic constraints normally result from the rolling-but-not-slid ing
contacts between rigid bodies. The criterion for determining whether a constraint
is non-holonomic is its integrability. If a constraint has the following form

f(x, x, t)

=0

(2.2)

where f (x, x, t) is a smooth function and it could not be integrated into the form of
Eq. 2.1, this constraint is non-holonomic.

on-holonomic constraints constrain

kinematic velocities of a mechanical system instead of positions. The number
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of DOF of a system with non-holonomic constraints is not necessarily reduced.
However, the system may not be able to move along certain directions in its configuration space. The question of verifying a non-holonomic constraint could be
thought as the problem of examining the integrability of that constraint.
A widely used example of a non-holonomic system is the 'disc-on-a-plane'
model (Fig. 2.8). The disc can turn and roll on the plane, but can not instantaneously move sideways without sliding. It can achieve parallel locations infinitesimally close to its current location via a series of manoeuvres. Notice the velocity
constraint
(2.3)
could not be integrated. Consequently, it is a non-holonomic constraint. Actually,
this system is exactly the kinematic model of the unicycle mobile robot system
[Laumond et al., 1998].
Sometimes it is easy to tell whether a constraint is integrable or not, but in
many more cases it is much more difficult. For a mechanical system, if a set
of kinematic constraints are Pfaffian constraints, that is, the constraints can be
written as

w; (x)x = o,
where

i

= l, ... , k,

(2.4)

W; are linear independent vectors, their integrability can be determined by

using Frobenius Integrability Theorem [Latombe, 1991], which gives a necessary
and sufficient condition for integrability [Anisi, 2003].
A system is considered holonomic if it satisfies following conditions:
• the system has only holonomic constraints; or
• the system has no constraints on their direction of motion; or
• the system is capable of arbitrary planar velocities; or
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'

''

Figure 2.8: Non-holonomic constraint of a rolling disc. This disc rolls on
the plane without sliding. Its constraint on velocities could not be integrated
into f(x, t) = 0 form.

• the system can perform transform motions only.
If the mobile robot system has only one non-holonomic constraint, it is cer-

tainly a non-holonomic system. If multiple non-holonomic constraints exist, these
constraints should be carefully examined to determine the non-holonomy using
suitable mathematical methods like Lie Brackets. A detailed description of the
method was given by [Monforte, 2002].

2.4.2

Mobile Robot Navigation Control

avigation control is a primary problems for mobile robot systems. The task is
to provide the mobile robot control inputs such that it can be driven from tarting
po e to final po e ia fea ible trajectories. Mobile robot navigation control trategie are de igned to track a planned trajectory, to follow a de igned path, or to
tabili e the robot to a certain configuration point.
For holononuc

tern , becau e there are no con traint appl ing to in tan-
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taneous velocities, they can make any arbitrary motions within their independent
generalised coordinates. Theoretically, holonomic systems are able to follow any
trajectories in their configuration space. The high manoeuvrability makes control
much easier than for non-holonomic vehicles. Hence, the traditional control strategy for holonomic mobile robots is to find an obstacle-free path between initial
pose and the destination, and to design a controller to navigate the mobile robot
along such a path.
Trajectory tracking control was used in the design of a ball-wheeled
robot to track omni-directional trajectories [West and Asada, 1995]. Later in
[Wada and Asada, 1999], an algorithm was proposed for varying the footprint
configuration of a four wheeled holonomic omnidirectional vehicle and applying
it to a holonomic robot wheelchair. [Watanabe et al., 1998] described a feedback
control design for an omni-directional holonomic mobile robot, which used the
dynamic model of a robot with three lateral orthogonal-wheel assemblies. A control design combining a holonomic mobile robot platform with a manipulator was
presented in [Holmberg and Khatib, 1999].
The navigation of non-holonomic mobile robot systems are more difficult.
Feasible trajectories which satisfy non-holonomic velocity constraints may exist.
However, how can the robot be made to follow a trajectory in the presence of
non-holonomic constraints? Usually, this question is solved by using one of the
following two families of strategies.

Open-loop Control
Open-loop approaches can provide fast, close to optimal solutions since the
computation is less expensive and motion is generally simpler. Open-loop approaches determine a feasible trajectory from initial pose to final pose and then
the robot can be driven to track such a trajectory. Open-loop motion control
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is mostly used in industrial manipulators like welding and handling, and it has
fewer applications in mobile robots. [Latombe, 1991] and [Li and Canny, 1992]
gave reviews for the open-loop control. Usually, an open-loop motion control approaches is combined with motion planner to direct the motion of robots. Work on
open-loop control on non-holonomic system was presented in [Laumond, 1986].
Laumond generated a collision-free trajectory for the robot (by temporarily omitting non-holonomic constraints) then broke them into small curves which could
be tracked by a non-holonomic mobile robot using canonical paths. Y. Ma et al.
also argued that an open-loop design could be used in tracking arbitrary curves
which were linearised into piecewise linear curves for a non-holonomic robots
[Ma et al., 1999]. [Murray and Sastry, 1993] used sinusoid inputs to develop the
open-loop controller for a chained form non-holonomic mobile robot.
Open-loop control usually needs a trajectory linking the initial and goal pose
generated by a motion planning strategy. [Murray et al., 1994] provided an excellent mathematical introduction to robot motion planning. [La tom be, 1991]
and [Li and Canny, 1992] gave comprehensive reviews in mobile robot motion
planning. Another valuable review [De Luca et al., 2004] discussed motion planning problems of both flat , underactuated dynamic systems and non-flat, nonholonomic systems.

[Egerstedt, 2000] investigated various theoretical control

questions related to the field of autonomous robotics.
In open-loop control, no feed-back information is used. Hence, the robot
can not know its control result at any instant. As a result, it is essential that
the whole system can be accurately predicted. Open-loop approaches are liable
to be influenced by unpredictable variations , calibration errors and uncertainty
of parameter . Hence, open-loop control is not suitable for the purposes of this
the is. A clo ed-loop control i preferred in mobile robot control de ign as it
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provides good stability of the mobile robot at certain configuration points.

Closed-loop Control
Closed-loop control strategies employ a feedback loop in the control design
to compensate for uncertainties, disturbances and calibration errors. Closed-loop
systems are much more robust and reliable than open-loop ones. Control on
non-holonomic mobile robot systems has to face more complex situations with
their inherent nonlinear and non-integrable properties. Research conducted by R.
Brockett and G. Campion et al. has proved that a non-holonomic control system
could not be stabilised by a smooth, time-invariant state-feedback static control algorithm [Brockett, 1983], [Campion et al., 1991]. Hence, traditional stabilisation
control methods can not be used. A number of approaches have been used by researchers to bypass the above constraint [Kolmanovsky and McClamroch, 1995].
The following pose stabilising approaches are the most popular strategies:
• discontinuous time-invariant approaches,
• time-varying approaches,
• hybrid approaches.
A comparison of these approaches to non-holonomic mobile robot control can be
found in [de Wit et al., 1993] and [De Luca et al., 2001]. In this section, a brief
discussion for the three approaches is presented below:
Discontinuous Time-invariant Methods It is known that asymptotically controllable systems, for example, non-holonomic mobile robots , can be
globally stabilised by means of certain (discontinuous) feedback strategies [Sussmann, 1979] [Clarke et al., 1997]. Discontinuous methods include piecewise smooth feedback control methods and the approaches
of achieving smooth feedback control using non-smooth transformation.
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[Lafferriere and Sontag, 1993] proved the existence of a piecewise smooth
Lyapunov function in the sense of non-smooth optimisation for asymptotically convergence of non-holonomic systems. Using a dynamic unicycle
model, [Tanner and Kyriakopoulos , 2002] developed a discontinuous controller in back-stepping to stabilise the unicycle. By back-stepping the controller into the discontinuous state feedback integrator, the chattering was
alleviated. Discontinuous feedback control law has also been employed in
stabilising a unicycle mobile robot with obstacle avoidance abilities, where
a path was generated by a potential field motion planner and then the discontinuous feedback controller drived the robot to the stabilisation pose
[Tanner et al. , 2001].

[Bloch et al. , 1992] proved that a non-holonomic

mobile robot system could be stabilised to a reduced-dimensional manifold by smooth feedback control laws . They applied the theory to knifeedge and unicycle models. Using 'adding a power integrator' technique,
[Lin et al. , 2002] proposed a recursively constructed, discontinuous state
feedback control law for power-chained forms of non-holonomic mobile
robots. The technique of non-smooth configuration space transformation
was used by [de Wit and S¢rdalen, 1992]. Astolfi also proved the validity
of such methods in his thesis [Astolfi , 1996]. [Lee et al. , 1999] presented a
switching technique in the solution of a parking (local stabilisation) problem of a car-like mobile robot.

Time-varying M ethods Time-varying feedb ack control integrates an extra time-

varying component in the control design to stabilise the system via a
smooth feedback function.

[Samson, 199 1] is one of the earliest arti-

cles about time-varying feedback control which demonstrated that contin-
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uous time-periodic feedbacks could stabilise a non-holonomic cart. An
important conclusion was reached by [Coron, 1992] that driftless nonholonomic systems could be globally asymptotically stabilised by smooth
time-varying feedback control methods. Later, C. Samson published his
work on control of a non-holonomic car-like robot with a trailer using the
time-varying feedback control method to globally stabilise non-holonomic
systems in chained form [Samson, 1995]. A similar method was used by
[De Luca and Oriolo, 1997] to develop two time-varying controllers which
were globally defined on the chained-form representation. This kind of
chained form was employed by [Murray et al., 1992] in the design of a
non-smooth, time-varying stabiliser which exponentially converged to the
neighbourhood of the origin point. A Lyapunov function was used to get
p-exponential stability of the canonical form (power form) non-holonomic
system in [Godhavn and Egeland, 1997].

Hybrid Methods J. Pomet presented a combination design using discontinuous
control, a time-invariant smooth feedback control, and a phase-switching
feedback control [Pomet et al., 1992]. Instead of stabilising a four-wheel
steered, dynamic mobile robot to a point, a hybrid control method provided
a solution to stably track trajectories in [Bak et al., 2003]. Hybrid methods
have faster convergence rates and less convergence time. Combining extra holonomic constraints, [Almeida et al., 1997] provided a hybrid control
for a car-like vehicle to perform turns around a narrow comer in a corridor. [Oelen et al., 1995] designed a hybrid control for a chained-form nonholonomic unicycle. Similarly, using chained-form, [de Wit et al., 1994]
proposed a hybrid controller to stabilise the system into a small neighbour-
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hood of the origin. [Lim et al., 1998] designed a hybrid control system
using a dynamic mobile robot model which had a 3-layered hierarchical
structure and showed good performance in applications like path following
and parallel parking operations.

2.5

Conclusion

This chapter presented a comprehensive summary of recent developments in several important fields related to visual navigation control of mobile robots. Both
holonomic and non-holonomic robot system control methods were discussed.
Vision-based navigation using biomimetic models in robotics is a key part of
this chapter. Research on insects reveals how to use very limited computation
resource and storage capacity to home elegantly, and several biomimetic models
have been proposed or irnplemented in mobile robot navigation. Experimental results proved their effectiveness in dealing navigation problems of mobile robots.
Two main topics, motion planning and motion control, of non-holonomic mobile
robots were highlighted which also covered visual servo fe~dback and visualbased biomimetic navigation of mobile robots. Mobile robot navigation control
has seen a great development during the past three decades, but, challenging topics around and there still is plenty of room for new breakthroughs.
The biomimetic methods show strongest promise for low cost approaches that
can be deployed into the real world. However, the existing biomimetic methods suffer from requirements for orientation sensing. Also, the orientation accuracy needed for docking has not been studied in detail for existing biomimetic
methods. Finally, the theoretical analysis of biomimetic controls is an area that
deserves more study.

CHAPTER3

System Design
The test bed used in this thesis for unicycle visual homing experiments is a Nomad
XR4000 mobile robot. In this chapter, the configuration of the Nomad XR4000
mobile robot and some experiment-related topics will be discussed.

3.1

Introduction

Modern mobile robots are complicated mechanical systems which are composed
of two sub-systems: hardware and software. The software generates the control strategy and corresponding commands, while the mobile robot relies on its
hardware such as computers, actuators and motors to perform these commands.
The main purpose of this chapter is to comprehensively discuss the features of
the Nomad XR4000 mobile robot, image processing procedure and workspace
configuration.
The chapter is organised as follows: Section 3.2 shows the internal and external structure of the Nomad XR4000 mobile robot and the panoramic camera.
The design of landmarks used in indoor experiments is described in Section 3.3,
and how to extract landmarks from panoramic images is discussed in Section 3.4.
Finally Section 3.5 concerns the noise sensitivity problem in visual servo control.
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3.2

Mobile Robot Configuration

A mobile robot is a system which carries computers, sensors, batteries, actuators,
wheels, etc. The mobile robot used in this work on visual navigation experiments
is a Nomad XR4000 mobile robot. It is one of the XR series of high-performance
mobile robot developed by Nomadic Technologies, Inc. The robot (Fig. 3.1) is
located at the Robotic Systems Lab in the Research School of Information Sciences and Engineering at the Australian National University. It is equipped with
high-speed computers, sensors, and a high-accuracy actuator system. It can accelerate at 2 m/s 2 and has a top speed of 1.25 m/s. Its shape is a cylinder of 0.86
meter diameter. Cameras onboard include a panoramic camera, a pair of stereo
digital cameras and a web camera. The sonar sensors are located in two circles
around the body of the XR4000. A SICK laser range finder provides precise range
information of objects within a 180° field of view.
The XR4000 have two computers (wireless ethernet equipped) running in
Linux environment, which provide multiple services. The programming was carried out using modules provided by Dave's Robotic Operating System (DROS),
a customised operating system developed by D. Austin [Austin, 2001] providing
support functions for modular programming for mobile robots.

3.2.1

Actuators and Wheels

High performance actuators and wheels are one of the most outstanding characteristics of the Nomad XR4000 mobile robot. It has 4 universal wheels and
8 motors (two motors for each wheel). These 11cm diameter omni-directional
wheels and their actuators are designed using Powered Caster Modules (PCMs)
[Holmberg and Khatib , 1999] , and they have a 2cm caster offset.

Figure 3.2

3.2 Mobile Robot Configuration

53

Figure 3.1: The Nomad XR4000 mobile robot made by Nomadic Technologies, Inc. Notice that on top of the robot there is a panoramic camera, a pair
of stereo cameras, and a web camera.

shows the design of the PCM mechanism. These wheels can perform high accuracy motion. On smooth surfaces like laboratory floor, the mobile robot can
make movements of just millimeters [Kouzoubov and Austin, 2002]. The Nomad
XR4000 has full three DOF. Taking advantages of its structure, it can perform
full holonomic movements. The actual configuration of actuators and wheels is
shown in Fig. 3.3. Another characteristic of this driving mechanism is that the
wheels can be programmed to conduct non-holonomic motion which provides
great convenience for the non-holonomic unicycle navigation experiments.

54

Chapter 3 System Design

Figure 3.2: Omni-directional PCM for the XR4000 actuators and wheels.
(Image adapted from [Holmberg and Khatib, 1999].)

3.2.2

The Panoramic Camera

For visual servo navigation, the more features the visual sensor can extract, the
better the controller can formulate a solution for the current circumstance. For
visual homing algorithms and models discussed in this thesis, only one panoramic
camera is used which can provide a 360° view in a single image without adding
any extra complexity to the mechanical structure. Use of the panoramic camera
also greatly reduces the computation requirement.
The panoramic camera installed at the centre point on the top of the robot consists of two major parts: a conic reflective mirror and an EVI370D digital colour
camera from SONY. Figure 3.4 depicts the theoretical structure of a panoramic
camera. The conic mirror has a hyperbolic reflective surface. It is supported by
a transparent plastic cylinder. The cone points towards the lens of the camera
resulting in a 360° view for the camera with no horizontal view limitation. This
configuration guarantees two major advantages. First, there is no limitation of

3.2 Mobile Robot Configuration
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Figure 3.3: Driving components of the Nomad XR4000. There are 4 omnidirectional wheels on it. Each of them is driven by two actuators (in brass
colour). The batteries (in gray-white colour) are also visible in this image.

view angle since the conic mirror is supported by a transparent cylinder. Some
other panoramic cameras may have blind strips due to the nontransparent brackets. Second, it simplifies the robot structure. Using a single camera means that
only one signal channel is needed in data transfer. More specific information
about panoramic reflective surfaces was given in [Chahl and Srinivasan, 1997b] .
The digital camera is placed under the conic mirror with their optic axes aligned
(Fig. 3.5). Images are taken at a resolution of 640 x 480 pixels. There are only
two blind areas along the vertical direction: one is above the conic mirror and the
other one is under the camera body or the robot platform. In panoramic images,
the shape of objects could be distorted, especially for close landmarks. The size
of objects in captured images is also shrunken.
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Light

Camera

Figure 3.4: Theoretical structure of the panoramic camera on the XR4000.
Light from the surrounding environment is reflected by the top conic surface
into the camera at the bottom. Gray areas denote the blind areas to the
camera.

3.2.3

Peripherals

The Nomad XR4000 mobile robot has other sensors onboard. A SICK laser range
finder is installed to provide range information up to for 360 'data points from a
180 degree arc when scanning at rates up to 25Hz. It provides very accurate
range information of objects. Forty-eight sonar transducers are positioned around
the vertical surface , with coordinated firing patterns to provide short range information. Also, an infrared system of 48 transceivers is positioned at the top
and bottom of the

omad XR4000. These sensors provide clo e-range informa-

tion. Like most modern mobile robots, the

omad XR4000 use batterie . A

ophisticated two-stage fa t battery-charging ystem is incorporated to charge its
batterie . Voltage and temperature are mea ured for each battery by the ystem
and are di played on a LCD screen. An Alternating Current (AC) power upply

3.2 Mobile Robot Configuration

Figure 3.5: The omni-directional camera used on the Nomad XR4000 mobile robot. A conic mirror is installed on top of the camera (the black box).
The mirror is supported by a transparent cylinder without any limitation in
view angle.

Figure 3.6: The robot and a landmark in a conventional camera. The landmark is hung by chains down from the ceiling. This landmark corresponds
to the one shown in Fig. 3. 7 at the right hand side top comer.
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Figure 3.7: An image taken by the panoramic camera. The mobile robot is
parked close to the central landmark.

is located at the docking station.

3.3

Landmark Design

Reliable visual navigation depends heavily on reliability of the detection of landmarks. Robust detection relies on both the image feature detecting program and
the landmarks themselves. When the implementation of natural landmarks are
still few, a well-designed man-made landmark is crucial for actual indoor experiments. From our everyday experience, colour cues are very effective in distinguishing one feature from other. It is also true in machine vision. However,
verifying a certain colour from other colours under varying lighting condition is
not easy. In this section, a design of visual navigation landmarks is proposed.
The following are the requirements and limitations of designing landmarks:
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Colour: Theoretically, if landmarks are of unique colour, target detection will be
achieved with the highest reliability. However, due to the complexity of the
laboratory environment, it is very difficult to find a uniqueness colour for
landmarks, and there are always unpredictable factors which could affect
the situation, such as changing lighting conditions, persons with coloured
clothes, etc. Hence, using a single colour in the design is not recommended.
On the other hand, using too many colours in a single landmark is not reasonable either.
Size: The resolution of the panoramic camera is 640 x 480 pixels (widthxheight)
while the valid resolution in captured images is about 480 x 480 pixels, and
the landmarks in panoramic images are distorted because of the reflective
mirror (Fig. 3.4). Also, the size of landmarks in panoramic images is remarkably shrunken, compared to these in images captured by conventional
cameras. It was noticed that the minimum size of blobs is about 15 x 10
pixels which keeps them visible.
Shape: The free space in the laboratory was very limited which requires the designed targets should occupy the smallest volume possible and should not
block the motion of the mobile robot. Considering the distortion effect, it
is recommended that the shape of the landmarks is symmetrical.
By considering above limitations and requirements, a design of the colour
landmarks is proposed as shown in Fig. 3.8 and Fig. 3.1. The planar board landmarks are consist of two adjacent colour blocks, one red and the other green. The
size of the blocks is about 50cm x 50cm with a total valid area of target about
100cm x 50cm which guarantees that it is always detectable in the workspace. A
black edge around the landmark is used to block very strong light coming from
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Figure 3.8: The design of the landmarks. Landmarks have two adjacent
colour blocks and a rectangle black background. They are hanging down
from the ceiling using chains. This is the central landmark which is against
the pillar. A projective light is installed in front of each landmark to provide
stable illumination.

behind the landmarks, because sometimes the sunlight is strong enough to flush
all colours in certain areas (see top of picture in Fig. 3.7).
Three landmarks were configured in the experiments in the following way:
all three landmarks hang down from the ceiling by chains, hooked to rails on the
ceiling so that their position is adjustable. These landmarks are positioned in an
isosceles triangle (Fig. 3.9). The two landmarks on the base of the triangle are
hung on the wall while the third target at the apex is hung on a pillar where the
docking station is attached. The internal angle at the apex was configured to 110°
to ensure that the 3 landmark bearing vectors measured from the robot equal to
120 degrees when the robot is at the docking stat1on. The distance from the apex

to the base is 3 meters, and the length of the base is about 5 .8 meters.·
The strength of sunlight varies from time to time which makes the indoor
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IIJ
IIJ Targets

Pillar

Docking Station

Tables

1m

Door

Figure 3.9: Landmark configuration in Robotic Systems Lab. These three
landmarks are configured in an isosceles triangle. The internal angle of the
triangle closest to the docking station was chosen to be 110°. This ensures
that the minimum of the cost ¢ is close to the central landmark. This figure
also shows the level set of the norm of landmark feature vector defined by
ALV model.

illumination condition very unstable. To minimise the influence of the sunlight,
high quality spot lights were installed on the ceiling to provide stable illumination
for the landmarks.

3.4

Landmark Detection

The extraction procedure in this section employs a number of image processing
techniques, while the colour blob detection algorithm is the core part. Colour blob
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detection or segmentation has a long history of research (e.g. [Darrel et al., 1998],
[Grange et al., 2002]). In the last decade, researchers have worked on blob detection using colour information, focusing on colour edge detection, face detection, motion detection, etc ([Matas et al., 1995], [Novak and Shafer, 1987],
[Brock-Gunn et al., 1994]). Many published methods and algorithms are computationally expensive and concentrate on detecting single colour targets. In this
section, a straightforward and computationally effective algorithm leading to reliable recognition of multi-colour targets in panoramic images is presented.

3.4.1

Colour and Region Modeling

In everyday life, traffic and warning signs are usually designed in yellow or red.
When seeing them, it is understood that we need to be more careful up ahead,
even before we can see the detail on the signs. It is quite challenging to distinguish
colour landmarks from the panoramic image sequences using the two-colour cue.
As discussed above, landmarks are designed as planar targets with two adjacent
colour rectangles in order to significantly improve noise rejection. To detect these
colour targets, a key question is how to measure or specify certain colours.
Colour, according to the definition given by the Webster Dictionary, is 'a property depending on the relations of light to the eye, by which individual and specific
differences in the hues and tints of objects are apprehended in vision' . Measuring

or specifying colours in certain 'colour space' is a widely used method. A 'colour
space' , according to the definition from Commission International de l'Eclairage
(CIE), is the geometric representation of colours in three-dimensional space [CIE
845-03-25]. Colour space can be thought as either a reference frame or a model
of colour. Once the colour space is chosen, a colour can then be specified by its
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coordinates within it. Of course, there exist other colour space which are not 3D. There are a number of colour spaces which are inter-convertible. For instance,

RGB colour space for computer graphics, CMYK colour space for printing, YUV
and YIQ colour spaces for television and HSV colour space for graphic design.
The images from the panoramic camera are in RGB format. In the RGB colour
space, a colour is decomposed into 3 primary colour components: red, green and
blue. The values of these three components indicate how much they contribute
to the colour. Each of the three colour component values contains the overall
luminance strength information as well as its own colour value. The luminance
strength value L of a colour is computed by

R+G+B
3

L=----

(3.1)

Where R, G and Bare the strength values of the colour components.
However, in practice, specifying a colour is much more complicated than
knowing its coordinate in a colour space. Many parameters can make this problem difficult. Illumination condition is the most critical one of them. Since the
luminance value is contained in every colour component in RGB space, it makes
the definition of a colour sensitive to variation in illumination conditions. To reduce the negative influence caused by varying illumination, another colour space
format, YUV, is used in image processing in this thesis.
YUV colour space is usually used by television formats such as PAL, NTSC,
and SECAM. The space has three coordinates: luminance (Y), and colour information (U and V). Since black-and-white systems use only luminance information, colour information (U and V) are coded in such a way that black-andwhite receivers can display black-and-white pictures using YUV colour images.
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In other words, colour information and luminance information are separated in
YUV colour space. By transforming colours YUV format, colours are less sensitive to varying illumination. The negative influence of illumination variation is
then reduced to a much lower level. RGB and YUV formats are interchangeable
using the following conversion rules:

Y

-

V

V

3.4.2

-

0.299

* R + 0:587 * G + 0.114 * B;

-0.147

*R -

0.289

* G + 0.436 * B;

0.615

*R -

0.515

*G -

0.100

(3.2)

* B.

Detecting Landmarks in Panoramic Images

Several important processes have to be conducted to extract the landmarks in
panoranuc images.

Colour space transformation: convert the images from RGB colour space to
YlJV colour space. Luminance information (Y) is discarded when colour
information U and V are reserved.

Thresholding: the colour panoramic image captured is separately processed by
two colour threshold filters to generate two binary images. The landmark
candidates are now blobs in the binary images.

Noise reduction: Each binary image is subjected to series of dilation and erosion operations [Russ, 1995] . This consolidates the major blob features by
removing most of extraneous noise blobs .

Landmark detection: Using a shape-fitting recognition algorithm, the binary
images are combined into one image used to pair blobs into landmarks.
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The key idea is the shape-fitting landmark recognition algorithm, while the
first three steps are straight-forward image processing operations. The landmarks
are composed of pairs of square colour boards, and each pair of boards are seamlessly connected. Hence the corresponding blobs of a landmark in the panoramic
images are also connected. It is assumed that all the blobs of landmarks are of
roughly rectangular shape. By employing these properties , a rectangle shapefitting algorithm is proposed to recognise landmarks from cluttered background.

The shape-fitting algorithm uses low order image moments to estimate the
dimensions of every blob. Image moments , a powerful tools for digital image
analysis and processing, have been widely used in many applications including computer vision , pattern recognition , object classification, template matching and data compression [Hu, 1962] , [Mukundan and Ramakrishma, 1998] ,
[Mukundan et al. , 2001] , [Prokop and Reeves , 1992] , [Chaumette, 2002] and
[Lau et al. , 2002]. In digital image processing, there are two kinds of moments
defined. The first kind of moments are (p + q)'h order moments of an image blob
defined by:
width height

m pq =

I I
.x= l

xPyq f (x,y)

(3.3)

y=l

where x, y are the coordinates of image pixels and f (x , y) is the density function
at pixel position (x, y) . Width and height refer the image width and height.

The second are the (p + q)'h order central moments defined by:
width height

µ pq =

I I
x=l

y= l

(x - x)P(y - y)q f (x, y)

(3.4)
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where (x, y)T

= (m10/moo, mo 1/moo)T.

f(x, y)

=

For binary images, f(x, y) is defined by:

1 (x,y)

E

blobs;
(3.5)

0 background.

Given the above low-order moments, the image moment matrix M is formed:

(3.6)

By calculating the eigenvalues and corresponding eigenvectors of the moments
matrix M, the dimension and orientation of a blob are estimated. Letting a 1 and
b1 denote the estimated height and width of a rectangular blob and ,,i 1 , ,,i 2 be the

eigenvalues of M, then
(3.7)

and the area of the blob is given by

(3.8)

The blob dimensions can be estimated using following equation

b1

= ✓(s ~~ ) /4.

(3.9)

After the dimensions of each blob are estimated, pairs of blobs of different colours
are considered for their suitability as a landmark. For each pair of blobs , their
centroid points are connected by a line. Then the contacting radii of the blob ,
which is the distance from the centroid point to the blob edge along the connecting
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line, is estimated. Two error functions are defined to verify the valid landmarks,
a distance error functioned (Eq. 3.10) and an area error function es (Eq. 3.11).

(3.10)
(3.11)

e2

s

where ra, rb are the estimated contacting radii of two blobs. dab is the distance
between two centroid points. sa, sb are the areas of two blobs. The first error
measure,

ed,

is a distance error. It is used to evaluate the relative distance of two

blobs in a pair. es is a measure of the relative difference in size of the paired blobs.
Landmark detection follows the following steps.
1. Threshold paired blobs using ed. Pairs withed <=

edistanceJhresh

are kept and

most of the noisy blobs are filtered out.
2. Threshold remaining pairs using
earea_thresh

es.

Those pairs which satisfy

es

<=

are kept. In this step, those pairs which differ too much in size

are considered as noisy blobs.
3. Sort the remaining pairs by size, µ 00 , of the combined blobs. Select the
largest three pairs of blobs as detected landmarks.
Given the detected landmark blob pairs, the positions of landmarks are computed. The extraction procedure is shown in Fig. 3.10, 3.11, 3.12 and 3.13. The
actual experimental results have proved that this algorithm was very reliable and
robust. In a series of experiments in which about 1200 images were processed,
all three landmarks were successfully extracted by this algorithm except for only
14 images. The algorithm failed when a large part of a landmark was blocked or

Chapter 3 System Design

68

the lighting condition changed largely, or the robot was too far from a landmark
to detect it from noise pixels.

3.5

Sensitivity Analysis

In a purely theoretical analysis, a possible assumption is that visual navigation
takes place in a noise-free environment. In reality, this is impossible. The precision of image-based visual servo control is influenced by the noise of image
features. In this section, a sensitivity analysis of an image-based bearing-only
pose estimation is provided to give a perceptive for the performance analysis.
Suppose that there are n, (n > 3), landmarks gi

= (xi, yJT (i = 1, ... , n) used in

the control of a unicycle mobile robot. The reference point of the robot is denoted
by

g = (x, y)T

in the global frame (g). The bearings of visual landmarks in the

body-fixed frame (b) are given by

(3.12)

where R(0) is the rotation matrix from (b) to (g) defining the robot orientation:

R(~ =

cos( 0)
[ sin(0)

- sin( 0)

l
.

(3 .13)

cos(0)

Correspondingly, the landmark feature vector

(3.14)

is computed in the image plane (i). (i) is assumed to align to (b) sharing the
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Figure 3.10: This is a binary image of yellow blobs after other colours
are filtered. The filtering operation was conducted by feeding the captured colour image through a colour filter which defines acceptable U and
V colour ranges. Filtered red colour images looked similar.
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Figure 3.11: Binary image after noise fading operation. Most of the noise
pixels have been filtered. All the blobs are numbered for convenience of
matching.
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Figure 3.12: The blobs in two colours are landmark candidates. Straight
lines indicate the estimated contacting radii ra or rb of a blob in the direction
of other blobs of different colour.

Figure 3 .13: This image from the panoramic camera shows detected landmarks by crosses.
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same reference point. In (i) , the landmarks and the robot are given the following
definitions

(3.15)
J:img
S

respectively, where

X pi, Y Pi, Xp

and

( X p ,yp )T

-

yp

(3. 16)

are the pixel coordinates of the landmark

points on the image plane. Since by construction, (i) and (b) are co-located and
aligned, q in (i) is coincident with that in (b) . As a result, the image feature
vector used in control design can be directly computed from the pixel coordinates
of detected landmarks in the image frame , thus
11

Vb =

q = ~ P !mg

(3.17)

i= l

where

p ~mg

is the bearings of a landmark in the image frame. Simple calculations

show that
Xp;

img
pi

t: ~mg _ t:img
S1

S

(3 .18)

=----1g:mg - gimg I
Y Pi

To analyse the influence of image noise to the docking accuracy, it is necessary to
examine the kinematics of bearings of landmarks P !mg :

(3. 19)
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where
XPiYPi

-~
ri
(Xpi - Xp) 2
img3
ri

img _

rl.

By substituting for

pt

8

(Eq. 3.19) in Equation 3.17, one has

n

dq

= Lv!mg

(3.20)

i=l

Equation 3 .20 is the differential of q in the image frame according to the pixels
position error of detected landmarks. Correspondingly, in the global frame (g),
bearings and landmark feature vectors are:

P8 i

--

f ; - f = [ X; lf i - fl
ri

X

y;-yr
r·l

11

qg

--

LPgi
i= 1

where ri = ✓Cxi - x) 2 + (yi - y) 2 are the Cartesian distances from the mobile
robot to landmarks in (g). As a result, the differential of q8 is given by

(3.21)

where
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Multiplying Equation. 3.21 using

v; 1, one has
(3.22)

In Sec. 5 .2, the following definition is given

qg

= R(0)q =

cos(0) - sin(0)
[ sin(0)

l

q.

cos(0)

Knowing that
dqg

= R(0)dq,

(3.23)

the following equation can be defined:

n

dg

= v; R(e)
1

I

vtg

(3.24)

i=l

To verify the sensitivity analysis, the actual setting of indoor experiments is used
in a simulation using three landmarks. The robot, Nomad XR4OOO, measures the
landmark locations in a panoramic image of 640 x 480 pixels. The following
sample data is taken from actual indoor experiments:

ttg

= [-12

223]T;

g~ng

= [160

gimg

= [O

- 78]T;

g~mg

= [-146

- 94]T;

OJ.

In simulations, it is assumed that the reference point of (g) is located at the current
position of the mobile robot, and the orientation of (g) is aligned with that of (b ),
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which means
R(0) =

h

where / 2 is the 2 x 2 identity matrix. Correspondingly, the global position of those
3 landmarks are estimated as (in meters):

f1 = [-Q.1,

Q.82]T;

f2 = [2.36

- 2.74]T;

f3 = [-2.88

- 2.72]T;

g = [O OJ.
If each landmark is supposed to have a 1 pixel error in detection, the following
computation result is obtained using Eq. 3.24:

df

= +[0.0026m

0.013m]r.

(3.25)

Similarly, if it is supposed that each landmark has a 2 pixel error in detection,
then the sensitivity result will be

df

= +[0.0052m

0.026m]r.

(3.26)

The 2 pixel, 3 pixel and 4 pixel error boxes and a comparison with the experimental results will be shown later in this thesis.
Figure 3.14 plots a typical distribution of one landmark in the panoramic image sequence. The standard deviations of landmark distributions vary slightly
when the location of the robot changes. The experiments were conducted in the
following way: the robot was locked to stand still at several locations in the
workspace. At each location, the detection algorithm worked to take 100 pictures and recorded the landmark detection results. Using the data collected, the
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Figure 3.14: Actual noise level of one landmark detected in a sequence of
100 images. Points denoted by blue '+' are positions of detected landmarks
in an image sequence, while the red '+' is the mean of them. The black
rectangle represents the noise level of the detected position of this landmark.

noise level was estimated. Figure 3.14 shows one of the detection results. The
error could be caused by the noise from acquiring the panoramic pictures and the
digital processing. Also, the small movement of the landmark, which were hanging down from the ceiling by thin chains, due to the air flow in the workspace.
One situation is worthy of being mentioned: if a part of the landmark is shaded
in experiments for some reasons, the resulting noise level could be much higher,
although it can be still recognised.

3.6

Conclusion

This chapter discussed several important problems related to the actual experiments of visual navigation including the robot configuration, colour landmark

76

Chapter 3 System Design

design, colour landmark detection and sensitivity analysis. The discussion firstly
addressed the structure of the panoramic camera used in practical experiments,
which is the sole visual sensor used in the control, and the high-accuracy omnidirectional actuator system of the mobile robot.

Then the design of colour

landmarks satisfying all the requirements of indoor navigation experiments was
proposed. The landmarks were designed for visual landmark extraction from
panoramic image sequences. They were customised to satisfy special requirements on several aspects such as colour, shape and size, and were proved of high
reliability in practice. As the most important section of this chapter, a colour
landmark detection algorithm was described in detail which was used to locate
the colour visual landmarks from the images captured by the panoramic camera.
In the laboratory environment with varying illumination conditions, using colour
blob detection methods and low order image moment techniques, the landmark
detection algorithm guaranteed very stable and reliable landmark detection results in practical indoor experiments. The last part of this chapter explored the
influence on the homing performance and accuracy resulting from image noise in
landmark detection. The performance of this landmark detection approach could
be enhanced by using certain target position estimation or anticipation techniques.

CHAPTER4

Visual Homing of a Holonomic
Unicycle

Modem mobile robots are intelligent mechanical systems possessing complicated
structures and versatile sensors. Using visual sensors for robot control is very
convenient. However, the controller design is complex and challenging. Visual
servo navigation has been an important research area in robotics for decades, and
has resulted in a large number of new applications.

Visual navigation for mobile robots relies on knowledge of the location and
orientation of the robot, the destination, the environment, etc. For example, distances and directions to surrounding obstacles. To gather this information, modelling and computation techniques have been used in designing mobile robot control. Recently, some biomimetic models and algorithms, which were created to
simulate the models used by natural insects and small animals in real world navigation, received wide attention. Considering the limited resources and tiny brains
insects have, their navigation methods should be very helpful for visual navigation of mobile robots.
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4.1

Introduction

Mobile robotics is today reaching the point where deployment into real-world situations seems possible. Long-term experiments with mobile robots are still rare
however since most existing mobile robots must periodically dock and recharge
their onboard batteries. While it is quite challenging, automatic docking navigation could be an important breakthrough in mobile robotics manoeuvrability.
Automatic docking problems can also be viewed as 'visual homing' problems if
vision is employed as the main information provider for navigation.
How can the mobile robot vehicle be driven from an initial pose to a desired final pose with a pre-specified docking direction? Conventionally the docking problem is treated as a path-planning problem; that is, given both current
and destination pose, a motion controller navigates the mobile robot to the destination along a feasible trajectory. This kind of approach tends to be fragile
[Austin and Kouzoubov, 2002], since it depends heavily upon global metric localisation and considerable computation.
Honeybees and desert ants are known that they use quite different navigation approaches to those designed for mobile robots, yet reliably achieve their
objective using few resources. For example, Cataglyphis bicolor can reliably
perform large-range visual navigation (Depicted in Fig. 2.4). Recent applications and analyses of biologically-motivated models for mobile robot homing
can be found in [Moller, 1999], [Moller, 2000], [Moller and Lambrinos, 2000],
[Weber et al., 1999] and [Rizzi et al., 2001].
In this chapter, the implementations of biomimetic models will be discussed.
Firstly, a variation of the Average Landmark Vector (ALV) model will be proposed while the development of the ALV model have been discussed in Chapter 2.
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A significant advantage of my model is that the control design does not require
measurement of the pose of the mobile robot since the landmark feature vector
is not required to be compared with a stored landmark feature vector. A control
Lyapunov function is proposed in the control design for the visual homing (docking) task, and a holonomic control law is proposed for the unicycle. This control
law is designed to stably dock a unicycle-like vehicle based on bearing-only information without reconstructing the pose of the vehicle. This control design
does not require the pose of the vehicle to be compute~ and is highly robust to
partial knowledge of the environment and sensor calibration errors. Theoretical
analysis will exploit the singularity near a landmark to create a directional "valley" in the cost function which ensures strong control over approach direction
and final orientation. Geometric configuration of the landmarks is chosen so that
the mobile robot approaches the docking station from the desired direction and
slows to a stop smoothly just as docking is achieved. The ALV model is developed further into the Weighted Landmark Vector (WLV) model with weighted
landmarks, which permits more control over trajectory shape and a wider range
of initial poses.
Another key contribution of this chapter is the detailed analysis of the closedloop system response in the neighbourhood of landmarks. This analysis enables
tackling the situation where it is desired to stabilise a robot at a landmark itself, a
situation that has not been considered in prior work, but could be important in a
docking manoeuvre. In the case of docking a mobile robot, a particular geometric configuration of the landmarks is proposed, resulting the vehicle approaches
the docking station from the desired direction and slowing to a stop as docking is achieved after following a closed-loop trajectory. A full characterisation
and comparison of the cost functions which were proposed in [Moller, 2000] ,
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[Hamel and Mahony, 2000] and [Hamel and Mahony, 2002] are provided. The
control algorithm has been implemented in experiments. Full experimental results are provided for a series of stabilisation tasks for a wide range of initial
conditions. A panoramic camera is used to detect visual targets around the docking station and provide bearing data for each observed landmark. The panoramic
camera configuration enables the robot to see targets in the room. The ideal behaviours of the system using two proposed models are demonstrated by the simulation results.
The remainder of this chapter is arranged with the following structure: Section 4.2 describes visual homing problem of the holonomic unicycle mobile
robot and the kinematic equations for the unicycle robot. This section also discusses the Average Landmark Vector (ALV) model and the Weighted Landmark
Vector (WLV) model. Section 4.3 gives the analysis of proposed cost functions.
Detailed holonomic visual servo controller design is covered in Section 4.4, while
actual simulation and experimental results are presented in Section 4.5. Finally,
Section 4.6 contains discussion and conclusions.

4.2

System Model

In this section, the model of a holonomic unicycle mobile robot will be presented,
and the Average Landmark Vector (ALV) and Weighted Landmark Vector (WLV)
model will be presented.

4.2.1

Kinematic Model of a Unicycle

Let (g) denote the global frame and f( t)

= (x, y )T denote the reference point of the

unicycle in (g). The orientation of the unicycle 0 is given by the angle between
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y

X

(g)

X

Figure 4.1: Kinematic model of a unicycle-like mobile robot. g denotes the
Cartesian coordinates of the robot in the global frame (g). The orientation
of the unicycle is represented by 0. (b) denotes the body-fixed frame of the
robot which is attached at the mass center of the robot with respect to the
global frame.

the vehicle direction and the x-axis of (g).
The kinematics of the unicycle are given by

x = u cos(8)
y = u sin(8)

(4.1)

e= w
where u is the linear velocity of the vehicle and w is its angular velocity (Fig. 4.1).
The linear velocity of the vehicle is denoted vg = u(cos(8), sin(8)) 7 .
It is useful to consider the related holonomic kinematics

g = v;

e=w

(4.2)
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where v

E

R 2 is the linear velocity input in the global frame. Most of the initial

work in the field of average landmark vectors has been implemented for holonomic control of mobile robots. Before the discussion of the bearing-only visual
servo controller design for holonomic systems, the biomimetic visual homing
models will be discussed.

4.2.2

Average Landmark Vector Model

As is discussed in Section 2.3.2, visual sensors are used to detect landmarks. It
is assumed that the measurement information that available to the mobile robot
consists solely of bearing angles to surrounding landmarks. In the experimental
settings presented in Chapter 3, a panoramic camera is used to detect bearings to
visual landmarks. A landmark vector is defined as the unit vector pointing in the
direction of a landmark, expressed relative to the body-fixed frame of the robot
mobile [Lambrinos et al., 2000].
It is supposed that there are n, (n > 3), landmarks fi = (xi, yJ, (i = 1, 2, ... n)

in the global frame (g), and it is assumed that they are not co-linear. Let (b)
denote the body-fixed frame which is attached to the vehicle with its origin at
the reference point f(x, y) and its x-axis aligned in the direction of robot motion
(Fig. 4.1). The landmark bearings are then expressed as unit vectors in (b):

(4.3)

R(0) is the rotation matrix from (b) to (g). Note that the bearings of observed land-

marks in the body-fixed frame (b) are functions of the pose (f, 0) of the unicycle,
and that the bearings inherit dynamics from the ego-motion of the unicycle. As a
result, the linear velocity of the robot in the body-fixed frame, vb, does not depend
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on the orientation 8 since the dynamics for Pi(g, 8) are written in (b). Hence,

(4.4)

By taking the time derivative of the bearing vectors of landmarks, it is found that

p/g, 8)

0

w

=

(4.5)

-w 0
According to the definition in [Moller, 2000] , the average landmark vector (also
called the landmark feature vector) is computed by
n

q = q(g, 8) :=

I

(4.6)

Pi(g, 8).

i=l

The

notation

was

also

developed

1n

[Hamel and Mahony, 2000]

and

[Hamel and Mahony, 2002] for image-based visual servo control of flying
robotic systems. Figure 4.2 shows the geometric explanation of the ALY model
used in this chapter. The kinematics of the landmark feature vector q are given
by its time derivation
(4.7)

where
Q=

I

i=l

(h - p;p;)'

lti - ti

vb

= [ Ou

l·

(4.8)

Figure 4.3 shows the distribution of landmark feature vector q in the
workspace. The original form of the ALY is expressed in the body-fixed frame
of the mobile robot. For theoretical convenience, it is preferred to introduce the
global frame representation qg when analysing the properties of the landmark fea-
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Landmark

Landmark

Landmark

Landmark Feature Vector
Landmark unit vectors

Mobile Robot

Figure 4.2: Geometric description of the ALV model. The bearings of landmarks are represented by associated unit vectors. An image feature vector
is generated by summarising all the unit vectors of landmark bearings. Note
that this ALV model does not need a pre-acknowledged home vector. The
other ALV model discussed in Section 2.3.2 needs such an extra vector.

ture vector. By construction, q8 is independent of the orientation of the unicycle
and only depends on the relative position of the landmarks to the vehicle. Hence,

p 8 i(()

(i - (
R(0)pi((, 0) = l(i _(I;

(4.9)

11

qg -

I

Pg/().

(4.10)

i= 1

The kinematics of q8 are given by following derivatives

{J_g = -Q(()vg

(4.11)
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Figure 4.3: The distribution of landmark feature vector of the ALV model
measured at positions in the workspace. The arrows demonstrate the direction of the landmark feature vector q in the workspace. It shows that all
the vectors converge to a ·location inside a convex hull constructed by the
landmarks.

and
(4.12)
Note that Q(t) is independent of the orientation of the robot.

4.2.3

Weighted Landmark Vector (WLV) Model

In the snapshot model and ALY-like models discussed in Section 2.3.2, all the
landmarks are identified by unit vectors which implies all landmarks contribute
equally in visual navigation. This might not be true for visual navigation by insects according to [Collett et al. , 2002] and [Lambrinos et al., 2000]. Most likely,
some landmarks are more important than others for insect homing. Similarly, for
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robot visual homing, some landmarks should also contribute more than others.
Furthermore, in ALV models, the distribution of landmark feature vector is totally
determined by the constellation of landmarks. Hence, if any variation is needed
on the location of the minimum, modifications to the physical constellation are
not avoidable. In addition, when the minimum point of the cost function is selected at or near a landmark, the mobile robot may have difficult in converging or
turning. This difficulty may cause problems in actual experiments, i.e., the robot
may not be able to follow orders issued due to the lack of enough workspace.

To overcome the problems mentioned above, a new visual navigation model
has been derived from the ALV model: the Weighted Landmark Vector (WLV)
Model. In the WLV model, the bearings of landmarks are denoted by vectors
pointing towards the landmarks with their length equal to the weights. The WLV
model permits adjustment of the weights of the landmarks for trajectory shaping.
Since, when the weights of landmarks are changed, the orientation and norm of

q will be changed accordingly; consequently the shape of the cost function is
controllable. An introduction of the WLV model is given below.

The WLV model inherits characteristics from the ALV model (Sec. 4.2.2).
One characteristic of the WLV model is that it requires landmark correspondence.
Only bearing information for the landmarks is used. The same notations as those
defined in the ALV model are employed. In the global frame <g) the positions of
the robot and landmarks are denoted by

f

and f i, respectively. Each landmark is

associated with a time-varying weighted vector a i(t)p i where Pi is the orientation
of this weighted vector and a / t) is the time-varying weight. In other words, each
landmark is denoted by its unit vector Pi multiplied by the landmark weights a i(t)
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Landmark

q(x, y)

Landmark

Landmark

a1 (t)p1

Unit Circle

Figure 4.4: Diagrammatic explanation of the WLV model. The direction to
each landmark gi (i = 1, 2, 3 for this figure) is represented by an associated
unit vector Pi• That is, each vector Pi is weighted by ai(t), a time-varying
weight function. The weighted landmark vector is then computed as the
sum of weighted unit vectors.

(Fig. 4.4).
(4.13)
Here Pgi denotes it the representation of Pi in (g). The weighted landmark vector
q(x, y) is then computed by summing all the weighted landmark vectors
n

q :=

I

al-(t)pgi ·

(4.14)

i=l

Note that the WLV model requires an individual landmark can be distinguished
from any other landmarks by the mobile robot. In practice, this is not overly burdensome as relatively few landmarks are used and, thus, identification is simple
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using experimental methods or image processing techniques, for example, in experiments with bicolour blobs, one of the targets is simply placed upside down to
distinguish it from the others.
The WLV model permits adjustment to the weights of given landmarks
through modifying weights of the landmark bearings. A mobile robot is often
required to dock itself in a given orientation and position. For a given configuration of bearing weights, there is only one point where the cost function is minimum. By changing the landmark weights, the orientation and norm of weighted
landmark feature vector qg can be adjusted and the minimum point of the cost
function ¢(f) can be assigned to any position within the convex hull of the landmarks. Consequently the shape of the cost function is controllable enabling more
reasonable trajectories and smoother convergency.
The strategy of switching time-varying weight sets is explained in the following example which presents a two-stage weight switching method.
Define ai,J U=l ,... ,n) as the ]th weight set of the landmarks. Assume that firstly a
mobile robot uses an initial set of bearing weights, which is defined as

a i,J CJ=l),

in

the visual homing process to lead the robot to the middle of the convex hull. Once
the robot has been centred, a second set of weights,

ai,J

u= 2),

is then gradually

phased in to complete the docking manoeuvre. Mathematically, the landmark
weight sets can be written as:
0,

13.,(t)

t < to

r-ro

--

T swirch '

1,

O:i(t)

--

O:i, l (1

qg(f)

--

I::~

to < t < (to + T switch)
t > (to + T switch)

- 13.,(t)) + O:i,213.r(t)

1 a:i(t)Pgi

(4.15)
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where

qthresh

when q(t)
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is the threshold of q when weight set 1 (ai,1) ends. t0 is the moment

= qthresh, and Tswitch is the switching time from the proceeding set to the

following set.

ai,I

and

ai, 2

are the sets of weight of landmark

fi

in stage 1 (t < t0 )

and stage 2 (t > to + Tswitch) respectively.

4.3

Cost Functions

4.3.1

Kinematics of Average Landmark Vector

Following [Moller, 2000], a potential function in Cartesian space is defined as:
n

U(f) =

~ lfi -

(4.16)

fl.

i=l

U(f) is everywhere continuous but not always differentiable in JR. 11 • In particu-

lar, the derivatives of U(f) are not defined at landmarks

fi•

Nevertheless, it is

easily verified that, for non-collinear landmark ensembles, U(f) is a strictly convex function and consequently has a unique global minimum point. When well
defined, the differential of U(g) is given by

(4.17)

The potential function U(f) provides a powerful tool in analysing the performance of stabilising control based on the landmark feature vector qg, However, in
order to compute the potential one requires the knowledge of the range information of landmarks relative to the frame of reference of the robot which is assumed
to be unavailable to a bearing-only on-line control algorithm. In this situation, it is
convenient to introduce another cost function ¢(f) that can be computed directly
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from bearing information:

(4.18)

By definition, ¢(f) is independent of the orientation 0 of the unicycle. It can also
be written in terms of the partial derivative for g of the proposed potential function
U(g):
(4.19)
Recalling Eq. 4.17 and 4.11, one has

when g-:/= fi• That is Q(g)

= v:u(g) is the Hessian of U(g).

Remark 4.1: In order to clearly demonstrate the connections and differences
between ¢ and U, and to simplify the analysis, discussion of the structure of¢ is
presented in preference to !qi.

•

The structure of ¢(f) is of considerable interest in the development of control
algorithms for both the holonomic (Eq. 4.2) and the non-holonornic system models (discussed in next chapter). To provide a rigorous analysis , the definition of
¢(f) is extended to landmarks as follows

(4.20)

¢ is smooth at all points where g * f i and discontinuous at landmarks f i.
The level sets of lql, the cost function ¢(g) and the potential function U(f)
are shown in Fig. 4.5 , 4.6 and 4.7, respectively. The differences between the
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level set of ¢(f) and that of U(f) are clearly shown. Note that the level sets of
¢(f) have a pronounced distortion close to each of the landmarks; this is due
to the discontinuity in derivative of the cost U(f) at these points. Although the
discontinuous nature of ¢(f) adds to the technical complexity of the analysis, it is
particularly helpful in docking. In Figure 4.6, the minimum point of the cost ¢(f)
(and that for qg in Fig. 4.5) is located at the topmost landmark.
The robot, to minimise the cost ¢(f), will first converge to the valley associated with the stretched form of the level sets of ¢(f) and then converge towards
the top target where¢ is at the minimum. Indeed, as the minimum approaches
the landmark the level set degenerates into a single direction. Consequently, the
nature of the cost function will naturally lead to a control algorithm that achieves
both positioning and orientation control, since the direction of the trajectories
leading to the minimum cost will determine orientation. It is a property of both
cost functions U(f) and¢, although it is most clearly shown in¢. It is even more
strongly shown in the level sets of the cost lq(f)I used for control analysis of the
non-holonomic system. This valley in ¢(f) and the resultant trajectory shapes are
particularly useful in designing control algorithms for docking manoeuvres.

Lemma 4.2: Suppose that there are n (n > 3) landmarks f/xi , yJ, (i 1, 2, ... n) that are not co-linear. Define <ff as the convex hull of the set of landmarks {td. Consider the potential function U(f) and the cost function ¢(t) on R 2 .
Then:

1. There exists a unique point g* in the convex hull <ff such that
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2. If g* * gi, for i

= l, ... , n then

and g* is a local minimum of¢. Note that U(f*)
3. If g* * gi, for i

* 0.

= l, ... , n then
IDfV(f*)I = 0,
IDf¢(f*)I

4. If g* * gi, for i

= 0.

= l, ... , n then

D: V(f*) = Q(f*) > 0,
D:¢(f*) = 2Q(f*)T Q(f*) > 0.
Proof· Part 1 follows directly from the convexity of the potential function
U(f). Given

g* * gi

that IDfV(f*)I

(i = 1, ... , n), then V(f) is differentiable at

= I-

I - qg(f*)T Q(f*)I

qg(f*)I

= 0.

= 0.

As a consequence ¢(f*)

=0

g* and it is clear
and IDf¢(f*)I

=

This proves Parts 2 and 3. To prove Part 4, it is simply a

matter of computing the second derivative of V and ¢ at g*

n : vcg)[77,µJ

= -Dg (77r qg) [µJ = µr Q77;

D: ¢(f)[77, µ]

= -Dq(2qgTQ77)[µ] = 2µT QQ77 -

2µT qgT(DqQ[µ])77.

•
Note that Lemma 4.2 does not show that

g* is a unique minimum of ¢(f*).

In fact, this is somewhat subtle due to the complexity of the discontinuities in
D1; U (f ;) . It is straightforward to see that if g*

not be a second global minimum point f'

* gi (i =

* gi (i

l, ... , n) then there can-

= 1, ... , n) since this implies

4.3 Cost Functions

Figure 4.5: The level sets of lqgl- The distribution of the norm of qg is
generated using 3 landmarks. The interesting part of this level set is that
a nice sharp 'valley' is formed at the apex of the convex hull of the set of
landmarks. Green circles are landmarks.

Figure 4.6: The level sets of ¢(f). This distribution has a high similarity to
that of lqgl]. Green circles are landmarks.
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Figure 4.7: The level sets of potential function U(g). Distribution is obviously different to those of lqgl and c/>(t). Landmarks are denoted by green
circles.

D ( V ((')

= 0 and contradicts the convexity of U(().

However, in order to under-

stand the full global structure of ¢(() it is necessary to deal explicitly with the
structure of q(f) at landmarks {(d.
In the neighbourhood of a landmark ( i, the average landmark feature vector

qg may be dissociated into two component parts

(4.21 )

where
n

q;~/()

=

I

Pg/ { ).

(4.22)

j= l,j-:ti

In a small neighbourhood N of(;,

q;:;Ct) is approximately constant.

Let a con-
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stant vector q~v
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= q;~/fi).

Thus, locally one may write

(4.23)

Consider the value of the cost function ¢(f) on an
landmark fi• It is clear that for

E ~

E

radius circle around the

0 the maximum value of ¢(f) on this circle

occurs when pg/f) is aligned with q~v and has value (lq~vl + 1)2. Similarly, the
minimum value occurs when the vector pg/f) is opposed to the vector q~v, attaining value (lq~vl - 1)2. Moreover, this is the value of ¢(ta as defined in Eq. 4.20.
Define a line
(4.24)
for z E (-E, E). The velocity vector along fz is Vg = qg, For E ~ 0 and z < 0 then
Pgi

~

qg/lqgl and the change in the cost function ¢(f) along f z is given by

It follows that ¢(f) is always decreasingly moving towards
and z > 0 then Pgi

~

gi along ft•

For

E ~

0

-q8*dlq 8 *il and the change of ¢(f) along ft is given by

(4.25)

In this situation, there are three possibilities
• Case I: lq;~il > 1, ¢(f) is decreasingly moving away from fi along ft•
• Case II:lq;~il < 1, ¢(f) is then increasingly moving away from fi•
• Case III:lq;~il = 1, ¢(f) is non-decreasingly moving away from fi•
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From the above discussion it follows that if gi is a local minimum of ¢(t) then
lqg*il < 1. This observation is used in the following lemma that provides a global

extension of Lemma 4.2.

Lemma 4.3: Suppose that there are n (n > 3) landmarks
1, ... n) that are not co-linear. Let

gi = (xi, Yi)T (i =

g* be a local minimum of ¢(t). Then g* is a

global minimum of ¢(f) and V(f).

Proof· If the only local minimum of¢ and V are distinct from landmarks
{fd then the result follows directly from Lemma 4.2. Considering only the case
where

g* = gi is located at a landmark, the proof is organised in two steps: the

first step is to prove that g* is a global minimum of ¢(t) and the second step is to
show that it must also be the global minimum of V(f). A local part of the level
set of

lql around a landmark where is the minimum point of the cost function is

depicted in Fig. 4.8.
From the discussion preceding the lemma statement it follows that lq~~I < 1.
The proof is based on a limiting approximation. For
-

J:
S*

E

> 0 set
av

qg*i

= SJ: + Eav-_J•

(4.26)

J

q g*l

As a result, a new constellation of (n + 1) landmarks is composed

A new Average Landmark Vector

q; is computed from
(4.27)

The non- unity weights given to the new landmarks ensure that the contribution of
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the two landmarks (g:; , g: ) approximates the contribution of the single landmark
gi to the Average Landmark Vector when

E

is small. By construction, for every

point lying between g:; and g:, one has

E(i:)
qg ~

~ qg*z
av _+! (1
2

av

av

qg*Z

qg*Z

- Iqg*Z
av·I) Iqg*i
_ ! (1 + I av·I) qg*i = 0
av_ l 2
qg*Z I av_ l
·

.

Although this construction is approximate for points g*
at g*

* gi, it holds exactly

= gi· Moreover g* is not a landmark of the new constellation.

Consequently,

from Lemma 4.5, g* must be a local minimum of the cost¢ for the new constellation of landmarks and weights. In the limit, as
Consider any test point g

E

E

---?

0, one has q(g*)

= qE(g*) = 0.

R 2 , g * g*. Let

te= (1 -

e)g* + eg,

(4.28)

e E [0, 1]

parameterise the line that connects g* to g. Without loss of generality choose the
global frame so that the x-coordinate is in the direction of (t - g*)/lt - t *I. The
angle from a point on the line fe to a landmark gi is denoted by l/1/tz)

E

[-n, n]

(cf. Eq. 4.30). By inspection q may be written in the following form :
n

q

=

I

i=l

Pi=

L7= 1 cos(l/Ji)

(4.29)

L;~l sin(l/Ja

where
l/Ji

= L(gi - t) = arctan((yi -

y)/ (xi - x)).

(4.30)

Consider what happens as e increases from 0 to 1: each landmark appears
to move away from the direction of motion and towards the direction of provenance. The angles l/J/te) change monotonically, increasing or decreasing de-
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Figure 4.8: Local level sets of Jql at a landmark where the global minimum is
located at a landmark. The monotonic decrease along all directions towards
the minimum is shown clearly in this plot.

pending on their initial sign. If the line

l/JJfe)

ge

passes through a landmark

= 0 rad until f e reaches qi where it jumps to +n rad.

gi

then

It follows that ll/JJfe)I

is monotonicall y increasing (not necessarily continuously ) withe increasing from
0 to 1. As a consequence

I:7= 1 cos(l/JJfe)) is

monotonicall y ·decreasing. Since

Continuing with an argument by contradiction: assume that there is a second
local minimum g~. Consider the line ge that connects the two local minima. Using
the frame of reference chosen for
respect to
the

g*, the above construction can be utilised with

g~ with the only difference that the angles

f ; are the compliments of

lfi· Thus, ll/J;Cte)I is monotonically decreasing (not necessarily continuously )

while e decreases from 1 to 0. It follows that

I::~ 1 cos(f ;Cte))

> 0 for all

te

between the two points. This contradicts the construction for g*.
Let g* denote the minimum of¢. Consider the cost UEdefined analogously to

4.3 Cost Functions
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the construction in Eq.4.27. One can see that UE(q) is continuous as a function of
E.

For

E

> 0 then qc(g*)

= 0 = dUE(q*)

and since Uc is convex, this point must

be the unique global minimum of VE. Taking the limit as

E --"7

0 completes the

•

proof.

Reniark 4.4: The entire argument undertaken in Section 4.2 may be extended
to the potential function and the cost function

U(f)

c/>(f)
where

fo

-

L: =1 l(f - fo) - fd,
1

- iqg - qgol

(4.31)

2

is a pre-specified offset in the desired minimum of the potential U and

qgo is a pre-specified landmark feature vector in the image space. The offset does
not change the convexity properties of the function U(f) and the explicit analysis
of qg is undertaken by treating the con1ponent qgo as a far field q~v term in the
analysis provided in Lemmas 4.2 and 4.3.

4.3 .2

•

Kinematics of Weighted Landmark Vector

The functions defined in the ALV model are inherited in the WLV model. Assuming that the landmark weights are set to the j ,11 set a i = ai,j(t), following function s
are adapted from the WLV model:
n

U(f)

=

L a il fi - f l

(4 .32)

i= 1

and
(4.33)
Simple calculation gave the following properties for the kinematics deriva-
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tions of average landmark vector in the ALV model

:t U(f)

= -qg T Vg = -lqgl2 ,

J//J(<;)

= -2qg T Qvg = -2qgT Qqg.

(4.34)

Lemma 4.2 and Lemma 4.3 are also valid in the WLV model without modification. Using the time-varying weight strategy of the WLV model, the convergence of trajectories under the control law vg

= qg

is insured. Since the ALV

and the WLV models have similar characteristics and properties, analysis on the
ALV model are fully applicable to the WLV model. The transformation is quite
straightforward without any complicated computation so that they are omitted in
this section.

4.4

Holonomic Control Design

This section considers designing a bearing-only controller for the holonomic kinematic system model (Eq. 4.2). Firstly the properties of the controller in general
terms are discussed, then a formal proof of existence and convergence of the
closed-loop solutions is given. The approach used in the control design is developed from the method first proposed in [Lambrinos et al. , 2000] and developed in
parallel by [Hamel and Mahony, 2000] and [Hamel and Mahony, 2002] for visual
control of flying robots. It has been used more recently by [Usher et al., 2002a]
and [Usher et al., 2002b]
The control law proposed here is

(4.35)
w

= -0.
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Note that the attitude kinematics of the system are fully decoupled from the linear
velocity and may be stabilised using a simple linear controller. In the following
analysis the dynamics of this holonomic unicycle system are neglected and the
analysis concentrates on the linear system kinematics. The body-fixed frame representation of the linear control law is

(4.36)

This control design has two important properties: first, it is computed from observed data without any pose estimate required; second, it leads to monotonic
decrease of the potential U(f) and the cost function ¢(f) proved by Eq. 4.34. This
control design was used separately by Moller ([Moller, 2000]) and Hamel et al.
([Hamel and Mahony, 2000]) to show convergence to the optimum of the potential function U; but none of them considered its effect on the cost function ¢(f).
A novel aspect of this control design is that the landmark configuration can
be deliberately chosen such that the minimum of the cost functions occurs at a
landmark location. Due to the nature of the level set of ¢ it is expected that the
closed-loop system trajectory will first descend into the trough of the cost function
and then run along the bottom of the trough to converge to the minimum. In the
limit, at the optimum point the singular nature of the cost function ¢ suggests that
the solution will be forced into the unique limiting direction of the minimum trajectory of the trough. Fig. 4.9 shows a simulation of the value of the cost function
¢ at the minimum point at a landmark. Simulation results show that this control

design can converge a holonomic unicycle mobile robot to the minimum from a
range of initial conditions. Fig. 4.10 shows simulated closed-loop trajectories of
the system which demonstrate this behaviour.
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Figure 4.9: Mesh plot of the cost function ¢ in the case where the global
minimum is located at a landmark.
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Figure 4.10: Simulation of closed-loop trajectories of holonomic control
law Eq. 4.36 using the ALY model. The curves are the simulated trajectories
starting from positions around the landmarks. It is shown that given v =
q, all the simulated trajectories converge to the local minimum of the cost
function . Distribution of q is shown in Fig. 4.3.
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Existence of Solutions

In order to prove a full convergence result it is necessary to show first the existence
of solutions to the proposed closed-loop control system. To deal with all points in
the workspace, the vector field qg has to be extended to landmarks using a limiting
argument. For a landmark gi define

if

lq;~Jfi)I

> 1;

if

lq;~Jfi)I

< 1.

(4.37)

This construction is consisient with the construction undertaken in the proof of
Lemma 4.3 at the minimum point. Note that the vector field obtained in this
manner is not continuous at landmarks.

Lemma 4.5: Suppose that there are n, (n > 3) landmarks. Let g* denote the
global minimum of ¢(f) (c.f. Lemma 4.2). Let f(t) denote the solution to

(4.38)

where qg is given by Equation 4.10 and 4.37. For any initial condition fo
1. The solution f(t) exists Vt > 0 and f(t)

E

E

R2 :

<Jl.

2. The solution f(t) is asymptotically stable to(*; i.e., f(t)

~

g* as t

~ oo.

3. If g* is not a landmark, the solution ((t) is locally exponentially stable to f *;
i.e.

3o, cr,p > 0, V(o

E

l((t) -

<Jl, Ito - f *I < 0,

f *I < pe-ta-_
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Proof·

In Lemma 4.2 it was shown that, for any point external to 1{ =

1{ [{fd], qg always points to the interior of <Jf. Since the region 1{ is convex and

the landmarks are placed on the boundary of <Jf, the solution f(t) can not exit
1{ while it remains well defined. Moreover, 1{ contains no singular points. The

vector field qg(f) is smooth at all points other than landmarks in R 2 . Classical
local existence and uniqueness that result from Ordinary Differential Equations
(ODE) ensure that g(t) exists and is absolutely continuous at all points other than
the finite set of landmarks {fd. It remains to show that the closed-loop solution
can be extended uniquely through such points.
Consider a solution of Eq. 4.2 with Eq. 4.36 for a point approaching a landmark gi. In the close vicinity of the landmark the landmark feature vector qg may
be written as
cos(!/J)
(4.39)
sin( !/J)
where q~v (g) = 'IZ=l.k-:t-i Pgi and !/I is the angle between the line which connects the
test point g and the landmark gi, and the x-axis of (g). The contribution from the
remaining landmarks q~v (g)

~

q~v(gJ is effectively constant in the close neigh-

bourhood of g. Consider any solution of Eq. 4.2 with Eq. 4.36 that converges to
gi in finite time. Let t0 denote the time such that lim,_,0 f(t)

cos(!/J)
sin(!/J)

qg
=

As a consequence, in the limit as g

jq:J = jq:J

~

l [ cos(!/J)
+ jq:J sin(\if)

l
·

gi

( lim lqg(f (t))I - 1)
[

,- ,a

q~v

= f i• Then

cos(!/J)
sin(!/J)

l

=

q;".

(4.40)
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Eq. 4.40 has a solution if, and only if,

(4.41)

and
(4.42)
It is easily verified that the above two equations do indeed admit a solution
corresponding to the case where f(t) approaches gi in the direction q~v(gi). If

iq~v(fJI > 1 then this is the only solution f(t) that approaches fi in forward time.
In reverse time, the same analysis can be applied and yields an analogous result for solutions departing from gi in the direction q~v. Consequently, the flow
associated with Eq. 4.2 along with Eq. 4.36 can be uniquely extended through
a landmark fi by coupling the forward and backward solutions together. At a
non-local minimum, the magnitude of q(f) along the extended flow contains a
discontinuous jump between Jqgl
and finally to Jqgl

= lq~vl -

= lq~vl + 1 (approaching fi)

to

qg = lq~vl (at fi)

1 (departing from fJ. The velocity direction of the

solution is consistent throughout the discontinuous jumps and the solution is well
defined and unique. At a local minimum the velocity at the landmark is qg(fi)

=0

so no exiting solution needs be considered. This completes the proof of Part 1.

Consider the following Lyapunov function

(4.43)

Recall the construction from the proof of Lemma 4.3 concerning the line fe between a test point g and the minimum g*. Differentiating E(f) in the direction
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Vg = qg(g) at a point te yields
11

DE(g) =

Cte -

g*)T qg(g) =

elt -

t *I

,L cos(if;Jte)) .
i= 1

But it was shown that

I::

1 cos(if;Jtz))

< 0 is strictly negative and consequently

DE(t) < 0. Applying Lyapunov 's direct method completes the proof to Part 2.
Part 3 follows directly from Part 4 of Lemma 4.2 and the nature of the control

•

law.

4.5

Implementation Results

In this section, simulation and experimental results of employing the proposed

holonomic biomimetic visual navigation models in mobile robot controllers are
presented. The landmark geometry used in simulations and experiments was
shown in Fig. 4.10. The unicycle mobile robot is navigated by the kinematic
velocity control law

4.5.1

g = qg(g).

Simulations and Experiments Using the ALY Model

Several initial positions were simulated using MATLAB software. Results are
hown in Fig. 4.11.

ote that the level sets of the cost¢

= lq2 1are shown on the

plot. For all initial conditions the ideal solution converges to the docking station
from the desired direction.
The following imulation and experiment using the holonomic control deign were conducted on the

omad XR4000.

Since the paths generated are

mooth. the robot i able to follow the required velocity ~ ector without any problem. The experiment procedure was a follow :
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The Nomad XR4000 mobile robot was manually moved to a starting position
in the workspace with a random orientation. By extracting the bearing information to the surrounding landmarks, it homed to a position immediately in front of
the central landmark where the cost function was minimum. During the experiment, the odometers inside the Nomad XR4000 accurately recorded position and
orientation information. The panoramic images were saved. For the safety reason
in docking, the mobile robot was programmed to stop before it touches the apex
landmark (this landmark was close to a power supply station).
Results of a typical experiment are shown in Fig. 4.12. The exponential convergence of the closed-loop system is clearly shown in the response in magnitude
of lql (control value). The orientation of the mobile robot was approaching towards zero. The final convergence of the bearing of q is sensitive to the noise
due to the small magnitude of lql which has the potential to cause difficulty in
the practical convergence of the system. However, no such difficulty was ever
encountered in the experiments undertaken. As supposed, the angles between
bearings of landmarks stably converged to 120° at the target landmark. It could
be noticed that oscillation happened when the robot converging to the final position . In my opinion, the oscillation was caused by the noise in landmark detection.
Another possible reason was that the landmarks used in the experiments were in
an early stage of design. When the robot was approaching towards to the apex
landmark, the shape of the landmarks detected by the robot may change. All the
above parameters may negatively influence the accuracy of the detection. After a
lot of modifications and improvements were conducted to the landmarks, this sort
of oscillation disappeared in later experiments.
The results of a total of 21 experiments are shown in Fig. 4.13. Starting points
in these experiments were spread over the whole workspace. All of the trajecto-
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Figure 4.11: Simulation results using the same configuration of landmarks
as for indoor experiments. Holonomic control law v = q is used in the
simulations. Note that there are two trajectories near the docking station.
The starting points from the right side of these two (red) trajectories will
encounter problems because they are too close to the apex landmark. As a
result, there exists possibility of crashing as well as their final orientation
will not in the acceptable range due to robot physical limitation. Landmarks
are denoted by red circles. 'Successful Docking Zone' indicates only the
free space available for the robot in the lab limited by the surrounding furniture and equipment.

ries successfully converged to positions within the acceptable orientation range. It
can be seen that a trajectory altered significantly when close to the final position.
This was caused by the robot's inability to identify the landmark for a moment.
However once it correctly identified it, the robot converged back on track. Figure 4.14 shows the distribution of the final resting positions and orientation of the
mobile robot. The final positions fell into a small area equivalent to a rectangle
12mm x 20mm, while the orientation ranged from -13.9,..., + 10 degrees which is
acceptable for the homing of a mobile robot.
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Figure 4.12: The results of a holonomic unicycle experiment. The top figure
shows the orientation of the Nomad XR4000 during the experiment. The
middle figure shows values of the averaged landmark vector exponentially
converging to zero under the holonomic control law v = q. The bottom
figure depicts the angles between the bearings of landmarks are smoothly
converging to 120°.

4.5.2

Simulations and Experiments Using the WLV Model

Considering the properties of the image feature vector in the WLV model are
exactly the same as in the ALV model, exactly the same holonomic control design
inherited from Section 4.4 using the WLV model is applicable to the unicycle
mobile robot without modification. Rewrite Eq. 4.36

(4.44)

For implementation, the weighted landmark vector q is computed for each iteration and is applied directly in vehicle control. Note that it is not necessary to use a
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position can be determined from the shape of the simulated level sets.
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compass to convert to the global frame. If weights ai(t) are given to a fixed value,
the WLV model functions similar to the ALV model.
As mentioned above, the modification of holonomic unicycle visual control
from the ALV model to the WLV model was quite straightforward. As proposed
in Sec. 4.2.3, a weight-switching strategy, which had an initial set of weights
drawing the robot to the centre of the room and the second set was used for
docking, was used in simulations and experiments using the WLV model. Given
Lemma 4.2 to Lemma 4.5, trajectories were convergent for each phase of this
two-phase strategy. During weight-switching, the weights were varied in a continuous manner to achieve smooth trajectories which were easier for the robot to
follow. It was also intuitively clear that, for trajectories well away from landmarks and for relatively short switching times, the resultant trajectories would be
well-behaved.
Figure 4.15 (a) and (b) show the effect of using constant (but unequal) weights.
Notice that the shapes of the convergence zones are different when using different
sets of weights. By selecting weights, the mobile robot is driven to converge to
any location within the convex hull of the landmarks. The requirement of weight
selection is to make sure that the cost function is zero at the desired location. The
asterisks (*) in the figure denote the starting points of the trajectories. Landmark
3 on the right side is also the location of the desired final docking position for the
mobile robot. In Fig. 4.15 (a), under the constant weight control law, trajectories
converged to a central zone of the convex hull, not close to any landmark. Figure 4.15 (b) shows that, under another set of weights, trajectories converged to
an area much closer to landmark 3. Most trajectories converge within a narrower
orientation range, suitable for docking. Those trajectories coming from behind
landmark 3 (the two rightmost starting points) tum too sharply potentially caus-
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Figure 4.15: Simulations of trajectories using constant weights (the_level
sets of the cost function are also shown). (a): Simulated trajectories when
using constant weight set of a 1 = 0.7, a 2 = 0.7 and a3 = 0.4. (b): Simulated
trajectories when using a 1 = 1, a 2 = 1 and a 3 = 1.25. The asterisks ( *)
denote the starting points of the trajectories. The simulations use the same
landmark configuration as that of the actual indoor experiments.
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Figure 4.16: Simulation sample of the WLV model and weight-switching
strategy. The sets of weights used are the same as for Fig. 4.15 (a) and
(b), namely initial set: [a-1 ,1 = 0.7, a-2,1 = 0.7, a-3 ,1 = 0.4] and final set:
[a-1 ,2 = 1, a-2,2 = 1, a-3 ,2 = 1.25]. The blue asterisks denote the starting
positions.

ing problems in controlling the final orientation since the robot may not be able
to tum so sharply. This difficulty has been the motivation for using time-varying
weights and a strategy of first navigating the robot towards the centre of the room,
then performing docking.
The simulation results using the WLV model and the proposed time-varying
weight switching strategy are provided in Fig. 4.16. Trajectories using switching
weights were much smoother and more trackable for the mobile robot and the
range of converging orientation of trajectories was also much smaller than that
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Figure 4.17: Experimental results showing the trajectories for 20 executions
of the two-phase approach to docking, from different starting poses. Note
how the robot is pulled to the centre of the room initially and then switches
to the docking phase. The red asterisks denote the starting positions, while
blue curves are the trajectories.

shown in Fig. 4.11. Theoretical analysis and simulation results proved that the
\\FLV model and the time-varying weight switching strategy were important in

solving mobile robot visual homing problems.
Figure 4.17 shows the experimental results for the proposed weighted landmark vector model. The same weights used for the simulations were used for the
real experiments:
initial set:
[0:' 1, 1

= 0.7, 0:'2, 1 = 0.7, 0:'3, 1 = 0.4],
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and final set:
[a1,2

= 1, a2,2 = 1, a3 ,2 = 1.25].

The switching threshold used was
used was

Tswitch

=

qthresh

=

0.06 and the switching period

l0s. The experimental results again demonstrate the initial

convergence to a central zone, followed by successful docking. Note that the
simulated trajectories of Fig. 4.16 are in close agreement with actual trajectories
followed in the experiments (Fig. 4.17).
Fig. 4.18 shows a view of the final poses and orientations that the robot
achieved. The standard deviation in the final poses of the robot is 0.22cm in
the global x direction, 0.65cm in they direction and 2.6° in orientation. The deviation in the x direction is slightly less, and the deviation in orientation is significantly less than in the constant weight experimental results. (x standard deviation

0.38cm and the orientation standard deviation 6.4 °, Fig. 4.14 ). The improved
docking accuracy can be explained by better starting positions for the final docking phase. The experimental results of one of those 20 experiments are presented
in Fig. 4.19. Between 150s and 170s was the switching period.
In summary, both the simulated trajectories and experimental results demonstrate the effectiveness of the proposed weight-switching method in achieving
high accuracy docking from a wide range of initial conditions. The experimental
results are particularly impressive given that a low-cost panoramic camera is used
as the sensor.

4.6

Discussion

This chapter describes two visual navigation models and a novel visual navigation method for holonomic unicycle-like vehicles using bearing-only information.
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Figure 4.18: Final pose and orientation distribution for the trajectories
shown in Fig. 4.17. Note that the method achieves high accuracy in positioning as well as high orientation accuracy, which are both important for
docking.

Based on recent research on biomimetic visual homing of insects, two visionbased navigation models are proposed: one is the adapted ALY model and the
other the WLV model.
In both models , only angular (bearing) information of visual landrnarks is
used in visual homing control. The main advantage of the WLV model over an
ALV-like model is that the minimum point of the norm of the landmark feature
vector can be freely assigned by varying landmark weights, and consequently, the
shape of convergence trajectories made much smoother with less 'noise '. Difficult sharp turns near the central landmark (docking station) can be avoided by
using two sets of weights making the path-following easier for both holonomic

4.6 Discussion
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Figure 4.19: Experimental data for a WLV experiment. From the top to the
bottom are the orientation, the value of Jql and landmark bearings, respectively.

and non-holonomic mobile robots (which will be discussed in the following chapter). Furthermore, both models are computationally cheap and robust to calibration errors. Analyses for these models confirmed the possibility of designing an
effective and robust control method for visual navigation of mobile robots.
The controller discussed here is for motion control of a holonomic unicycle
mobile robot. Stable convergence to a unique global minimum using this controller was demonstrated in experiments. Because there is no need for re-planning
when sensory information changes, docking is simplified comparing with other
approaches which plan a path then follow it. This control was applied on the
Nomad XR4000 mobile roboL and experimental results proved its effectiveness.
Comparison between the ALV model and the WLV model reveals that both of
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them are suitable for the holonomic unicycle mobile robot control design, but the
WLV model gives more freedom to designers. Results of indoor experiments are
presented as proof of the controller's successful performance.
An interesting aspect of biomimetic robotics is that it permits testing of hypotheses about biological navigation systems which are impractical to test in other
ways. One such hypothesis, arising from this work, is the theory that biological systems may use a similar scheme of time-varying weights for navigation
over long distances where a single set of landmarks is not suitable. When navigating over long distance or large range, multiple sets of landmarks are necessary due to range limitations on sensors (usually visual resolution limits). It
appears that bees rely on sequential sets of landmarks for long-distance navigation [Menzel et al., 1996]. Given the similarities between the ALV model and the
observed behaviours of bees, it is possible that bees use a method similar to the
WLV model proposed here for switching between sets of landmarks. Although
experiments to prove or disprove this hypothesis with any degree of confidence
are not likely to be feasible in the short-term, the simplicity of the weighted landmark vector model is appealing.

CHAPTERS

Non-holonomic Control Design
Biologically-inspired visual navigation ALV and WLV models behaved very well
in controlling the holonomic unicycle. In this chapter, the application of these
models are expanded to non-holonomic unicycle mobile robots. Non-holonomic
mobile robots are in general use nowadays. Non-holonomic control discussed
here employs solely bearing information of landmarks for visual homing. Detailed analyses and simulation results are presented. In actual indoor experiments,
landmarks are identified using the panoramic camera mounted on the Nomad
XR4000 mobile robot.

5 .1

Introduction

Most modem mobile robots are wheeled vehicles which are subject to the nonholonomic constraints inherited from the 'rolling-but-not-sliding' property of
wheels. These non-holonomic constraints place limitations on velocities that
Wheeled Mobile Robots (WMRs) can achieve. Smooth, time-invariant, statefeedback static control methods have been proved unable to stabilise a nonholonomic system [Brockett, 1983] and [Campion et al., 1991]. Alternatively,
other methods like time-varying, discontinuous, or dynamic state feedback control algorithms have been used to bypass this difficulty.
119
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In Chapter 4, a biological-based visual navigation control design was pro-

posed for holonomic unicycles. Experimental results confirmed the effectiveness
and elegance of the ALV and WLV model in visual homing navigation. In this
chapter, the discussion is expanded to the control of non-holonomic unicycles.
The task is the same: to dock a unicycle at a docking station (landmark) using
visual cues. Since the docking station itself is located at the landmark, the problem of designing docking control using bearing-only strategies can not avoid a
discontinuity in control at the equilibrium point. To my knowledge, this situation
has not been dealt with in detail.
Most existing navigation and control systems rely on the use of expensive
and bulky laser scanners. In my work, a cheap panoramic camera is used to
provide bearing inputs for observed landmarks to an image-based, discontinuous ,
stabilising control for a non-holonomic robot system. A full Lyapunov stability
analysis of the closed-loop system is provided. It will be shown that the resulting
closed-loop trajectory of the vehicle approaches the central landmark (docking
station) from the desired direction and slows to a stop smo<?thly. The control
algorithm has been implemented on the ANU Nomad XR4000 mobile robot. Full
experimental results are provided for a wide range of initial conditions. These
results demonstrate that the stabilisation error is well within the precision of the
sensors. The control system demonstrates acceptable performance for the docking
task using elegant and highly robust sensor technology.
In Section 5.2 the kinematic model for a unicycle-like vehicle is di cus ed.

The vi ual navigation approach for the non-holonomic mobile robot follow s as
Section 5.3, and Section 5.4 present the result of simulations and indoor experiments. A short discu sion , Section 5.5 , ends this chapter.

5.2 System Model

5.2
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The kinematic model for the unicycle mobile robot dynamics considered throughout this chapter is a non-holonomic unicycle model. The model was depicted by
Eq. 4.1 in Chapter 4.

The linear velocity of the vehicle in the global frame is denoted v g

= (x, y)T

which leads to

f

=

Vg

(5.1)

0=w
where v g

E

R 2 is considered to be an arbitrary velocity input. In the sequel a

bearing-only control design for the non-holonomic system is proposed

Vg

= u[

cos(B)] ·
sin(0)

(5.2)

It is assumed that the sensor information available to the mobile platform consists
solely of bearing angles of landmarks measured relative to the robot's body-fixed
frame reference. Using the ALV model, two cost functions are defined:
11

U(f)

-

I

lfi -

fl;

(5.3)

i=l

¢(f)

(5.4)

A control design for non-holonomic unicycle robots is discussed here after using
the landmark feature vector qg and the cost functions.
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Non-holonomic Control Design and Analysis

For the non-holonomic model considered in this chapter, its non-holonomic constraint on velocities can be expressed as

i sin(0) - y cos(0)

= 0.

(5.5)

The velocity is aligned with the x-axis of the body-fixed frame at all times. In
order to follow the closed-loop trajectory of the holonomic control Eq. 4.36, the
unicycle should be steered such that it is correctly oriented at all points along
the trajectory to insure that closed-loop trajectories can be correctly tracked. The
configuration of landmarks is chosen in such a way that the minimum of the
cost function is located at the desired position, and the direction of the minimum
cost trajectory leading to the optimum determines the desired pose for docking
(homing) manoeuvres. In practice, it is hard to exactly implement the control vg =
q(g) on a non-holonomic unicycle robot. However, as long as the angle between

qg and vg is less than

JT /2

rad it is still possible to reduce the cost V(t) by moving

forward in the direction vg. This insight is used to develop an asymptotically
stabilising control design for the full non-holonomic unicycle model.
It is necessary to define an error related to it, which is termed the tracking
error

(5.6)
Consequently, the angle between qg and vg is denoted by

(5.7)
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where vg and CJ.g are normalised vg and qg, respectively:

The magnitude of the velocity v g

qg

--

Vg

--

qg .

(5.8)

lqgl'
Va

(5.9)

0

lvgl-

= u is given by the forward velocity of the robot.

One approach to the control design is to assign u = lqgl and then apply control to
force the direction of vg to converge to the direction of qg sufficiently fast. The
normalised tracking error vector

~

would then be written as

(5.10)

where u

= lvgl- The geometric derivation of the tracking error vectors are depicted

in Fig. 5.1. For u

= lqgl

then

Etrack

= lqgl~-

The normalised tracking error is of

interest as it is closely linked to the tracking angle error y

= L(vg, qg),

One has

(5.11)

An error function for the tracking angle error is given by (1-cos(y)) = (1-(q, v)).
It is easily verified that 1~1 2 = 2(1 - cos(y)). To approximately recover the scaling
properties of the true tracking error one considers

(5.12)

A natural candidate Lyapunov function for the stabilisation of the non-holonomic
system is
(5.13)
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Cnit Circle

Etrack

Vg

Figure 5 .1: Geometry definitions of y and 1:1. Both q8 and v8 are unit vectors. The tracking angle error y is the normalised tracking error measured
from the x-axis of the body-fixed frame (b) to the vector q along the anticlockwise direction. For positive y and u = 0 positive angular velocity
control w > 0 acts to decrease y.

However, it is found that to directly work with this error function is too difficult.
This motivated the idea of designing the control Lyapunov function (Eq. 5 .18)
proposed in the following Theorem 5.1.
The following notation is proposed and will be used through the rest of this
chapter:
t = tan(y /2).

(5.14)

Using straightforward calculation, the following relations can be verified:

sin(y / 2)

--

cos(y)

--

sin(y)

--

t
✓ 1 + t2 '
1 - t2
1 + t2 '
2t
1 + t2 .

(5.15)
(5.16)
(5.17)

5.3 Non-holonomic Control Design and Analysis

125

Theorem 5.1: Assume that there are a set of n (n > 3) linearly independent
landmarks

gi (i = 1, ... , n) in (g).

Define a Lyapunov function

(5.18)

where qg is given by Eq. 4.10 along with the extension Eq. 4.37 and y is given by
Eq. 5.7. Let B > 0 and k > l be constants. Define
4t2 n + lqglr
b:=---,

lqglr

B

C

= k

(5.19)

with
1 - bt2
a= l + 12 '

2t

/3

= 1 + t2 .

(5.20)

Assume that there are two control saturation constraints
1 2 1
1
2
2
lul + klwl < Blqgl ,
2
2
2

(5.21)

u > 0.

(5.22)

The proposed control law is given by

u=
u

calql
✓ka2 +f32 '

u

= 0,

w

=

w
w

for a> O;
(5 .23)
for a< O;

cf31q 8 1

✓ka2 +132 '

= sgn(B)clql ,

for a> O;
(5.24)
for a< 0.

Then

1. The proposed control inputs satisfy the two control saturation constraints at
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all times.

2. Solutions of the closed-loop system exist for all times.
3. The solution of the closed-loop system is C 1 except possibly at
(a) landmarks {gd, or,
(b) at points where a

= 0.

4. If a(t0 ) > 0 for some t0 then a(t) > 0 for all t > t0 and g(t)

-:f:.

5. Closed-loop solutions converge to the global minimum ((t)

~

function as t

~ oo

( *.

g* of the cost

and the tracking angle error converges to zero y

6. If the global minimum g* =

~

0 as

gi then there is a limiting pose((*, 0*) defined

by requirement that

or equivalently

q~~i

1
In this case the pose (((t), 0(t))

=

0

1
~

((*, 0*) as t

~ oo

for almost all initial

conditions.
Proof· Part 1 is proved by deriving the control law Eq. 5.23 and Eq. 5.24 as

the solution of a constrained optimisation problem based on an approximatio n of
the time derivative of the Lyapunov function Eq. 5.18. Taking the time derivative
of Eq. 5.18, it is easy to verify that

(5.25)
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The two terms involving the unknown velocity Jacobian Q (Eq. 4.8) are the most
difficult to deal with. Substituting for the relation vg = C/.g - L\ one has

=

U

(-q_f Qq_g + L\

T

QL\) .

(5.26)

Rewrite Eq. 5.25 as

(5.27)

where A was defined in Eq. 4.8. The first term in this expression -uqf Qqg is
safely negative since Q > 0 and the control design considered ensures that u(t) >
0. However, due to the complexity of the unknown matrix Q(f) it is difficult to
use this term in bounding the remaining terms in the above equation. Instead,
L\ r QL\ is bounded utilising the information r(t) and designing a control to render
the remainder of the expression negative definite. It is known that

2t

IL'.\I = 2 sin(y/2) = -,,__-~-=✓ 1 + t2 .

(5.28)

Using the definition of Q (Eq. 4.8), one has

_ f, (IL'.\1 2
L.J
i=l

r·l

_

(L'.\, Pgi>2 ) <
r·l

4nt2

.

r(l + t2 )

Hence, along with the observation that cos(y) = (qg, vg) and sin(y) = (qg,Avg),
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Eq. 5.27 can be rewritten as
2

l

2

.
[ (
4nt
1_ t )
2t
L < -uq; Qijg + u r(l + t2)1qgl - 1 + t2 - w 1 + t2 lqgl

= -uq~ Qqg -

(ua + w/3)

lqgl

(5.29)
(5.30)

where a, f3 and the expressions are defined in the theorem statement Eq. 5.20,
respectively. It remains to choose the control (u, w) to minimise L subject to the
constraint of Eq. 5.21 and the requirement that u > 0. Ignoring the first term in
Eq. 5.30 the control is optimised to minimise the remaining two terms. These are
linear in the control parameters, and it is clear that, either the optimum will occur
at the boundary of the magnitude constraint Eq. 5.21 (if u > 0 at this solution), or
the optimum will occur at the boundary of both the control constraint u > 0 and
the magnitude constraint. The second case is easily resolved once the first case is
solved. Define

g(u, w)

-

T(u, w, A)

-

1
2

2

1

2

1ul + klwl 2

1
2
Blqgl ,
2

ua + w/3 + Ag(u, w)

(5.31)
(5.32)

where g(u, w) is the saturation constraint and T(u, w, A) is a Lagrangian with A the
Lagrange multiplier. Taking the partial derivative of T and evaluating the gradient
of T and setting it equal to zero yields
fJT

av
8T
ow
8T
oA

--

a+ A1v + A2

--

/3 + A1kw

--

1

2

2

1

= 0,

= 0,
2

lul + kiwi 2

(5.33)
(5.34)

1
2
B lqgl
2

= O.

(5.35)
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The solution to this equation is given by

Bciklqgl 2
u = ---ka2 + 132
2

The positive square root for a > 0 is chosen to maximise T, yielding

(5.36)

This solution is only valid for a > 0 since once a < 0 the constraint u > 0 will be
imposed. Deriving the relation for w in the case a > 0, one has

(5.37)

Finally, when a < 0 then the constraint Eq. 5.21 will be still satisfied. However,
all the magnitude of the control will rest in the value of w. Thus, for the case

a< 0 one has

u -

0,

w -

sgn(j3)Jqgl

(5.38)

{'f

(5.39)

From the above derivation, one can conclude that Part 1 of the theorem statement
holds.
To prove Part 2 to Part 4 two cases should be considered:

CASE I: The closed-loop solution does not pass through any landmarks gi· In this
case, local uniqueness and existence of the solutions of the closed-loop system is
given by classical ODE theory. It is straightforward to verify that the control
inputs u and ware bounded outside of a compact set including the landmarks and
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the minimal point. This prevents finite escape time behaviour and proves Part 2.
Part 3 follows from the smooth dependence of the control on the state excluding
points

g = gi or where u = 0.

Note that if the initial conditions of the system are chosen such that a < 0 the
initial response of the control system involves applying u

= 0,

w

= sgn(B)clqgl-

Part 4 claims that once this initial correction is achieved the subsequent trajectory
is a continuous path with non-zero forward velocity, at least until the trajectory
converges tog* (which may happen in finite time). Part 4 is proved by contradiction. Assume that there exists a first time t 1 > t0 such that a(t 1) = 0. Since the
trajectory is C 1 the first derivative of a(t) at t 1 must be non-positive (a(t 1) < 0).
However, u(t 1)

= 0 and solving for a(t 1) = 0 shows that

The control w is non-zero and is actively decreasing y. It is clear that either
q(t 1) =

g* or a(t 1)

> 0. This completes the proof of Part 4 for CASE I. Along

solutions of the closed-loop system where u(t) > 0, an important consequence of
the above argument is

bt2

< l.

Straightforw ard calculations yield

t2

< 1'

-

and

t4 < lqglr.
-

4n

(5.40)

The first relationship is a simple bound y < 90° which is a natural consequence
of the nature of the controller. The second relation shows that, in the limit as
approaches towards zero, the angle tracking error converges to zero as y

~

lql r
0.
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Note that the ratio y/(lqlr) is not necessarily bounded as lqlr
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~

0. This property

(Eq. 5.40) allows us to address CASE II.

CASE II: To prove Parts 2 to 4 for the case where the closed-loop system passes
through a landmark it is sufficient to extend the solution in a continuous fashion
through such points. This follows from the observation that as

y

~

0. Consequently, at the point f(t)

g(t)

~

f i then

= f i then vg = Bqg and the solution may be

naturally extended through the singularity in the same manner as discussed in the
proof of Lemma 4.5. Note that if the optimum g* =

qi is a landmark then q(fJ

= 0

(Eq. 4.37) and

u = w = 0.
Consequently, if the system displays finite time convergence then the solution will
rest at the equilibrium point after this time.
Parts 5 and 6 are proved using Lyapunov 's direct method. It must be shown
that the right-hand side of Eq. 5.25 is strictly negative definite. Substituting the
controller Eq. 5.23 and 5.24 into Eq. 5.30 yields

L

<
<

-uq; Qqg2

-clqgl

clqgl ✓ka 2 + /3 2
2

✓k(bt 2

Cl

1) 2 + 4t2
+ 12)

-

(5.41 )
(5.42)

Consider the condition

✓k(bt 2 - 1) 2 + 4t2
_ r;::;.
- - - - -2 - - > vD
(1 + t )
-

(5.43)

for some positive constant D. For this to hold for all t2 > 0, one must have

k (bt2 - 1) 2 > D ( l + t2)2 - 4t2 .

(5.44)
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Substituting for X = t2 to solve the equations one can find that the condition
reduces to a comparison of two quadratics:

k(bX - 1) 2 > D

(x2 + (2 -

4/ D)X + 1).

(5.45)

Since the quadratic on the left-hand side is positive it is clear that for k and b
sufficiently large and D sufficiently small the condition will hold. The optimal
bound D can be obtained by requiring that the two sides are equal at a single
point. The optimal bound can be evaluated by collecting all terms of the same
power in X and then equating the discriminant of the resulting quadratic to zero.
That is to solve

(-2kb + 4 - 2D) 2

-

4(k - D)(kb 2

-

D)

= 0,

(5.46)

for D > 0. Hence, the solution is

D

= _4(_kb_-_l)_
k(b + 1)2 - 4

>

_l_qg_lr_
lqglr + t 2 n

(5.47)

In practice, Eq. 5.46 is too complicated to work with. A simple under-bound can
be obtained by observing that if the zero value of the left-hand side of Eq. 5.45
is greater than the right-hand side, and the dominant quadratic coefficient of the
left-hand side is greater than that of the right-hand side, and the gradients of both
curves at zero are equal, then the left-hand side will always be greater than the
right-hand side. These conditions reduce to D < k , D < kb 2 and
2
D=--(1 + kb)

(5.48)
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for the derivative condition. Since both b, k > l, the constraints can always be
solved for a valid D > 0.
Equation 5 .42 may now be written as

(5.49)

(k + l)nr + 4kn

where the relation t2 < 1 and the fact that

lqgl < n are used. Finally, one has

2
(k + l)nr + 4kn ·

(5.50)

Appealing to Lyapunov's direct method, and recalling that¢ has a unique minimum (cf. Lemma 4.3), proves that f(t)
either

q* = 0 or g* = fi and hence

error angle y

~

~

r(f*)

g*. At the global minimum g* one has

= 0.

The convergence of the tracking

0 follows from the earlier discussion following Eq. 5.40.

Part 6 of the theorem follows from the nature of the cost function, discussed
in Section 4.3, combined with the argument used in the discussion of CASE II for
the proofs of Part 2 - 4 discussed above. Since the global minimum is stable in
both directions +q;~i it is theoretically possible that a solution may converge to g*
in the reverse direction, with limiting pose (f*, 0* +n). The set of initial conditions
for which this occurs is a set of measure zero.

•

Theorem 5.1 provides a state stabilisation control analysis for the proposed
closed-loop system. Although the convergence obtained guarantees the full state
stabilisation of the robot in the case where f *

= gi, the system is not Lyapunov

stable. This is due to the discontinuity in the cost function at the optimal point; for
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example, if the robot slightly overshoots the desired pose, then the resulting state
will lead to a tracking angle error y

~

n. The closed-loop system will stop the

robot, rotate it until y < n /2 and then circle the global minimum before converging along the desired limiting trajectory again. Discontinuou s behaviour of this
nature is a natural consequence of the discontinuou s nature of the measuremen t
information used as the basis of the control design.
In the case where q(t*) = 0 it is possible to infer local convergence bounds
from Eq. 5.50. In the local neighbourho od of the optimum the cost function Vis
quadratic and contributes very little to the final convergence analysis. Similarly,
ignoring the attitude control over-bounds the Lyapunov function by

(5.51)

for sufficiently small

E

> 0. Recalling Eq. 5.50 and solving for the bound on

lqg(t)I yields a convergence

(5.52)

where c 1 > 0 and c 2 > 0 are suitable constants. Since the Hessian D: ¢(t) > 0
(cf. Lemma 4.2), it follows that

(5.53)

for some constants c 1, c 2 > 0. This analysis indicates that the convergence rate is
slower than exponential. This is not surprising when dealing with non-holonom ic
systems [Bloch et al., 1992].
If the global minimum lies at a landmark where

g* - gi, it is possible that

5.3 Non-holonomic Control Design and Analysis

lq(f)I

~

0. This occurs when

lq;~il < 1. In this case, the desired velocity
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qg is

always positive and for perfect tracking the holonomic controller will converge in
finite time. For the non-holonomic cqntroller the forward velocity is moderated
by the dependence of a on the variable b(t) , which in tum depends on r(t). In
practice, the velocity is limited by the evolution of Eq. 5 .40, which in turn guarantees the convergence of y

~

0. A natural tradeoff for a non-holonomic system

with input constraints is that the forward velocity is limited by the ability of the
steering velocity to correct for tracking errors. The complexity of this interaction
prevents a direct analysis of the local convergence rate in this case. However, it
is clearly at least as fast as the local convergence rate given above, although almost certainly it will not display finite time convergence and is unlikely to even
be exponentially convergent.
An aspect of the proof of Theorem 5 .1 of particular interest is the role played
by the term

JqgJ, The presence of this term is crucial in the Lyapunov function L

(Eq. 5.18) to bound the difficult terms in L (Eq. 5.26). It is interesting to note that
the lqgl term plays an important role in the local stability analysis discussed above,
and seems related in some sense to the fundamental convergence properties of
non-holonomic systems.
A weakness in Theorem 5 .1 is that the practical implementation of the proposed control laws Eq. 5.23 and 5.24 requires an estimate:

This information is not provided explicitly by the bearing-only measurements.
I was unable to avoid the dependence of the control design on this parameter,
and the key role that this estimate plays in the proof of Theorem 5 .1 means it
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is unlikely that such a fully independent control design could exist. In practice,
there are two approaches to dealing with this problem, and both rely on the fact
that the measuremen t of r is only crucial when r

~

0. The first approach is to

augment the robot sensor suite with an accurate short range sensor that provides
an estimate of r(f) during the final convergence manoeuvres. A physical whisker
or short range precision sonar unit are examples of such sensors.
The second approach is to provide a generic under-bound r0 to incorporate
into the control design. Then, for r > r0 the control analysis is valid, and it is possible to choose r0 based on the sensor limitations. All bearing-only sensors have a
limiting range for which the sensor is unable to reliably provide an estimate of the
landmark bearing when the robot approaches to within this range. The proposed
solution is to ignore the landmark bearing of a landmark when it approaches the
sensor limit. This provides a natural approximatio n of the theoretical behaviour
outlined in Theorem 5.1. For a non-minimal landmark the behaviour will approximately follow the extended trajectory that was discussed in CASE II of the proof
of Theorem 5 .1 while if the global minimum lies at a landmark, the approximate
extension

Jq~~il < 1 and the proposed control will stop the robot at this point. This

control design provides a practical stabilisation of the system.

5.4

Implementation

5.4.1

Experiments

In this section , the proposed non-holonom ic control design is experimented in
actual indoor experiments on the Nomad XR4000 mobile robot which has the
omni-directio nal motion control mechanism and is able to move under the non-

5.4 Implementation
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holonomic constraints. The panoramic camera discussed in Section 3.2.2 is used.
The configuration of the landmark constellation was kept the same as for the
holonomic experiments. Landmarks are extracted using the algorithm presented
in Section 3 .4.
The non-holonomic control law (Equation 5.23 and 5.24) were tested in a
set of 15 experiments. In each experiment, the mobile platform was released
from the starting position with a random orientation. The control algorithm was
programmed to stop the mobile platform if the error between its orientation and
that of the landmark feature vector was too large. That situation would result in a
turn on the spot until the error is decreased to within acceptable range. The mobile
platform would halt when the cost function falls below a given stopping threshold.
To choose the stopping threshold, a series tests were conducted. During these
tests, the value of the

!qi was recorded when it was too small to be performed by

the robot, or when the robot was almost still. By averaging the recorded data, the
stopping threshold was chosen.
Figure 5.2 shows that the robot is able to dock to the desired location using
proposed non-holonomic control design. These trajectories followed by the robot
show that it was tracking the landmark feature vector q smoothly. Figure 5 .3
shows the manually measured final positions and orientations of the robot in
the non-holonomic experiments. The standard deviation for position is (0.91cm,
0.91 cm) and that for orientation is 2.5 °. The final experimental results also confirm the validity of the sensitivity analysis of noise influence in landmark detection. The overall system performance was acceptable for the visual homing
(docking) task based on the elegant and highly robust sensor-based technology.
The non-holonomic experimental results show a nice position convergence as
well as a much better orientation convergence (2.5° standard deviation) than those
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Figure 5.2: Actual trajectories in experiments. The numbered asterisks are
starting positions.

for the holonomic experiments shown by Fig. 4.14 and Fig. 4.17. Part of the improvement may come from a much smaller value of the stopping threshold used
than that for the holonomic experiments. Also, modifications to the program code
and image detection algorithms may also help very much for the non-holonomic
experiments. More importantly, considering of the different characteristics between holonomic and nonholonom ic mobile robots, it is reasonable for me to
expect such a better docking convergence when the navigation control strategy is
well-designed. These results demonstrate that, using the ALY visual navigation
model and non-holonomic control design, the unicycle-like mobile platform can
be successfully docked to a desired location in a certain pose. Actually, the physical positioning capability of the mobile robot should be taken into consideration.

5.5 Discussion
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Although it was mentioned in Section 3.2.1 that the wheels could make millimetre level motions, it is not possible for the real robot to achieve this accuracy due
to the noise, friction and other practical parameters. This problem may be an
interesting problem to be dealt with in future.

5.5

Discussion

Non-holonomic control has been studied for a long time. However, it is still not
an easy matter to find a suitable control method for non-holonomic kinematic
systems. In this chapter a novel control design for non-holonomic unicycle-like
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vehicles was presented, using bearing-only information extracted from a set of
landmarks by the biomimetic visual navigation ALY model.
A complete analysis of the application of this control law is provided. It was
shown through mathematical modelling that this control law was highly applicable for docking problems as it provided stable convergence over a wide region
and the paths converged to the docking station with the correct orientation. The
proposed control laws are simpler to use in docking problems than approaches
which plan a path and then use a controller to follow the path, since there is no
need for re-planning when sensory information changes.
A series of experiments conducted on the Nomad XR4000 non-holonomic
mobile robot used the proposed control law. Stable performances were recorded
during these experiments proving that the proposed algorithm was highly suitable
for docking problems. The experimental results coincide very closely with the
simulation results in sensitivity analysis. All of the above achievements indicate
that the biologically oriented visual navigation models will have wider application
in future.

CHAPTER6

Control Design for Car-Like Vehicles
As the most ubiquitous class of mobile vehicles, car-like mobile robots are widely
used in both indoor and outdoor environments. In this chapter, the visual navigation problem for mobile robots with Ackerman steering, that is, car-like vehicles
with front wheel steering and back wheel drive, will be explored. Two IBVS control designs are presented using the Average Landmark Vector (ALV) navigation
model introduced earlier. These proposed controllers employ a panoramic camera
as the sole visual navigation sensor. Detailed discussion begins with a Lyapunovbased visual servo controller that provides for stable and accurate smooth convergence. Unfortunately, this control scheme is impractical for real-world applications. A discussion then follows of a switched hybrid non-holonomic visual
navigation controller that ensures stable and reliable docking manoeuvres.

6.1

Introduction

Wheeled Mobile Robots (WMRs) can be categorised by the nature of the driving
and steering mechanisms employed. The two most common models considered
within the research community are differential drive (e.g. tanks), and Ackerman
steering (e.g. car-like vehicles). Car-like Ackerman vehicles are the most common platform used in industrial applications since they provide a simple structure
141
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with excellent stability and high payload capacity. However, visual servo navigation control of car-like robots is comparatively complex and challenging due
to the limitations on steering angle and steering rate. Unlike differential drive
robots, car-like Ackerman vehicles can not turn on the spot to achieve sideways
motion. Instead, they achieve sideways motion via a series of forward and backward manoeuvres (see Fig. 6.1 ). An indication of the difficulty in controlling a
non-holonomic Ackerman vehicle is obtained by considering humans driving a
car. In everyday life we know 'parallel parking' is a task requiring considerable
experience and skill. Inexperienced drivers may require several attempts to park
- especially in unfamiliar situations.
The objective of this chapter is to develop IBVS navigation controllers for
docking Ackerman mobile robots using bearing-only information. Previous chapters (Chapter 4 and 5) discussed the controller designs for holonomic and nonholonomic unicycles using visual bearing information. Biologically oriented visual navigation models (i.e. the ALY and WLV model) were employed in these
designs and sound performance was achieved in real experiments. These developments encouraged me to expand the biomimetic navigation model and IB VS
navigation control design to car.,like vehicles.
Section 6.2 of this chapter presents the mobile robot kinematic model and
briefly describes the ALY model used in the following designs. In Section 6.3 ,
Section 6.3.1 covers the detailed design and theoretical analysis of the IBVS
navigation controller while the simulation procedure used is presented in Section 6.3.2. Section 6.4 discusses a switched hybrid controller where an extra
distance information is considered as a temporary strategy in developing an Ackerman visual navigator. Conclusions are contained in Section 6.5.

6.2 System Description
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Initial Pose

Destination Pose

Figure 6.1: A car-like non-holonomic mobile robot can not move sideways
directly. A solution to 'parallel-parking' -like problems is using a number of
forward and backward movements to achieve the destination pose.

6.2

System Description

The kinematic model considered throughout this chapter is a non-holonomic carlike mobile robot with Ackerman steering (Figure 6.2). Let (g) denote the global
frame and t(t)

= (x, y)T

the reference point of the Ackerman vehicle in (g) (the

mid point of the rear axle). The orientation of the Ackerman vehicle, 0, is given
by the angle between the vehicle direction and the x-axis of (g).
The car-like mobile robot is controlled by the front wheel steering angle and
the velocity of the rear wheels. Using these two inputs, the kinematic equations
of Ackerman mobile robots can be written as follows:
i

= cos(0)u

y = sin(0)u
·

0

=w =

tan(cp)
l

=

S

tan( 1~)
_-r_u
l

(6.1)
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y
I

I

(g)

X

Figure 6.2: The model of an Ackerman mobile robot. In the global frame
<g), the pose of an Ackerman mobile robot is denoted by (t, 0)T where g
refers to the mid point of the rear axle. l is the wheel base of the robot (i.e.
the distance between the reference point and axle of front wheels). cp is the
front wheel steering angle relative to the orientation of the robot.

where u and w are the linear and angular velocities of the vehicle, respectively,
and cp is the steering angle of the front wheels. The pose of the robot is denoted
by the vector (g, 0)T and l represents its wheel base.

g, the position of the robot,

is taken as the mid point of the rear axle. This kinematic model can be written in
matrix form:
cos(0) 0

X

y

0

=u

sin(0)

0

0

1

[:l·

(6.2)

For Ackerman mobile robots, the above equations satisfy a pair of nonholonomic constraints imposed by the rolling-but-not-slipping nature of the
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wheeled robots described by:

sin(0 + <.p)i - cos(0 + <.p) - l cos(<.p)0 = O;

(6.3)

i sin (<.p(t)) + y cos (<.p(t)) = 0.

(6.4)

Equation 6.3 does not allow for the front wheels to move along the axle direction
and Eq. 6.4 means instantaneous sideways motion is impossible.

6.3

Visual Servo Controller Design

In this section a design for a controller to conduct docking operations such that
the robot could be stabilised to the desired pose (x , y , 0)T from any initial locations
is presented. This visual servo controller employs only the angular information of
landmarks , that is , the visual feature vector generated by using the ALV model.
Using the equations and cost function defined in Chapter 4, we have

U (f)

= - (q, v)

= - lqlu cos(y )

(6.5)

where v is the body-fixed frame representation of the robot 's linear velocity and

y= L(q,v)

(6.6)

is the vector angle between the actual and desired velocity of the robot reference
point g (cf. Fig. 6.3 ). The approach taken is to drive the robot to follow the image
feature vector q as accurately as possible. Hence, a measurement between v and
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Unit Circle

Etrack
V

Figure 6.3: The geometry of the tracking error and tracking angle error.
Both q and v are unit vectors. The normalised tracking error is ~ = q - v.
The tracking angle error y is measured from the body-fixed frame x-axis
to the vector q in the anti-clockwise direction. For positive y and u = 0
positive angular velocity control s > 0 acts to decrease y.

q is required (cf. Fig. 6.3) to determine the tracking error defined as

Etrack

=q -

(6.7)

V.

A normalised tracking error~. is defined by (cf. Fig. 6.3)

~=CJ. - v,

-

V

v= -

lvl'

u

= lvl.

(6.8)

Since the objective of control is to converge the instantaneous robot velocity to the
image feature vector q,

~

is of great interest as it is closely linked to the tracking

angle error y. When the robot has velocity u

= lql, Etrack = lql~, we note

1~12 = 2(1 - cos(y)) and l~I = 2 sin(;).

(6.9)
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Assume that there is a constellation of n non-collinear landmarks Cn > 3). Consider the candidate Lyapunov function

L = U + lql + Klql Cl - cosCy))

C6.1O)

where K is a positive constant.

Lemma 6.1: Given the candidate Lyapunov control function L CEq. 6.10), if
min lql > 0 then function L has a unique minimum Ct*' 0*) that occurs at the
minimum of U.

Proof· From the proof of Part 1 of Lemma 4.2, we have

UCf*) = min U

C6.11 )

c;E~2

where

g* =

argminlql. It is easily verified that

min LCt, y)
(c;,y)

= min
LCf*, y) = min CU Ct*)+ lqCt*)I + K lqCt*)IC l
y
y

- cos Cy ))) .
C6.12)

Given that lqCf*)I

* 0, it follows that Lis minimised when y

= 0 - 0* equals zero.

Consequently, Cf*, 0*) is the unique minimum pose of the Lyapunov function L.

•
Theorem 6.2: Given the definition of the candidate Lyapunov control function
L , define the following variables

a

-

lql(q , v> + Cl + K)qr Qv - Kvr Qv,

/3 - K(q ,Av> = K lql sinCy )

C6. l 3)
C6.14)
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where A=

[

oI

l

-1
O

and Q(t)

= D:V(t) is the Hessian of V(t) and independent

of the orientation of the robot.

It is assumed that acceptable control inputs are regulated by the following
control saturation constraints
1
1
1
-u 2 + -ku 2 s 2 < -B 1 lql 2 •
2
2
- 2
'

s2 -< B 2

(6.15)
(6.16)

where k, B 1 and B 2 are positive constants. Equation 6.16 represents the steering
limit of the Ackerman system.

Define the following control inputs
f_
ka'

s

-

(6.17)
sgn(~) -{if;, if /3 2 > k 2 a 2 B 2 ;'

u -

-vJf;lql

sgn(a + s/3) -,..=--=--==·
✓ 1 + ks 2

(6.18)

A solution of the closed-loop system exists for all time and is C 1 except possibly at
points where a

= 0. Furthermore, the solution is (always) globally asymptotically

Proof· The derivation of this proof is mostly expressed in the global frame to

avoid dealing with the complexity of the body-fixed frame transformation rotation
matrix.
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Given the image feature vector lqgl = lql,

(6.19)

It is easily verified that

sin(y)

-

(qg,Avg),

The time derivative of Eq. 6.10 is

L -

-(qg, vg) - (1 + K)qf Qv + K(vg, Qvg) - K(qg,Avg)us

-

-lqglu(qg, vg) - (1 + K)uqf Qvg + Ku(vg, Qvg) - Klqgl(qg, Avg)us

-

-(lqgl(qg, vg) + (1 + K)qf Qvg - Kvf Qvg) u - Klqgl(qg,Avg)us

-

-u (a+ s/3)

(6.20)
where a and f3 are defined in Eq. 6.13. It remains to choose u and s to make L
non-positive such that L can be monotonically decreased to its minimum. Let

(6.21)

and introduce a Lagrangian

T(u, s, J) = u(a + s/3) + Jg(u, s)

where ;i is the Lagrange multiplier.

(6.22)
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Taking the gradient of T and setting it equal to zero yields

8T
au
8T
8s
8T
8A

--

a+ s/3 + Au(l + ks 2)

--

f3 +Auks= 0,

(6.24)

--

12 1 22 1
2
-u + -ks u - -Bilq I = 0.
2
2
2
g

(6.25)

= 0,

(6.23)

Combining Equation 6.23 and 6.24 results in

AU

/3
ks'

-

(6.26)

-(a+ f3s).

(6.27)

Substituting AU (Eq. 6.26) in Eq. 6.27 yields

/3
s=-.
ka

(6.28)

Recall Eq.6.25 u2 + ku 2 s 2 = B 1lqgl 2 where the sign of u is given by the sign of
(a+ s/3) such that

L can be kept non-positive. Using Eq.6.28, the linear velocity

control is:

YBi.lqgI

I
= +-----_-_-_-_ = +YBi.lqg
---.
2

u

✓1 + ks

✓l + ka/3 2

When saturation conditions (Eq. 6.15 and 6.16) are met, that is, when

L

--

-u(a + s/3)

--

-sgn(a + s/3)

--

-

#

(6.29)

2

f

1q8;

I +ks-

(a + s/3)

B1 lqgl•
-vBi.

Isl < -{B;_,

(6.30)
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Otherwise, if Isl > -{B;_, the saturation control applies to make s
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= sgn(~) -{B;,.

Hence,
·
(
1n ) -{B;jqgl
L = -u(a + s[3) = - lal + -yB21/31
-~--=-~-=✓ 1 + kB2

(6.31)

The system has been analysed as a hybrid system with forward and backward motions and a single Lyapunov function. During each motion segment, the Lyapunov
function is monotonically decreasing. Moreover, at switching time, the Lyapunov function is continuous. Applying Theorem 3.2 from [Decarlo et al., 2000]
(cf. also Theorem 2.3 of [Branicky, 1998]) proves asymptotical convergence of

•
1. If min !qi = 0 then at the global minimum of !qi, the angle

Remark 6.3:

y is not well defined. This is the situation when the minimum is not at a
landmark position and where the docking pose is not defined.
2. In the formulation of Theorem 6.2, the true value of Q is used. In practice,
this is not available and bounding arguments should be used in the derivation, analogous to the approach taken in Theorem 5.1. For a suitable environment, Equations 6.30 and 6.31 would become inequalities. However,
· the overall proof would not change. Since this result is only of theoretical
interest it was not considered necessary to complicate the derivation with
bounding arguments.
3. The switching condition is actually associated with the condition a = 0. In
this situation

s=

sgn (!) \fB2 and sgn(a +s,B) = sgn (a+(!) \ill2fi).

As a passes through zero the steering angle switches between + -{B;_ and the
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vehicle velocity switches between + (!al +

-{E;_lf31) ~~~~. Thus the pro-

posed control is discontinuous, which is not very practical.

•

6.3.2

Simulation

In this section, the kinematic model of the Ackerman mobile robot and the proposed control (Theorem 6.2) is simulated. Simulations were designed and conducted using a SIMULINK model; the results presented here indicate likely realworld performance.
In [Usher, 2004], the author proposed a control model for a car-like mobile
robot which was shown to perform acceptably. So, a complete model system
was developed in SIMULINK based on Usher's model. An overall view of the
system is presented in Fig. 6.4. This model contains only the kinematic part of
the car-like mobile robot model. The dynamic model, noise, friction etc were not
considered through out the simulation discussed in this thesis.
The simulation was carried out using the same configuration of landmarks as
was used in experiments on the unicycle documented in Chapter 4 and 5. Several
initial pose vectors were used in the simulation. Values of parameters and configuration options used in the control design are listed in Table 6.1 and Table 6.2. A
threshold value for the norm of the image feature vector q is used as the indicator
of the termination of simulation.
Results from two typical simulations are shown in Fig. 6.5 to 6.10 to indicate
robot performance. Both used [0, 0, -~] as the initial pose. The first simulation
uses a value of K

=

300 while the second uses K

=

100. The work area for

the simulation was assumed to be 9m x 6m. To make simulation results easy to
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Figure 6.4: SIMULINK model of the phase-switching Ackerman robot control.
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Landmark number: n = 3
Wheel base: l = 1.2m
Turning Radius: r = 2. lm
k = 8.82

k 1 = 0.05
k2 = 0.4
k3 = 0.4
k0 = 1
2

qgstov

= 0.0 5

B2

= 0.476de~~e

= [3.89
= [2.35
= [2.35
B1 = 0.04
kd = 0.1
P1
P2
P3

3.375]m
0.80]m
5.95]m

Table 6.1: Landmarks and parameters used in the Ackerman robot simulations. l is the robot's wheel base. {Pd are landmarks. Other values are
positive constants used in the control design.

Initial Step Size: 1e - 4
Max Step Size: le - 1
Stop Time: 15000

Relative tolerance: 1e - 4
Solver Option: Ode23s (Stiff/Mod. Rosenbrock)
Others: auto

Table 6.2: Settings for simulation in SIMULINK. These parameters determine the simulation accuracy and speed.

understand, trajectories are coloured according to the direction of robot motion.
In Figure 6.5 and 6.6, forward motion is indicated in blue while backward motion
is indicated in red.
In simulation, the mobile robot always successfully converged to the desired
location with the correct orientation from any initial pose. Close examination on
Figure 6.5 to 6.10 reveals the closed-loop response of the system. When the robot
was not close to the point where the cost function U is minimal, the tracking angle
error can usually be minimised using relatively few back and forth manoeuvres.
When the robot was close to the minimal point (say within 0.5 metre), frequent
switches between forward and backward motions along with full-lock to full-lock
steering changing were performed. The oscillation on the trajectory is composed
of many small manoeuvres, analogous to those seen in parallel parking a real car,
by which the robot was trying to align its orientation with the desired docking
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plotted in Fig. 6.11.
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Figure 6.11: Detail of a section of trajectory in Fig. 6.5. This figure clearly
shows the backing and filling motion during the convergence.

direction (cf. Fig. 6.11 ). In each manoeuvre, the distance of motion is so small
that the trajectory looks almost unchanged. Once the robot enters the immediate
neighbourhood of the goal, the curvature of the desired trajectory eased and the
robot entered a final phase of forward motion for which the convergence was quite
direct. Also, one can notice that a higher K value can help reduce the number of
oscillations given the same initial condition.
Figure 6.7 , 6.9, 6.8 and 6.10 show that the Lyapunov function L was monotonically decreasing while the robot orientation 0 converged to zero. These results
demonstrate that the Ackerman mobile robot is stabilised to the desired pose using
the proposed K-controller. From the size of the simulated steps, we can see that
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nowadays a real mobile robot may not be capable of following such trajectories
due to the limitation on the accuracy and achievable acceleration of the motion.
Moreover, the control part of the mobile robots may even not be able to response
to this high-frequency small-magnitude control inputs. Another possibility of the
oscillation is the noise of the visual landmark detection. Although it has not been
proved, in my opinion, under certain circumstance, the value of a is quite small
which results a is extremely sensitive to the noise. This sensitivity may lead to
the high-frequency oscillation at some points.

6.4

Switched Hybrid Non-holonomic Control Design

In previous section, an IBVS controller for an Ackerman mobile vehicle was presented which demonstrates stable convergence of the closed-loop system. The
system response exhibits a backing and filling motion of the vehicle along a stabilising trajectory. That is, the non-holonomic constraint is overcome by a natural
oscillatory motion, highly reminiscent of the time-varying controllers proposed
in the literature (e.g. [Tsakiris, 1999] and [Coron, 1992]). From Fig. 6.11, one
can see that the distance travelled in each manoeuvre is only a few millimeters.
Almost all real-world robots will simply not respond to such low amplitude reference, and will effectively stall in such a configuration.
To meet the objective of visually docking a real-world Ackerman vehicle,
a switched hybrid controller is proposed. The hybrid system operates in two
modes: forward mode and backward mode. Among my design of this controller, a part of the work of the backward mode toke inspiration from the work
of [Lee et al., 1999] and [Usher et al., 2002 b].
The forward mode is analogous to the forward motion of the control design
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presented in Section 6.3. The same Lyapunov function (Eq. 6.10) is used and the
same control (Eq. 6.17 and 6.18) is obtained for u > 0. When the robot has to
move backwards , a backward mode controller will take over. In backward mode,
a second Lyapunov function is used to stabilise a complementary task that progressively brings the robot into a configuration that ensures good initial conditions
for the next iteration of forward mode. Both forward and backward controllers are
designed to respect the saturation constraints of the robot. The following sections
will discuss the detailed design of the controller.

6.4.1

Forward Mode

Lemma 6.4: Assume that there is a constellation of n non-collinear landmarks
(n > 3). Consider the following candidate Lyapunov function as the control
function in the forward motion.

(6.32)

If min lql > 0 then function L has a unique minimum cg*, 8*) that occurs at the

minimum of U. Define the following variables

where A =

o -1

a -

lql(q, v) + (1 + K)qT Qv

/3 -

K (q,Av)

- KvT Qv,

(6.33 )
(6.34)

l

and Q(f) = D~U (f) is the Hessian of U(f) and is indepen-

1 0
dent of the orientation of the robot.
It is assumed that the acceptable velocity control inputs to the mobile robot
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are regulated by the following control saturation constraint
1
1
1
-u2 + -ku 2 s2 < -B 1 lql 2
2
2
- 2
'

(6.35)

2

s -< B 2

(6.36)

where k, B 1 and B 2 are positive constants. Hence, the following forward motion
control law is proposed:

s

--

sgn(fa) -{B;_,

1...
--

(1-)2>B·
2,
ka

(6.37)

otherwise;

ka'

u

if

-{JI;Jqgl
✓ 1 + ks

(6.38)

2

where k is a positive constant while

a = lql(q, v) + (1 + K)qr Qv - Kvr Qv,

(6.39)

and

/3

= K(q,Av).

(6.40)

Since u > 0, we have

if

s2 < B 2,·

L=

(6.41)
otherwise.

Proof· The proof follows directly from Theorem 6.2. Notice that only the

case of positive u needs to be considered.

•
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6.4.2

Backward Mode

The goal of backward mode is to bring the robot into an initial configuration such
that the robot is well placed for the next forward iteration. The approach taken is
to exploit the particular geometry of the target constellation considered to find a
stable, saturation free, trajectory of the closed-loop system that is exactly tracked
by the forward controller (Theorem 6.2).

Lemma 6.5: Consider the constellation, expressed in the global frame, defined by the triangle of landmarks at the points

f1

= (-1.487, 2.575)T,

f2

= (-1.487, -2.575)T,

f3

= (0, O)T.

(6.42)

Let L be defined by Eq. 6.32 and define
V = {(f, 0) I gx < 0, fY = 0, 0 = 0},

f

= cgx, gy)T.

(6.43)

Then
1. The minimum of L occurs at the point f 3 with 0
2. For any point (f, 0)

E V

= 0.

the steering rate control s

= 0 and

a=lql+Q11>0

(6.44)

where Q 11 is the (1, 1) element of Q defined by Eq. 4.8.
3. The set Vis forward invariant under the closed-loop dynamics given by the
control law (Theorem 6.2).
4. For any initial condition (fo, 00 )

E

V then the closed-loop dynamics of

Eq. 6.38 under the forward controller converge to (0, 0) with no switching.
Proof· Part 1 is a straightforward consequence of the geometry of the land-

mark constellation (cf. Sec. 4.3.1). Part 2 is seen directly from the control law
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Eq. 6.37. The condition on a comes from substituting directly into Eq. 6.39 and
noting that q

= v = e 1,

the unit vector in the x-direction. Part 3 follows from

Part 2 along with the choice of control for u (Eq. 6.38), and Part 4 is direct from
Theorem 6.2, constrained to the set V, along with Parts 2 and 3 that guarantee that
there is no switching.

•

Lemma 6.5 ensures that there is at least one trajectory ensuring stabilisation of the
system under the forward mode. Indeed, the trajectory V has the property that the
system never enters into steering saturation. This property can be used to extend
the result to an open neighbourhood of V.
Lemma 6.6: Consider the constellation of points used in Lemma 6.5. There

exists an open neighbourhood

V

E

~2

x S 1 of V such that the set V is forward

invariant under the closed-loop dynamics given by the control law (Theorem 6.2)
and all trajectories converge to (0, 0). Moreover, solutions of the closed-loop
system do not exhibit saturated steering rate or mode switching in V.
Proof·

The solution of the closed-loop system on the set Vis a smooth

ordinary differential equation. For any point (fo, 00 ) on V let (f, 0) = (fo + fo, Bo+
Bo) be a point in the local neighbourhood of (fo, 00 ). The stability of the solution

on V can be studied by computing the stability of the linearisation with respect to
the variables (fY, 0). Given the kinematic model of Ackerman vehicles (Eq. 6.2),

gx
gy

cos(0)
=

u

0

sin(0)

(6.45)

s

Notice that in the close vicinity of (fo, 00), f Y = g~. Recall the expression for s
given by equation Eq. 6.37. Note thatfi

= KlqlqT Av. Regarding Fig. 6.3 it is clear
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that qT Av

= sin(y).

Thus ,

f3
Klql .
s = - = -s1n(y).
ka
ka

(6.46)

Note that a > 0 on V and can be replaced by a constant a 0 in the linearisation.
Recalling the kinematics of the model (Eq. 6.1) and setting c 0
sin(y)

~

= (Klql)/(ka0 ) and

y then

g~

sin(0)
=

0
~

U

Uo

s

(6.47)

coy

where u is approximated by a positive constant u 0 . The angle y depends on both

g~and 06 as shown in Fig. 6.12. Indeed, in the linearisation
(6.48 )

where c 1 is positive constant and c 1 << 1. Thus , linearising the dynamics Eq. 6.47
one obtains

g6
tf'

6

0
=

1

g~

-Co

06

Uo

-CoC1

(6.49)

It is clear that the linearisation is stable in (fY, 06) and the solution Vis a stable
solution of the closed-loop system. Classical existence and uniqueness theory
for ODE's guarantees the existence of a local basin of attraction for the solution
of Eq. 6.37. Smooth perturbation theory ensures that one can find such an open
neighbourhood such that the steering rate input never saturates along closed-loop
trajectories and there is no switching.

•

The backward mode control is chosen to achieve a practical stabilisation to
the line V. Here, a new measuring parameter 'd' is introduced as an aid to the
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v

Figure 6.12: Geometric description of the system response in V. Note Bq is
the orientation of the image feature vector q and g~ is the y-coordinate of g.

bearing-only visual navigation strategy. The purpose here is to develop a practically feasible control method in the backward mode in very limited project time.
The bearing-only control strategy is still the dominating part in the design since
it controls the forward mode and directs the robot in the backward mode with a
limited help from this distance information. Since the stabilisation required is not
precise it is possible to use a rough state estimate derived from the landmark observations. Given a state estimate, the control design for stabilising the line V can
be based on existing control. In particular, the approach of [Lee et al., 1999] and
[Usher et al., 2002b] is followed in studying the decrease of a Lyapunov function

W

1
2
1 2
= -k
1d + -0

2

2

(6.50)

where d is the distance from current robot location to the central straight line V
and k1 is a positive constant. This distance information is not necessarily a phys-
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ical distance from the robot to the virtual central straight. It could be the measure
of pixel distance from the robot to the central straight line in the panoramic images, which could also be available by measuring the bearings of landmarks and
calculating the relative angles between them by following mathematical principles. Due to the limitation of time, the research of this distance information is
left for the future research. In this chapter, I assume that this distance is always
available for the following calculation and simulations.
By taking the derivative of the cost function W, we have

W=

k 1du sin(0) + 0w = u(k 1d sin(0) + 0s).

(6.51)

Since u < 0 in backward mode, it is necessary to keep the right hand side item
k 1d sin(0) + 0s positive. As a result, the following control design is proposed for

.

backward mode control:

(6.52)

If the desired control inputs can be achieved, subject to the saturation of the actuators
(6.53)
In practice, there will be times when the actuators are saturated. During these
periods the system operates in a kind of feed-forward state where it circles at
maximum steering lock until full steering lock is no longer required. This occurs
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when the vehicle state passes close to the condition

(6.54)

This condition equates to a steering control of s = 0. Note that due to the nature
of the condition a circling vehicle (with non-zero finite velocity) will always pass
through this condition in finite time. Note that the sign of the dominant 0 term in
the expression for sis such that in a backing condition it will stabilise the tracking
condition. That is in backing condition

0 = us = -k2 0 + other terms.

(6.55)

Thus, once a set point for the 0 dynamics is reached, it will stabilise in a configuration for which s

~

0. By choosing k 2 > 0 sufficiently large the set point for

the backing manoeuvre can be made arbitrarily close to

s

= 0.

That is one can

always choose k 2 such that
1. In a bounded set around the desired landmark constellation.
2. After a possible finite period during which the controller was saturated.
The backing controller will exit saturation and remain unsaturated for the rest of
time. It is straightforward to show that once the system is no longer saturated it
will converge to the line V ([Lee et al., 1999], [Usher et al., 2002b]). Given sufficient time the backing mode will ensure that the initial condition for the next
forward iteration will lie in the set V. Thus, running the backward mode for a
sufficiently long period ensures the convergence in only a single additional mode
switch. It is not practical to actually run the backward controller for infinitely
long. However, the control is chosen in such a way that over short periods the
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controller acts to improve the initial condition for the next forward iteration. The
switching conditions are chosen to exploit this property, while using the backup
of the guaranteed convergence to ensure global stability of this hybrid system.

6.4.3

Switching Conditions and Simulation

For the control strategy discussed in this chapter, two switching criteria are set:

From forward mode to backward mode: At the beginning of a simulation,
the Ackerman robot is assumed to move forward. It is quite straightforward to
switch from forward mode to backward mode. The controller monitors the linear
velocity input u. Once a negative linear velocity output u < 0 is detected, a signal
that indicates the robot has to move backwards is generated, the backward mode
controller is activated and takes over the control responsibility.

From backward mode to forward mode: A fixed time period T 0 and exponential decay rate O < a- < I is chosen at the initial iteration. Set T 1 = T0 .
The backward mode is initially executed for T 1 seconds followed by a forward
mode. Let

Li

denote the time of switching to the backing JJ?.Ode for the ith itera-

tion . Then after a complete iteration of backward and forward mode the time for
the next backing and forward iteration is set to
i

if

L i+I

> a- min L k ;
k= i
l

if

L i+I

< a- min L k .
k= i

It is also assumed that the time T 0 is long enough such that at each switching
moment from backward mode to forward mode u > 0 is guaranteed.
Theorem 6. 7: Consider the system described in this section with forward and

backward mode controllers and switching condition as described above. For
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any initial condition the closed-loop trajectory will converge to the desired state
(q, 0) = (0, 0, O)T.

Proof· The switching condition for the backing mode ensures that one may
choose a subsequence of iterations {ip} with i 1 = 1, and possibly finite, such that

(6.56)

This follows since otherwise the backing time T; would continue to grow to infinity and eventually the closed-loop response of the backing mode of the system
would guarantee that the next forward iteration begins in the set

V ensuring di-

rect convergence. If the sequence is finite then the system converges in a single
forward iteration. If the sequence is infinite then the system convergence is seen
from the exponentially decreasing bound on

•

L;p .

A series of simulations were conducted using the above switched hybrid controller. The results are shown in Figures 6.13 to 6.17. All simulations indicate that
the robot was successfully docked to the desired pose (f*, 0) where g* is the apex
landmark. Moreover, in all cases the backing mode controller only rarely required
a doubling for the time iteration chosen. The final convergence tended to occur
under a single forward mode, although, the simulation processes were terminated
before the robot reached the apex landmark since a small value threshold of
had been set. Convergence to the threshold value of

lqgl

lql was typically obtained

in less that ten iterations. Also, the Lyapunov function L; was kept decreasing
during backward and forward iterations. These results confirm that the proposed
time-varying control strategy is applicable to car-like mobile robots with Ackerman steering. All the simulations were done using the kinematic model of the
Ackerman vehicle. The dynamics of the Ackerman vehicles was not considered
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in the simulation. Hence, the performance of the navigator under the influence
of the dynamics model and possible noises could not be reflected by these simulations, which is the essential for the real practical experiments. However, this
does not reduce the theoretical importance of the research done by this chapter.
The simulation results depicted the theoretical achievements of the navigation
strategy. In my farther research, the dynamics of the Ackerman vehicle will be
included towards to the practically available Ackerman mobile robot bearing-only
navigation controller.

6.5

Conclusion

In this chapter, the problem of visual docking of a non-holonomic car-like mobile

robot with Ackerman steering was explored by employing the biomimetic visual
servo ALY model. Firstly, an Image-Based Visual Servo (IBVS) controller was
proposed based on a natural extension of the ideas presented in earlier chapters.
Theoretically this controller could dock the Ackerman mobile robot to the target
pose with the control formulation resulting in oscillatory motions which enable
the vehicle to track highly curved trajectories. Simulation results confirmed theoretical consideration of controller performance. Although the solution is theoretically appealing, it is not practical for real-world vehicles due to the small amplitude of the oscillations. For a practical control of a real-world robot, a switched
hybrid control design was proposed. This hybrid controller considers two modes:
forward movement and backward movement. Separate Lyapunov control designs
are used for each mode. In the backward mode, the controller employed an extra di stance information to enhance the docking performance. Simulation results
indicated the proposed hybrid control design could stabilise Ackerman robots.
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Figure 6.13: Simulated trajectory starting from (0, 0, H) using K = 200 and
To = 1.5s. In this and the following figures, red indicates the robot was in
backward motion while biue indicates forward motion.
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Figure 6.15: Corresponding control inputs and variables of Fig. 6.13 .
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Figure 6.17: Corresponding Lyapunov functions in simulation starting from (0, 0, n).
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CHAPTER 7

Conclusions
This chapter reviews the major contributions, the theoretical and experimental results achieved by this thesis in the field of mobile robotics. Investigations centred
on the challenging problem: "to navigate a mobile robot to dock using only the
angular measure of landmarks". The control strategies proposed were supported
by detailed theoretical analyses, simulation results and actual experiments.
The core idea throughout this thesis is to employ biomimetic visual navigation models in designing Image-Based Visual Servo (IBVS) controllers for mobile robots. The biomimetic models depended only on the angular information
of landmarks. The approaches taken were unique and innovative in providing
detailed theoretical analysis of stability of a non-holonomic system in an imagebased control paradigm.

7 .1

Major Contributions

A complete theoretical analysis and the performance proof for the applications
of insect biomimetic models in the domain of mobile robot navigation (docking)
were provided in this thesis. The following are the major contributions:
• A comprehensive review of existing literature about mobile robot naviga175
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tion covering development of modern robotics, visual servo control, nonholonomic systems and background material on biomimetic visual navigation.
• Two vision-based biomimetic navigation models were proposed. These
models require only the bearing information of visual landmarks to generate a navigation feature vector. The first model is the adapted Average
Landmark Vector (ALV) model and the second is the Weighted Landmark
Vector (WLV) model. The ALV model I proposed was derived from the
work of [Lambrinos et al., 2000] and [Hamel and Mahony, 2000] providing an elegant and simple strategy to abstract navigation information for the
mobile robot. Also, it requires much less computation power and storage
space than classical measurement models for mobile robotics. The WLV
model was developed based on the concept of the ALV model. It uses
weights to evaluate the importance of different landmarks to the robot in
navigation. This model permits a more flexible configuration of landmarks
and higher freedom in shaping trajectories for the mobile robot than the
ALV model does. As a result, the wlv model enables more control over
planned trajectories so that better convergence properties can be obtained.
To my knowledge, trajectory shape control by this means has not been proposed before. Complete theoretical analyses were presented for these two
models. Simulation showed that the proposed models could lead to satisfying performance in practice.
• This thesis discussed IB VS navigation control designs for holonomic and
non-holonomic unicycles.

There is no need to reconstruct the pose of

the robot system because navigation information is generated in the image
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space and is directly fed to the controller for computing control signals.
A visual servo navigation controller for holonomic unicycles was discussed
with complete theoretical performance analysis. Both the ALV and WLV
models were employed in the design. The theoretical analyses were supported by simulation results and actual indoor experiments, where all the
trajectories successfully converged to the docking station with the desired
final pose.
My thesis also presented a non-holonomic unicycle mobile robot navigation controller with detailed theoretical analysis and a full set of simulation
results where the ALV navigation model was employed. A detailed analysis
of the convergency of the cost functions using the landmark feature vector
was presented. Not surprisingly, simulation results showed that stable convergence was guaranteed using the proposed Lyapunov control function.
This thesis also presented a full series of actual experiments carried out
using the Nomad XR4000 mobile robot guided by a non-holonomic controller. A sensitivity analysis addressed the response of the controller to
errors in bearings of landmarks.
• As the extension of the visual navigation strategies, a bearing-only visual servo controller was proposed for car-like Ackerman vehicles. It was
proved that such a design was able to stabilise the Ackerman mobile robots
to the desired pose. A switched hybrid non-holonomic navigation controller
was proposed as a more practical solution to navigating these vehicles. The
simulation results showed that this controller was able to avoid the highfrequency oscillation encountered by the previous design and to stabilise
the robot more efficiently.
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• This thesis proposed a high-performance landmark design and a highaccuracy visual landmark detection algorithm. A unique landmark design
of landmarks was presented. The landmarks were of simple structure and
elegant design comprising two rectangles of different colours. Indoor navigation experiments proved its satisfying performance when used in conjunction with a panoramic landmark detection algorithm. The algorithm
employed low-order image moments and shape-matching techniques. It
was proved very robust to noise even in a challenging indoor environment.

7 .2

Discussions and Future Work

Theoretical analysis, simulation and experimental results of my sensor-based mobile tobot controllers using visual bearings of landmarks have been discussed in
previous chapters. The adaption of biological models to mobile robot navigation
design were proved satisfying. The control strategies using visual-only inputs
were shown to work for non-holonomic mobile robot navigation successfully.
Except for these contributions, there still are a number of points which are of
great interest in the area of mobile robot visual navigation.

• The navigation controller design for the Ackerman vehicles have not been
fully explored. Both of the two Ackerman controllers designed in this thesis
employed the ALV model, while one of them was theoretically sound and
the other one worked well with the extra information of the distance to
a virtual central docking line. In Chapter 6, only theoretical analysis and
simulation results were acquired with no actual data gain from any practical
experiments. However, the evidence of the performance of the controllers
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in actual environment was not available because I did not have a chance of
using an Ackerman mobile robot. In addition, the model in simulations was
only the kinematic model of the Ackerman vehicle. The influence from the
robot dynamics, noise sensitivity and the overall characteristics of a real
mobile robots can only be evaluated in practical applications. This is an
important task to be conducted in future.
Further investigation is also demanded for developing an applicable pure
bearing-only control algorithm. An especially attractive direction is to employ the WLV model, which was on my research plan but was not conducted due to time limitation. It will certainly be an important part of
the future research schedule. Use of the WLV model involves at least two
challenging questions. The first one is the time-varying landmark weights.
Due to the trajectory shape control characteristic of the WLV model, it is
very possible to develop a time-varying nonholonomic navigation control
strategy for the Ackerman vehicles. However, a theoretical analysis of the
time-varying weights has to be provided before the WLV model could be
used. The second one is the landmark correspondence. This problem has
been tackled down using special designed manmade landmarks and certain
recognising method in Chapter 3. This kind of manmade landmark is of
limited application range. Naturally, the discussion has to be extended to
the usage of natural landmarks which will be discussed later.
The applications of the WLV model can be expanded to larger range. For
instance, the WLV model could be a reasonable choice to navigate a mobile robot in a complicated indoor environment without using a map. Landmarks or active beacons can be arranged along the routes that the mobile
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robot to patrol. The WLV model is then a useful tool in forming the trajectories for the robot to follow. Still, the landmark correspondence has
to be solved. When manmade landmarks are available, my suggestion is
to explore the possibility of using active beacons, e.g., infra/wireless/laser
beacons, landmarks with answering machines which indicates its unique
tracking number, etc. However, this strategy may involves more complicated technical obstacles than the usage of passive landmark.
• The above discussion has led to the problem of tracking/recognising natural
landmarks. Using natural landmarks allows larger activity range for mobile
robot, more flexible control on the workspace, and even better performance
in obstacle avoiding. However, the landmark detection algorithms need
much work before natural landmarks can really be employed in the navigation of mobile robot. As mentioned earlier, manmade landmarks are design
to be distinguished from most other objects in the work environment and
easily recognisable for the robots.
Correspondingly, natural landmarks could have diverse characteristics like
shape, colour, reflective properties, visibility, etc. Moreover, it is unlikely
that we can know these characteristics beforehand. The usage of panoramic
cameras increased the difficulty level for this task. The distortion in geometric characteristics and other properties of the natural landmarks, along with
the relatively low resolution of panoramic cameras, emphasise the importance of a set of high-performance natural landmark detection algorithms.
To tackle these disadvantages, I would devote to the development of a fastlearning landmark recognising algorithm which can tell the robot what it
should look for soon after a natural landmark is chosen. According to my
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experience, some methods in the artificial intelligence domain could provide such functions, for example, the fuzzy neural network techniques. Furthermore, an elegant landmark prediction method could help to improve the
performance during the landmark tracking processing. Even all the methods could be successfully developed, in my opinion, the detection accuracy,
stability and sensitivity to noise would not be as good as that of using manmade landmarks. But I am confident that the usage of natural landmarks is
the right direction of mobile robot vision-based navigation.

• Obstacle avoidance is another important and interesting topic in mobile
robot navigation. In this thesis , I concentrated on the discussions of pure
navigation control methods instead of including the consideration of the
obstacles. In the experiments, I also managed to maintain a well-controlled
obstacle-free workspace which gave as much convenience as possible to
the testifying of my strategies. In my future plan, the abilities of obstacle
avoidance are one key point to be investigated. The biomimetic models
developed in my thesis , especially the WLV model, are of great potential
value in the obstacle avoidance applications. For example, the obstacles
could be viewed as repulsive landmarks by given them negative weights.
Each of detected obstacles could be given a repulsive strength or range.
Here the range information of the obstacles should be included in a certain
way since the distance to a obstacle could be a fatal parameter in avoiding a
possible collision. As a result, a range estimation algorithm is more likely
necessary than not. Landmarks and obstacles are combined in generating
the landmark feature vector, and a 'potential field ' -like method should be
a good method in shaping the trajectory for the mobile robot. Also, the
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recognition of natural landmarks should be considered since the obstacles
could not be precisely described in advance in most cases.
• In the controller design for the Ackerman vehicles, the information 'd' was
employed to give the estimation of the distance to the virtual central docking line. The existence of such a line helped the robot in achieving its docking tasks by using the ALV model and the discontinuous controller design.
Given more time, I will develop a new bearing-only control method using
the ALV and WLV for the Ackerman vehicle without employing this range
information. Other minor problems like the physical positioning accuracy
of the robots, how to increase the landmark detection accuracy, etc are also
going to be considered in the future research.

7.3

Conclusions

This thesis presented a novel research direction for sensor-based mobile robot
controllers using only visual bearings of landmarks. Theoretical analyses, simulation results and real experiment results of the biomimetic models and welldesigned mobile robot visual navigation controllers were provided. Discussions
on problems and possible topics of the future research were given. In summary,
the biomimetic visual navigation techniques are of great value for the mobile
robot navigation problems. I am very proud of the contributions and achievements I made in this thesis. At the same time, they are also the motivation for me
to continue my research along the current direction in future.
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