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if there were machines which bore a resemblance to
our body and imitated our actions as far as it was morally
possible to do so, we should always have two very certain
tests by which to recognise that, for all that, they were not
real men.
R. Descarte. circa 1628. [95]!

I possessed the capacity of bestowing animation, yet to pre-
pare a frame for the reception of it, with all its intricacies
of fibres, muscles, and veins, still remained a work of in-
conceivable difficulty and labour.

Frankenstein. Mary Shelley, 1818. [201]

. to manufacture artificial workers is the same thing as
to manufacture motors. The process must be of the simplest,
and the product of the best from a practical point of view.
R. U. R. (Rossum’s Universal Robots). (English transla-
tion) Karel Capek, 1923. [39]

1See conclusion full text.
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Chapter 1

Introduction

Robots have been a subject of philosophical inquiry and a source of
literary inspiration for hundreds of years. It is only since this century
that robots have emerged out of fiction and philosophy into the real
world. Today robots are common-place, for instance, fixed-location
robotic arms now tirelessly perform precise repetitive tasks for indus-
try. However, robots still have significant limitations. Specifically,
most industrial robots require the parts they operate on to be precisely
aligned, and mobile robots that move around in an environment are
still largely confined to academic research laboratories. Clearly, there
is a need for a more advanced generation of robots that can react to un-
expected events, and can complete complex tasks under less controlled
conditions. To facilitate the advancement, systems must be developed
that enable robots to perceive and understand their environment.

Perhaps the greatest potential benefit to humanity that robots can
provide is to alleviate the need for humans to regularly perform tasks
in dangerous environments, such as underground mines, underwater, in
space, and in hazardous industrial environments. In such applications,
robots can perform not only the tasks that humans currently under-
take, but also handle operations that are too dangerous for individuals.
The Soujourner Mars robot [158] gathered valuable information from
the surface of Mars. This mission could not be carried out by humans
as the craft was never to return to earth. As well, anti-personnel mines
kill and maim civilians, but removing them is dangerous, hence robots
could play an invaluable role in demining [168]. Finally, cleaning up in
the aftermath of natural and human-made disasters (e.g., Chernobyl
[159]) create highly dangerous environments for humans; these are en-
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vironments where robots could excel.

In order to facilitate more advanced applications, robots need to be
capable of more flexible autonomy than is currently possible. Robots
need to be able to seek out and operate on target objects. This will en-
able tasks such as finding and removing dangerous objects (e.g., mines
and nuclear material) returning to base stations and docking, and per-
forming operations on objects that are dangerous for humans to access.

As a basis for such operations, robots require means for identifying
and operating on specific objects. This book aims to take an initial step
along this path, by constructing a framework to enable the robot to
identify particular objects, when other similar objects may be present,
and then navigate around the required objects. Importantly, the robot
must have a knowledge of its approximate position with respect to the
object. We call this task circumnavigation. This research is primarily
concerned with autonomous robot navigation applications that require
high-level perception to support their operation.

1.1 Background

Autonomous mobile robots are machines that are able to move around
freely in a manner appropriate for their environment, with respect to
some general goals. Control of the robot’s movement in an environment
is generally referred to as navigation. The earliest autonomous mobile
robot was built by Dr. Grey Walter in the 1940’s [230]. However,
research in developing mobile robots as an end in itself began in earnest
in the late 1960’s with the development of vision-based robots such as
‘Shakey’ [169]. Recently, decreases in hardware costs have led to a
flourish of research in robotics.

1.1.1 A vision-guided approach

Many types of sensors have been used by researchers as a basis for mo-
bile robot perception. This book focuses almost exclusively on vision-
based sensors that produce an image of light intensity values. Extensive
discussion of other forms of sensors can be found in [75].

This book is directed at autonomous robot navigation applications
that require high-level perception, for tasks such as uniquely identifying
an object, when other similar objects are also visible. For such tasks,
vision offers advantages in the type and amount of information it recov-
ers in good lighting conditions. Sensors such as sonar are insensitive at
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a fine resolution, laser-range finders, and radar-like sensors can extract
structural detail at a finer resolution, but cannot recover non-structural
data, such as regions of different colour or reflective properties. Also,
tactile sensors restrict operations by requiring physical contact.

1.1.2 Computer vision and vision-guided mobile robots

At present, research on Computer Vision and on Vision-Guided Robot
Navigation forms an inadequate basis for the tasks required. When
vision is used to guide robots, researchers often emphasise the use of
techniques that are specialised to a particular application. Other more
general vision techniques developed by the computer vision community,
on the other hand, are too slow to be practically useful for mobile robot
navigation.

Current research on vision guided-robotics often applies specific
techniques for particular problems. For example, in road-following ve-
hicles, systems such as that in [45] make assumptions [129] which are
highly specific to road following. Some other mobile robot systems use
only low-level features directly from the image, such as colour [196].
Little use has been made of high-level aspects of computer vision, such
as three-dimensional (3D) object recognition, that are appropriate for
large classes of problems and situations.

Computer vision methods are generally considered to be too cum-
bersome for real-world applications. This is a serious problem with
most high-level techniques from traditional computer vision, where
systems may often take minutes to complete processing a single im-
age. This is clearly untenable for navigation where the robot has to
move continuously. To maintain a speed of 10 cm/sec, a robot will of-
ten need to process a single image in a few seconds at most, and often
multiple frames need to be processed per second. Slow processing may
be acceptable only in exceptional circumstances.

Historically, most research in computer vision has been aimed at
off-line systems, where an image is taken of an object or scene, from
an unexpected, arbitrary angle that may be close to or far from the
object. In particular, high-level vision often focuses mainly on the
extraction of symbolic descriptions, and pays little attention to the
speed of processing. The emphasis has been on exhaustive exploration
of available image data. In many cases, researchers assume human
intervention at stages that are impossible for an autonomous robotic
system. For example, the shape-from-shading techniques assume that
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reflectance and lighting models are given, or that some of the surface
normals are preset by manual intervention to offer boundary conditions
(24].

1.1.3 Applying high-level computer vision to guide mo-
bile robots

In order to apply high-level computer vision to robot navigation, meth-
ods that have fast response time, and can be used autonomously, are
required. The methods must not rely on human intervention during op-
eration. However, navigation does not require general computer vision.
There are also additional constraints which follow from the fundamen-
tal differences between what is required in traditional computer vision,
and what is required for robotic vision. Many differences follow from
the fact that the camera is physically mounted on the robot, and the
robot moves in a constrained way under its own control. This is re-
ferred to as embodiment [137]. Rather than having an isolated image
from a random point in space, typically, a series of images are taken
as the robot moves deliberately in continuous space. Systems utilising
such differences need not be ad-hoc, but may be valid for a class of
mobile robots.

This book aims to apply techniques from high-level vision for the
purpose of mobile robot navigation. It is not adequate to take tradi-
tional high-level vision techniques and apply them to images from the
camera of a mobile robot. Particular attention must be paid to refor-
mulating the traditional vision methods to be appropriate for applica-
tions in mobile robot navigation. This book presents an operational
robot system for navigating around objects. It also presents versions
of high-level computer vision methods such as object recognition and
shape-from-shading that have been designed specifically for robot nav-
igation.

1.2 Aims of the Research Presented in this Book:
A Problem in Robot Vision

The aim of this book is to develop computer vision methods that enable
the robot to perform the following tasks:

1. The robot is required to be able to uniquely identify a single,
specific known object placed randomly in an indoor environment
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10.

in which there may be other objects.

The robot must be able to move around the object maintaining
a constant knowledge of its position relative to the object.

The robot is expected to be able to identify an object that cannot
be uniquely distinguished from surrounding objects by simple
features such as colour.

The robot is expected to be able to distinguish objects that have
similar structure.

. Edge-based matching of an object may not always be adequate;

the robot must be able to distinguish objects based on surface
shape.

. The robot must be able to move around a corner of an object,

so that all the object features that are initially visible become
occluded, and new object surfaces are visible.

. The robot cannot assume any prior knowledge of the object’s

position in the environment. It may not assume that it is facing
any particular object surface. However, it may assume that the
object is in the camera field of view.

. The system should process each image of the scene within a few

seconds, except in exceptional circumstances, such as recognising
the object for the first time.

. The system should be able to initially recognise the object from

a large range of locations around it, although it is acceptable for
the robot to misidentify based on a single view, as long this error
is corrected once the robot has moved.

The robot is assumed to be ground-based, however, the method-
ology applied should not preclude extension into full 3D robot
motion.

1.3 The Approach of this Book

In order to uniquely identify objects in the environment, it is necessary
to compare robot sensor data to some form of object model. This book
uses knowledge-based and model-based approaches to perception for
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mobile robots. The approach uses a model of required objects, and
knowledge of the robot and camera, environment, and task required.

The system presented uses high order features, particularly edges
and shapes, for object recognition. Such features are necessary to give
the robot the discriminating power required. The approach here does
not preclude supplementing these features with additional features such
as colour and texture where necessary. However, these additional fea-
tures are not used in the experiments in this book.

Vision is used primarily, as active sensors may not be adequate
for distinguishing structurally similar objects. Also, to overcome the
difficulties of discriminating objects with similar wire-frames, this book
presents a method for verification of shape for candidate edge-based
matches.

The proposed approach does not use methods of active vision, such
as optical flow or visual servoing. Such methods are currently unable
to handle occlusion of all visible surfaces. It is the author’s belief that
some form of model is required to allow the robot to recognise new
surfaces that appear as part of the object.

Although, the approach assumes to know properties of the envi-
ronment, it does not require a map of the environment in any form.
Further, this book is concerned with the problems of navigation given
an object model. It does not consider the problem of learning object
models. ,

Finally, a vision-guided mobile robot must be able to translate per-
ceptions to actions via motors. We examine the use of fuzzy control
for this task. '



