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Machine Vision



Everything that | can spy
Through the circle of my eye,
Everything that | can see

Has been woven out of me;

I have sown the stars, and threw
Clouds of morning and of eve
Up into the vacant blue;
Everything that | perceive,

Sun and sea and mountain high,
All are moulded by my eye:
Closing it, what shall | ind?

— Darkness and a little wind.

James Stephens
The Hill of Vision



Preface

Machine vision is a multi-disciplinary subject, utilizing techniques drawn from
optics, electronics, mechanical engineering, computer science, and artificial
intelligence. This book is intended to be an in-depth introduction to Machine Vision
which will allow the reader quickly to assimilate and comprehend the essentials of
this evolving and fascinating topic. Significant emphasis will be placed on providing
the reader with a solid grounding in the fundamental tools for image acquisition,
processing, and analysis; a range of techniques, dealing with very simple two-
dimensional systems, through more sophisticated robust two-dimensional
approaches, to the current state of the art in three-dimensional robot vision, will be
explained in some detail. Both application areas of automated visual inspection and
robot vision are addressed. Recognizing that machine vision is just a component of
a larger automation system, a brief introduction to robot programming will be
provided, together with an explanation of the mechanisms by which robot vision
modules interact with the programming language. It is important to recognize that
the discipline of machine vision is presently undergoing a maturing process, with
sophisticated techniques drawn from current research being exploited more and
more in industrial systems. Without doubt, there is a long way to go, but the die
is well cast. Acknowledging this trend, the last chapter of the book is devoted to
the more research-orientated topics of three-dimensional image understanding and
early visual processing (e.g. stereopsis and visual motion). It would indeed be
foolhardy to attempt an exhaustive treatment of these areas; each deserves a volume
on its own. However, if the essence of the philosophy of robot vision in its broadest
sense is cogently imparted to the reader, then the exercise will have been successful
and worth while.

The book is directed at final-year undergraduate and first-year graduate
students in computer science and engineering, and at practising industrial engineers;
the fundamental philosophy being to impart sufficient knowledge so that the reader
will be competent to begin the implementation of a simple vision system and to
enable him/her to study each issue independently in more depth. To that end, care
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is taken to provide adequate references to supporting texts, reports, and research
papers. In this way the book may be viewed both as a self-contained introductory
text and as a spring-board to more detailed and specific study.

xii



Acknowledgements

Special thanks are due to Kenneth Dawson of the Computer Vision Group,
Department of Computer Sciences, Trinity College, Dublin, for his work on the
raw primal sketch, the extended Gaussian image, and the polyhedral models; and
to Massimo Tistarelli and Prof. Giulio Sandini at the University of Genoa for their
help with the examples of camera motion and stereopsis. Many people in the Trinity
Computer Vision Group read draft versions of this book and I am grateful for their
contributions. I would also like to record a note of thanks to Dr R. Dixon, The
University, Manchester, for his many valuable comments on an earlier draft of this
book. Several of the examples in this book were facilitated by research funded by
the Commission of the European Communities under the European Strategic
Programme for Research and Development in Information Technology: Project
419 — Image and Movement Understanding.

Xiii



Contents

Preface

Acknowledgements

An introduction to computer vision

1.1 Computer vision: image processing or artificial intelligence?
1.2 Industrial machine vision vs. image understanding
1.3 Sensory feedback for manufacturing systems: why vision?
1.4 Examples of industrial machine vision problems and solutions
1.4.1 Measurement of steel bars
1.4.2 Inspection of computer screens
1.5 A typical system architecture

IHlumination and sensors

2.1 Illumination

2.2 Sensors
2.2.1 Image formation: elementary optics
2.2.2 Camera sensors
2.2.3 Camera interfaces and video standards
2.2.4 Characteristics of camera sensors
2.2.5 Commercially available cameras

Image acquisition and representation

3.1 Sampling and quantization
3.1.1 Spatial frequency and the effects of sampling
3.2 Inter-pixel distances
3.3 Adjacency conventions
3.4 Image acquisition hardware
3.5 Speed considerations

vii

Xi

Xiii

[

O 00N B W=

15
17
17
19
22
23
27

28

28
29
34
35
37
41



Contents

4 Fundamentals of digital image processing 44
4.1. Point operations 45
4.1.1 Contrast stretching 46
4.1.2 Thresholding 49
4.1.3 Noise suppression by image addition 51
4.1.4 Background subtraction 52

4.2 Neighbourhood operations 53
4.2.1 Convolution 53
4.2.2 Noise suppression 56
4.2.3 Thinning, erosion, and dilation 61
4.3 Geometric operations 67
4.3.1 Spatial warping 67
4.3.1.1 The spatial transformation 69

4.3.1.2 Grey-level interpolation 71

4.3.2 Registration and geometric decalibration 74

4.4 Mathematical morphology 74
4.4.1 Basic set theory 74
4.4.2 Structuring elements and hit or miss transformations 75
4.4.3 Erosion and dilation 76
4.4.4 Opening and closing 78
4.4.5 Thinning and the extraction of endpoints 79
4.4.6 Application: identification of endpoints of electrical wires 80

4.4.7 A brief introduction to grey-scale mathematical morphology 80

5 The segmentation problem 85
5.1 Introduction: region- and boundary-based approaches 85
5.2 Thresholding 86

5.2.1 Global, local, and dynamic approaches 87
5.2.2 Threshold selection 87
5.3 An overview of edge detection techniques 90
5.3.1 Gradient- and difference-based operators 92
5.3.2 Template matching 99
5.3.3 Edge fitting 103
5.3.4 Statistical techniques 105
5.3.5 Assessment of edge detection 106
5.4 Region growing 106
5.4.1 The split and merge procedure using quad-trees 107
5.5 Boundary detection 108
5.5.1 Boundary refining 109
5.5.2 Graph-theoretic techniques 109
5.5.3 Dynamic programming 110
5.5.4 Contour following 110

viii



6

Contents

Image analysis

6.1
6.2

6.3

6.4

6.5

An

7.1
7.2
7.3
7.4

7.5

Introduction: inspection, location, and identification
Template matching
6.2.1 Measures of similarity
6.2.2 Local template matching
Decision-theoretic approaches
6.3.1 Components of statistical pattern recognition process
6.3.2 Simple feature extraction
6.3.3 Classification

6.3.3.1 A synopsis of classification using Bayes’ rule
The Hough transform
6.4.1 Hough transform for line detection and circle detection
6.4.2 The generalized Hough transform
Histogram analysis

overview of techniques for shape description

A taxonomy of shape descriptors

External scalar transform descriptors: features of the boundary
Internal scalar transform descriptors: features of the region
External space domain descriptors: spatial organization of the
boundary

7.4.1 An algorithm for resampling the boundary chain codes
Internal space domain descriptors: spatial organization of the
region

Robot programming and robot vision

8.1
8.2
8.3
8.4
8.5

8.6

8.7

A brief review of robot programming methodologies
Description of object pose with homogeneous transformations
Robot programming: a wire crimping task specification

A simple robot-programming language

Two vision algorithms for identifying ends of wires

8.5.1 A binary vision algorithm

8.5.2 A grey-scale vision algorithm

8.5.3 The vision|manipulator interface

The camera model and the inverse perspective transformation
8.6.1 The camera model

8.6.2 The inverse perspective transformation

8.6.3 Recovery of the third dimension

Three-dimensional vision using structured light

iX

118

118
119
119
121
122
122
123
124
126
130
130
134
136

140

141
141
143

145
148

150

156

157
158
164
181
189
189
192
195
196
197
200
202
203



9

Contents

Introduction to image understanding 211
9.1 Representations and information processing: from images to object

models 211

9.2 Organization of visual processes 212

9.3 Visual representations 214

9.3.1 The raw primal sketch 214

9.3.2 The full primal sketch 215

9.3.3 The two-and-a-half-dimensional sketch 221

9.3.4 Three-dimensional models 224

9.3.4.1 Volumetric representations 224

9.3.4.2 Skeletal representations 225

9.3.4.3 Surface representations 226

9.3.5 The extended Gaussian image 228

9.4 Visual processes 230

9.4.1 Stereopsis 230

9.4.2 Camera motion 231

9.4.3 Shading 243

9.5 Concluding remarks 248

Appendix: Separability of the Laplacian of Gaussian Operator 253

Index 255



1

An introduction to computer
vision

1.1 Computer vision: image processing or
artificial intelligence?

What is computer vision and why would one be interested in studying it? It is
perhaps easier to answer these two questions in reverse order. There are several
reasons why one would be interested in computer vision, but the following two will
serve to illustrate the many directions from which one can view the subject area:

1. All naturally occurring intelligent life-forms exhibit an ability to interact with
and manipulate their environment in a coherent and stable manner. This
interaction is facilitated by on-going intelligent interplay between perception
and motion-control (i.e. action); visual perception is fundamentally important
to most intelligent life.

2. Most manufacturers are concerned with the cosmetic integrity of their
products; customers quite often equate quality of appearance with functional
quality. So, to ensure the successful long-term marketing of an item, it is
highly desirable that its appearance is checked visually before packaging and
shipping. Likewise, it is desirable that the inspection process be automated
and effected without human intervention.

These two motivations for the study of perception characterize two possible
extremes of interest in the processing, analysis, and interpretation of visual
imagery: from the philosophical and perhaps esoteric to the immediate and
pragmatic. And the subject matter of everything between these two extremes
presents one with wide and varied spectrums of commercial interest, difficulty and,
indeed, success.

The answer to the first question (what is computer vision?) now becomes a
little easier to identify. The world we live in and experience is filled with an endless
variety of objects, animate and inanimate, and, to borrow a phrase from David
Marr (of whom we shall hear more later in the book), it is by looking and seeing
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An introduction to computer vision

that we come to know what is where in this world. So, if vision is a means to an
end — to know the world by looking — then computer vision is exactly the same
except that the medium by which the knowledge is gained is now a computational
instrument rather than the brain of some living creature. Without doubt, this is a
very broad definition. But the subject matter of computer vision is this broad:
topics such as image restoration, image enhancement, automated visual inspection,
robot vision, computer-based image understanding of general three-dimensional
scenes, and visual perception and cognition all fall under the umbrella of the term
‘computer vision’.

Although for centuries man has been interested in solving the puzzle of how
man comes to ‘see’, the first computational experiments in developing artificial
machine vision systems were conducted in the late 1950s and, over the last twenty-
five to thirty years computer-based vision systems of widely varying degrees of
complexity have been used in many diverse areas such as office automation,
medicine, remote sensing by satellite, and in both the industrial world and the
military world. The applications have been many and varied, encompassing
character recognition, blood cell analysis, automatic screening of chest X-rays,
registration of nuclear medicine lung scans, computer-aided tomography (CAT),
chromosome classification, land-use identification, traffic monitoring, automatic
generation of cartographic projections, parts inspection for quality assurance
industrial, part identification, automatic guidance of seam welders, and visual
feedback for automatic assembly and repair. Military applications have included
the tracking of moving objects, automatic navigation based on passive sensing, and
target acquisition and range-finding.

As we have seen, computer vision is concerned with the physical structure of
a three-dimensional world by the automatic analysis of images of that world.
However, it is necessary to qualify the use of the word image. First, the image is
a two-dimensional one and, hence, we inevitably lose information in the projection
process, i.e. in passing from a three-dimensional world to a two-dimensional image.
Quite often, it is the recovery of this lost information which forms the central
problem in computer vision. Second, the images are digital images: they are discrete
representations (i.e. they have distinct values at regularly sampled points) and they
are quantized representations (i.e. each value is an integer value).

Computer vision includes many techniques which are useful in their own
right, e.g. image processing (which is concerned with the transformation, encoding,
and transmission of images) and pattern recognition (frequently the application of
statistical decision theory to general patterns, of which visual patterns are but one
instance). More significantly, however, computer vision includes techniques for the
useful description of shape and of volume, for geometric modelling, and for so-
called cognitive processing. Thus, though computer vision is certainly concerned
with the processing of images, these images are only the raw material of a much
broader science which, ultimately, endeavours to emulate the perceptual capabilities
of man and, perhaps, to shed some light upon the manner by which he
accomplishes his amazingly adaptive and robust interaction with his environment.
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Industrial machine vision vs. image understanding

1.2 Industrial machine vision vs. image
understanding

Computer vision, then, is an extremely broad discipline (or set of disciplines) and
in order to get to grips with it, we need to identify some way of classifying different
approaches. To begin with, we note that humans live and work within a general
three-dimensional world, pursuing many goals and objectives in an unconstrained
and constantly changing environment in which there are many varied and, often,
ill-defined objects. Industrial automation, on the other hand, is given to performing
single repeated tasks involving relatively few objectives, all of which are known and
defined, in manufacturing environments which are normally constrained and
engineered to simplify those tasks. Industrial systems do not yet work with general
three-dimensional environments (although the environments they do work in are
often much less structured than one would suppose) and vision systems for
manufacturing still exploit many assumptions, which would not generally apply to
unconstrained worlds with many objects and many goals, in order to facilitate
processing and analysis. There is a considerable dichotomy between the two
approaches — a situation which must change and is changing — it is for this reason
that the final chapter is concerned with advanced techniques and their migration to
the industrial environment. Let us look a little closer at each of these classes of
computer vision.

Approaches associated with general environments are frequently referred to
by the terms ‘image understanding’ or ‘scene analysis’. The latter term is now quite
dated as it typically refers to approaches and systems developed during the 1970s.
Vision systems specifically intended for the industrial environment are often
referred to generically as ‘industrial machine vision systems’.

Image understanding vision systems are normally concerned with three-
dimensional scenes, which are partially constrained, but viewed from one (and
often several) unconstrained viewpoint. The illumination conditions may be known,
e.g. the position of the room light might be assumed, but usually one will have
to contend with shadows and occlusion, i.e. partially hidden objects. As such, the
data or scene representation is truly a two-dimensional image representation of a
three-dimensional scene, with high spatial resolutions (i.e. it is extremely detailed)
and high grey-scale resolutions (i.e. it exhibits a large variation in grey-tone).
Occasionally, colour information is incorporated but not nearly as often as it
should be. Range data is sometimes explicitly available from active range-sensing
devices, but a central theme of image understanding is the automatic extraction of
both range data and local orientation information from several two-dimensional
images using e.g., stereopsis, motion, shading, occlusion, texture gradients, or
focusing. One of the significant aspects of image understanding is that it utilizes
several redundant information representations (e.g. based on the object edges or
boundaries, the disparity between objects in two stereo images, and the shading of
the object’s surface); and it also incorporates different levels of representation in

3



An introduction to computer vision

order to organize the information being made explicit in the representation in an
increasingly powerful and meaningful manner. For example, an image under-
standing system would endeavour to model the scene with some form of
parameterized three-dimensional object models built from several low-level
processes based on distinct visual cues. At present, image-understanding systems
utilize both explicit knowledge (or models) and software-embedded knowledge for
reasoning, that is, for controlling image analysis.

Most industrial machine vision systems contrast sharply with the above
approach. The scenes in an industrial environment are usually assumed to be two-
dimensional, comprising known isolated rigid parts, frequently with a contrasting
visual backdrop. Lighting is almost always a critical factor and must be very
carefully organized. Typically, the ambient room lighting will be totally inadequate,
and even confusing, so that each inspection station will require its own set of
dedicated lights, each designed for the task in hand. The images which industrial
machine vision systems use are frequently two-dimensional binary images (pure
black and white, with no intermediate grey-levels) of essentially two-dimensional
scenes. There is normally just one simple internal object representation or model;
the analysis strategy being to extract salient features (e.g. area, circularity, or some
other measure of shape) and to make some decision, typically using feature-based
discrimination. This process frequently uses software-embedded (hard-coded)
knowledge of the scene.

There are two complementary areas of industrial machine vision: robot vision
and automated visual inspection. Both of these use essentially the same techniques
and approaches, although the visual inspection tasks are, in general, not as difficult
as those involved in visual perception for robotic parts manipulation, identification,
and assembly. This is because the inspection environment is usually easier to control
and the accept/reject decisions required for inspection are often easier to determine
than the location and identification information needed for assembly. The
significant problems associated with robotic part handling, too, has meant that
advanced three-dimensional robot vision has not received the attention it merits.

1.3 Sensory feedback for manufacturing
systems: why vision?

The answer to this question must necessarily be double-barrelled:

1. We need feedback because the manufacturing system is not perfect and free
of errors: we wish to ensure that we are informed when errors begin to creep
into the process, so that we can take corrective action and ensure that quality
and productivity are maintained.

2. We use vision because it is by far the most versatile sense available and
conveys extremely rich information when compared with, e.g., sonar or infra-
red sensing. Furthermore, unlike tactile sensing, it senses the environment in
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Sensory feedback for manufacturing systems: why vision?

a remote manner rather than having to be in contact with the objects being
analysed.

Systems which are equipped with (useful) visual capabilities are inherently adaptive
and can deal with uncertainty in the environment, or at least that is what one would
hope for. The upshot of this is that, by incorporating vision in the manufacturing
process, not only can we identify when things go wrong (e.g. in visual inspection)
but the uncertain and variable nature of the manufacturing environment can be
catered for.

Unfortunately, vision, while versatile, is also the most complex of the senses,
due mainly to the fact that most information in visual images is implicitly coded
and requires extensive processing and analysis to make it explicit. Visual sensing is
difficult: in humans, ten of the estimated one hundred cortical areas in the brain
are devoted to vision and much work remains to be done before we can claim to
have even a modest grasp of visual sensing.

Given that one acknowledges that vision is (potentially) a very powerful sense,
let us look at some of the motivations for using visual processes in the industrial
workplace.

O  Safety and reliability
Considerations of safety and reliability usually arise in environments which are
hazardous for humans (e.g. in close proximity to a milling bit) or because
manufactured parts are of critical importance and 100 per cent inspection is
required (e.g. defects in a brake lining might conceivably cause loss of life).
Machine vision also facilitates consistency in inspection standards; such
systems don’t suffer from the ‘Monday-morning’ syndrome and their performance
can be (and should be) quantitatively assessed.

O  Product quality

High-volume production using humans seldom facilitates inspection of all parts but
automated visual inspection techniques may make it feasible; this depends on the
complexity of the task and the effective throughput that is required by the
manufacturing system. The latter consideration is particularly important if the
vision system is to be incorporated in an on-line manner, i.e. inspecting each part
as it is manufactured.

O  Flexible automation

In environments where quality assurance is performed by a machine, it is feasible
to integrate the inspection task into the complete production or manufacturing
cycle, and allow it to provide feedback to facilitate on-line control. This provides
for the adaptive requirements of AMT (advanced manufacturing technology)
systems and facilitates the overall control by computer, such as is found (or, more
realistically, as will be found in the future) in advanced computer integrated
manufacturing (CIM) environments.



