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Preface

The machine vision industry has enjoyed a growth
rate well above the industry average for many years.
Machine vision systems currently form an integral
part of many machines and production lines. Fur-
thermore, machine vision systems are continuously
deployed in new application fields, in part because
computers become faster all the time and thus en-
able applications to be solved that were out of reach
just a few years ago.

Despite its importance, there are few books that
describe in sufficient detail the technology that is im-
portant for machine vision. While there are numer-
ous books on image processing and computer vision,
very few of them describe the hardware components
that are used in machine vision systems to acquire
images (illuminations, lenses, cameras, and camera—
computer interfaces). Furthermore, these books of-
ten only describe the theory, but not its use in real-
world applications. Machine vision books, on the
other hand, often do not describe the relevant the-
ory in sufficient detail. Therefore, we feel that a book
that provides a thorough theoretical foundation of all
the machine vision components and machine vision
algorithms, and that gives non-trivial practical ex-
amples of how they can be used in real applications,
is highly overdue.

The applications we present in this book are
based on the machine vision software HALCONO®,
developed by MVTec Software GmbH. To enable you
to get a hands-on experience with the machine vi-
sion algorithms and applications that we discuss, this

book contains a registration code that enables you to
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vi | preface

download, free of charge, a student version of HAL-
CON as well as all the applications we discuss. For
details, please visit www.machine-vision-book.com.

While the focus of this book is on machine vision
applications, we would like to emphasize that the
principles we will present can also be used in other
application fields, e.g., photogrammetry or medical
image processing.

We have tried to make this book accessible to
students as well as practitioners (OEMs, system inte-
grators, and end-users) of machine vision. The text
requires only very little mathematical background.
We assume that the reader has a basic knowledge of
linear algebra (in particular, linear transformations
between vector spaces expressed in matrix algebra)
and calculus (in particular, sums and differentiation
and integration of one- and two-dimensional func-
tions).

This book is based on a lecture and lab course
entitled “Machine vision algorithms”- that Carsten
Steger has held annually since 1999 at the De-
partment of Informatics of Technische Universitit
Miinchen. Parts of the material have also been used
by Markus Ulrich in a lecture entitled “Close-range
photogrammetry” held annually since 2005 at the In-
stitute of Photogrammetry and Cartography of Tech-
nische Universitdt Miinchen. These lectures typi-
cally draw an audience from various disciplines, e.g.,
computer science, photogrammetry, mechanical en-
gineering, mathematics, and physics, which serves
to emphasize the interdisciplinary nature of machine
vision.

We would like to express our gratitude to several
of our colleagues who have helped us in the writing of
this book. Wolfgang Eckstein, Juan Pablo de la Cruz
Gutiérrez, and Jens Heyder designed or wrote sev-
eral of the application examples in Chapter 4. Many
thanks also go to Gerhard Blahusch, Alexa Zierl, and
Christoph Zierl for proofreading the manuscript. Fi-
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nally, we would like to express our gratitude to An-
dreas Thop and Ulrike Werner of Wiley-VCH for hav-
ing the confidence that we would be able to write this
book during the time HALCON 8.0 was completed.
We invite you to send us suggestions on how to
improve this book.
You can reach us at

authors@machine-visjion-book.com.
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Miinchen, May 2007 - Carsten Steger, MarkusUlrich, Christian Wiedemann
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1 Introduction

Machine vision is one of the key technologies in man-

ufacturing because of increasing demands on the doc-

umentation of quality and the traceability of prod-
ucts. It is concerned with engineering systems, such
as machines or production lines, that can perform
quality inspections in order to remove defective prod-
ucts from production or that control machines in
other ways, e.g., by guiding a robot during the as-
sembly of a product.

Some of the common tasks that must be solved

in machine vision systems are as follows [1]:

e Object identification is used to discern different

‘kinds of objects, e.g., to control the flow of ma-
terial or to decide which inspections to perform.
This can be based on special identification sym-
bols, e.g., character strings or bar codes, or on
specific characteristics of the objects themselves,
such as their shape.

e Position detection is used, for example, to con-
trol a robot that assembles a product by mount-
ing the components of the product at the correct
positions, e.g., in a pick-and-place machine that
places electronic components onto a printed cir-
cuit board (PCB). Position detection can be per-
formed in two or three dimensions, depending on
the requirements of the application.

e Completeness checking is typically performed af-
ter a certain stage of the assembly of a product
has been completed, e.g., after the components
have been placed onto a PCB, to ensure that the
product has been assembled correctly, i.e., that
the right components are at the right place.

e Shape and dimensional inspection is used to
check the geometric parameters of a product to

ensure that theylie within the required tolerances.
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2 | 1 Introduction

This can be used during the production process
but also after a product has been in use for some
time to ensure that the product still meets the
requirements despite wear and tear.

e Surface inspection is used to check the surface
of a finished product for imperfections such as

scratches, indentations, protrusions, etc.
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Figurel.1 displays an example of a typical ma-
chine vision system. The object (1) is transported
mechanically, e.g., on a conveyor belt. In machine
vision applications, we would often like to image the
object in a defined position. This requires mechan-
ical handling of the object and often also a trigger
that triggers the image acquisition, e.g., a photoelec-
tric sensor (4). The object is illuminated by a suit-
ably chosen or specially designed illumination (3).
Often, screens (not shown) are used to prevent

P11 SR B BB VA 2 5
Fo B (1) ekt LS, 1
BUBRRBE R F o, S8 7 A 52
i BREBMYEG . XRERA
ARIROLBRERSY , IFIR T AN
BHAMBRIE . (4) BR—FP
(EE MRS . BMDATE L
BEHRERSE R (3) JB . A
LT 2o E AR (A BIsR )
LAB LSBT BB



ambient light from falling onto the object and
thereby lowering the image quality. The object is im-
aged with a camera (2) that uses a lens that has been
suitably selected or specially designed for the appli-
cation. The camera delivers the image to a computer
(5) through a camera—computer interface (6), e.g., a
frame grabber. The device driver of the camera—
computer interface assembles the image (7) in the
memory of the computer. If the image is acquired
through a frame grabber, the illumination may be
controlled by the frame grabber, e.g., through strobe
signals. If the camera—computer interface is not a
frame grabber but a standard interface, such as IEEE
1394, USB 2.0, or Ethernet, the trigger will typically
be connected to the camera and illumination directly
or through a programmable logic controller (PLC).
The computer can be a standard industrial PC or a
specially designed computer that is directly built into
the camera. The latter configuration is often called
a smart camera. The computer may use a standard
processor, a digital signal processor (DSP), a field-
programmable gate array (FPGA), or a combination
of the above. The machine vision software (8) in-
spects the objects and returns an evaluation of the
objects (9). The result of the evaluation is communi-
cated to a controller (11), e.g., a PLC or a distributed
control system (DCS). Often, this communication is
performed by digital input/output (I/O) interfaces
(10). The PLC, in turn, typically controls an ac-
tuator (13) through a communication interface (12),
e.g., a fieldbus or serial interface. The actuator, e.g.,
an electric motor, then moves a diverter that is used
to remove defective objects from the production line.

As can be seen from the large number of com-
ponents involved, machine vision is inherently multi-
disciplinary. A team that develops a machine vision
system will require expertise in mechanical engineer-
ing, electrical engineering, optical engineering, and

software engineering.
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4 | 1 Introduction

To maintain the focus of this book, we have
made a conscious decision to focus on the aspects
of a machine vision system that are pertinent to the
system until the relevant information has been ex-
tracted from the image. Therefore, we will forgo
a discussion of the communication components of a
machine vision system that are used after the ma-
chine vision software has determined its evaluation.
For more information, please consult [2, 3, 4].

In this book, we will try to give you a solid back-
ground on everything that is required to extract the
relevant information from images in a machine vision
system. We include the information that we wish
someone had taught us when we started working in
the field. In particular, we mention several idiosyn-
crasies of the hardware components that are highly
relevant in applications, which we had to learn the
hard way.

The hardware components that are required to
obtain high-quality images are described in Chap-
ter 2: illuminations, lenses, cameras, and camera—
computer interfaces. We hope that, after reading
this chapter, you will be able to make informed deci-
sions about which components and setups to use in
your application.

Chapter 3 discusses the most important algo-
rithms that are commonly used in machine vision
applications. It is our goal to provide you with a
solid theoretical foundation that helps you in design-
ing and developing a solution for your particular ma-
chine vision task.

To emphasize the engineering aspect of machine
vision, Chapter 4 contains a wealth of examples and
exercises that show how the machine vision algo-
rithms discussed in Chapter 3 can be combined in
non-trivial ways to solve typical machine vision ap-

plications.
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2 Image Acquisition

In this chapter, we will take a look at the hardware
components that are involved in obtaining an image
of the scene we want to analyze with the algorithms
presented in Chapter 3. Illumination makes the es-
sential features of an object visible. Lenses produce
a sharp image on the sensor. The sensor converts the
image into an analog or digital video signal. Finally,
camera—computer interfaces (analog or digital frame
grabbers, bus systems like IEEE 1394 or USB 2.0,
or network interfaces like Ethernet) accept the video
signal and convert it into an image in the computer’s

memory.
2.1 TIllumination

The goal of illumination in machine vision is to make
the important features of the object visible and sup-
press undesired features of the object. To do so, we
have to consider how the light interacts with the ob-
ject. One important aspect is the spectral compo-
sition of the light and the object. We can use, for
example, monochromatic light on colored objects to
enhance the contrast of the desired object features.
Furthermore, the direction from which we illuminate
the objects can be used to enhance the visibility of
features. We will examine these aspects in this sec-

tion.

2.1.1 Electromagnetic Radiation

Light is electromagnetic radiation of a certain range
of wavelengths, as shown in Table 2.1. The range of
wavelengths visible for humans is 380-780nm. Light

with shorter wavelengths is called ultraviolet (UV)
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