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Preface to the Third Edition

This third edition has included two major components over the second edition. The
first is that a selection of new applications has been addressed. There has been a
recent surge in publications using the PCNN or ICM and a few of these have been
included.

The second major change has been the inclusion of Python scripts. Over the
past decade Python has emerged as a very powerful tool and its use is seen in many
applications in the sciences. With the inclusion of a numeric library, Python has
the ability to easily handle linear algebra operations with relatively few lines of
code. With such efficiency it becomes possible to embed Python scripts in the text
along with the theory and applications.

Every attempt has been made to ensure that the Python scripts are complete for
applications that are demonstrated here. The scripts were written with Python 2.7
since it is still the standard in LINUX distributions. Users of Python 3.x will find
minor differences which are customary when translating from 2.7.

Some readers who are experienced Python programmers will notice that the
codes included here could be compressed to even fewer lines. However, the intent
of including code is more educational in nature and so the scripts are designed to
be readable before being highly compressed.

A website hosted at http://www.binf.gmu.edu/kinser/ will maintains a ZIP file
with all of the Python scripts written by the authors. The Python system, the
numeric Python (NumPy), scientific Python packages (SciPy), and the Python
Image Library (PIL) can be obtained from their home sites as explained in Chap. 3.
All of the scripts provided by the author are copyrighted and can be used only for
academic purposes. Commercial applications without expressed written permis-
sion of the script’s author is prohibited.

Stockholm and Manassas, 2012 Thomas Lindblad
Jason M. Kinser
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Preface to the Second Edition

It was stated in the preface of the first edition of this book that image processing by
electronic means has been a very active field for decades. This is certainly still true
and the goal has been, and still is, to have a machine perform the same functions
which humans do quite easily. In reaching this goal we have learned much about
human mechanisms and how to apply this knowledge to image processing prob-
lems. Although there is still a long way to go, we have learned a lot during the last
five or six years. This information and some ideas based upon it has been added to
the second edition of this book.

The present edition includes the theory and application of two cortical models:
the PCNN (the pulse coupled neural network) and the ICM (intersecting cortical
model). These models are based upon biological models of the visual cortex and it
is prudent to review the algorithms that strongly influenced the development of the
PCNN and the ICM. The outline of the book is otherwise very much the same as in
the first edition, although several new applications have been added.

In Chap. 7 a few of these applications will be reviewed including original ideas by
co-workers and colleagues. Special thanks are due to Soonil D. D. V. Rughooputh,
the dean of the Faculty of Science at the University of Mauritius and Harry
C. S. Rughooputh, the dean of the Faculty of Engineering at the University of
Mauritius.

We should also like to acknowledge that Guisong Wang, a doctoral candidate in
the School of Computational Sciences at GMU, made a significant contribution to
Chap. 5.

We would also like to acknowledge the work of several diploma and Ph.D.
students at KTH, in particular Jenny Atmer, Nils Zetterlund, and Ulf Ekblad.

Stockholm and Manassas, April 2005 Thomas Lindblad
Jason M. Kinser
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Preface to the First Edition

Image processing by electronic means has been a very active field for decades. The
goal has been, and still is, to have a machine perform the same image functions
which humans do quite easily. This goal is still far from being reached. So we must
learn more about the human mechanisms and how to apply this knowledge to
image processing problems. Traditionally, the activities in the brain are assumed to
take place through the aggregate action of billions of simple processing elements
referred to as neurons and connected by complex systems of synapses. Within the
concepts of artificial neural networks, the neurons are generally simple devices
performing summing, thresholding, etc. However, we show now that the biological
neurons are fairly complex and perform much more sophisticated calculations than
their artificial counterparts. The neurons are also very specialized and it is thought
that there are several hundred types in the brain and messages travel from one
neuron to another as pulses.

Recently, scientists have begun to understand the visual cortex of small
mammals. This understanding has led to the creation of new algorithms that are
achieving new levels of sophistication in electronic image processing. With the
advent of such biologically inspired approaches, in particular with respect to
neural networks, we have taken another step towards the aforementioned goal.

In our presentation of the visual cortical models we will use the term Pulse-
Coupled Neural Network (PCNN). The PCNN is a neural network algorithm that
produces a series of binary pulse images when stimulated with a gray scale or
color image. This network is different from what we generally mean by artificial
neural networks in the sense that it does not train. The goal for image processing is
to eventually reach a decision on the content of that image. These decisions are
generally far easier to accomplish by examining the pulse outputs of the PCNN
rather than the original image. Thus, the PCNN becomes a very useful pre-
processing tool. There exists, however, an argument that the PCNN is more than a
pre-processor. It is possible that the PCNN also has self-organizing abilities which
make it possible to use the PCNN as an associative memory. This is unusual for an
algorithm that does not train.

Finally, it should be noted that the PCNN is quite feasible to implement in spe-
cialized hardware. Traditional neural networks have had a large fan-in and fan-out.
In other words, each neuron was connected to several other neurons. In electronics a
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different ‘‘wire’’ is needed to make each connection and large networks are quite
difficult to build. The PCNN, on the other hand, has only local connections and in
most cases these are always positive. This is quite plausible for electronic
implementation.

The PCNN is quite powerful and we are just beginning to explore the possi-
bilities. This text will review the theory and then explore its known image pro-
cessing applications: segmentation, edge extraction, texture extraction, object
identification, object isolation, motion processing, foveation, noise suppression,
and image fusion. This text will also introduce arguments as to its ability to
process logical arguments and its use as a synergetic computer. Hardware reali-
zation of the PCNN will also be presented.

This text is intended for the individual who is familiar with image processing
terms and has a basic understanding of previous image processing techniques. It
does not require the reader to have an extensive background in these areas. Fur-
thermore, the PCNN is not extremely complicated mathematically so it does not
require extensive mathematical skills. However, this text will use Fourier image
processing techniques and a working understanding of this field will be helpful in
some areas.

The PCNN is fundamentally unique from many of the standard techniques
being used today. Many of these fields have the same basic mathematical foun-
dation and the PCNN deviates from this path. It is an exciting field that shows
tremendous promise.

Stockholm and Manassas, 1997 Thomas Lindblad
Jason M. Kinser
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Chapter 1
Biological Models

Humans have an outstanding ability to recognise, classify and discriminate objects
with extreme ease. For example, if a person was in a large classroom and was asked
to find the light switch it would not take more than a second or two. Even if the light
switch was located in a different place than the person expected or it was shaped
differently than expected it would not be difficult to find the switch. Humans also do
not need to see hundreds of exemplars in order to identify similar objects. A person
needs to see only a few dogs and then he is able to recognise dogs even from species
that he has not seen before. This recognition ability also holds true for animals, to
a greater or lesser extent. A spider has no problem recognising a fly as even a baby
spider can do that. At this level we are talking about a few hundred to a thousand
processing elements or neurons. Nevertheless the biological systems seem to do their
job very well.

Computers, on the other hand, have a very difficult time with these tasks. Von
Neumann machines need a large amount of memory and significant speed to even
come close to the processing time of a human. Furthermore, the software for such
simple general tasks does not exist. There are special problems where the machine
can perform specific functions well, but the machines do not perform general image
processing and recognition tasks to the extent that animals and humans do.

Implementations of neural systems in silicon hardware have been tried by
companies Intel and IBM. The Electrically Trainable Neural Network (ETANN)
chip [43] from Intel had 128 neurons1 and the first Zero Instruction Set Computer
(ZISC36) chip[1] from IBM had 36 neurons. However, these are all “mathematical
neurons” based on the back-propagation algorithm [14] and the radial basis func-
tion algorithms [73] and really not any implementation of biological systems. The
ZISC36 chip could easily be put in parallel [66] to make use of several hundreds
of neurons. It has also been further developed and is today available as C1MK with
a thousand neurons [21]. This chip is between a fly and a worm with respect to
the number of interconnections, although a bit “faster” than both. However, there is
still a long way to go before reaching small mammals and humans as illustrated in

1 There are several examples of how 128 neurons can be used with one example show in [65].

T. Lindblad and J. M. Kinser, Image Processing Using Pulse-Coupled Neural 1
Networks, Biological and Medical Physics, Biomedical Engineering,
DOI: 10.1007/978-3-642-36877-6_1, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 1.1 Comparing “brains” of some animals in some neural networks systems as discussed in
the text

Fig. 1.1. Recent work at Manchester University is to develop SpiNNaker (Spiking
Neural Network Architecture) which is a parallel computer specifically designed to
model large scale spiking neural networks. The design will allow each computer to
contain more than one million cores. Completion of the first machine is expected by
the end of 2013. The ETANN, ZISC and a few other neural network chips are shown
in Fig. 1.2.

It is often claimed that neuromorphic machines outperform von Neumann
machines at certain environmental complexity (e.g., input combinatorics). There
is a “break even point” and after this point the machine complexity (e.g., size, power,
memory, gates, synapses) increases steeply for von Neumann computers but not so
much for the neural architectures. However, there are still many orders of magni-
tude of complexity before one reaches the “human” level of performance. Besides
the above problem of the number of neurons, there are at least two other funda-
mental items to consider: the neurons designed for specific tasks and the intelligent
mammal sensors. This is particularly true for the visual system. The neurons get aux-
iliary information from adjacent neurons, the information is sent in separate paths in
the mid-brain, backward signals are used to prioritise important information. Using
computer language one would say that the feature extraction system, its redundancy
and the parallel triggering system in the mid-brain ensure that important information
reaches the visual cortex. At the same time, there is a tremendous reduction in data
volume from perhaps initially 108 neurons and a bit-rate of 50 Mbits/s to approximate
video speed when we become aware of what we are seeing.
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Fig. 1.2 A few neural network chips. The ETANN (top right) and ZISC036 (middle and lower
middle) are mentioned in the text and plotted in Fig. 1.1

1.1 Introduction

One of the processes occurs in the visual cortex, which is the part of the brain that
receives information from the eye. At this point in the system the eye has already
processed and significantly changed the image. The visual cortex converts the resul-
tant eye image into a stream of pulses. Synthetic models of this portion of the brain
for small mammals have been developed and successfully applied to many image
processing applications.

The mammalian visual system is considerably more elaborate than simply
processing an input image with a set of inner products. Many operations are per-
formed before decisions are reached as to the content of the image. Neuro-science
does not yet understand all of processes. However, sometimes the visual system is
fooled, in particular where we expect colour and shades to follow some rules and
patterns. There are very many examples of this, (e.g. the shadow of a cylinder on
a board of chess shown in Fig. 1.3). Most people would say that the grey scale of
square “A” is darker than that of square “B”, but even the simplest Paint program of
a von Neumann computer would say that they are exactly the same.
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Fig. 1.3 The shadow of a cylinder on a checkerboard. Is square a really darker than square b?

Another example is the case of hiding a person from a searching adversary. Hiding
in an open field may offer advantages over hiding in a ditch in that such a place is
unexpected and away from visual edges which are natural attractors in human vision
(see Sect. 5.4). “What you see is not always the truth.” An excellent example is the
awareness test [4] in which the viewer is asked to count the number of passes of
a ball between a set of players wearing a particular jersey. In this video a dancer
dressed as a bear moves across the frame of view and most viewers completely miss
his presence. 80 % or more of our (university) students did not see the bear. Human
processing of information is clearly not based solely on the visual input but also
highly affected by other processes in the brain.

This chapter will mention a few of the important operations to provide a glimpse of
the complexity of the processes. It soon becomes clear that the mammalian system is
far more complicated than the usual computer algorithms used in image recognition.
It is almost silly to assume that such simple operations can match the performance
of the biological system. Of course, image input is performed through the eyes.
Receptors within the retina at the back of the eye are not evenly distributed nor are
they all sensitive to the same optical information. Some receptors are more sensitive
to motion, colour, or intensity. Furthermore, the receptors are interconnected. When
one receptor receives optical information it alters the behaviour of other surrounding
receptors. A mathematical operation is thus performed on the image before it even
leaves the eye. The eye also receives feedback information. We humans do not stare
at images, we foveate. Our centre of attention moves about portions of the image as
we gather clues as to the content. Furthermore, feedback information also alters the
output of the receptors.

After the image information leaves the eye it is received by the visual cortex. Here
the information is further analysed by the brain. The investigation of the visual cortex
of the cat [26] and the guinea pig [93] have been the foundation of the digital models
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used in this text. Although these models are a big step in emulating the mammalian
visual system, they are still very simplified models of a very complicated system.
Intensive research continues to understand fully the processing. However, much can
still be implemented or applied already today.

1.2 Biological Foundation

While there are discussions as to the actual cortex mechanisms, the products of
these discussions are quite useful and applicable to many fields. In other words, the
algorithms being presented as cortical models are quite useful regardless of their
accuracy in modelling the cortex. Following this brief introduction to the primate
cortical system, the rest of this book will be concerned with applying cortical models
and not with the actual mechanisms of the visual cortex.

In spite of its enormous complexity, two basic hierarchical pathways can model
the visual cortex system: the pavocellular one and the mangnocellular one, process-
ing (mainly) colour information and form/motion, respectively. Figure 1.4 shows a
model of these two pathways. The retina has luminance and colour detectors which
interpret images and pre-process them before conveying the information to the visual
cortex. The lateral geniculate nucleus, LGN, separates the image into components
that include luminance, contrast, frequency, etc. before information is sent to the
visual cortex (labelled V in Fig. 1.4).

The cortical visual areas are labelled V1–V5 in Fig. 1.4. V1 represents the striate
visual cortex and is believed to contain the most detailed and least processed image.

Fig. 1.4 A model of the visual system. The abbreviations are explained in the text. Only feedforward
signals are shown


