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Preface

The subject of chaos and fractals has come into popular prominence in
the last few years due in the main to the fact that the fractals can create
stunning graphical images on computers. Indeed, many magazines have
carried programs to generate what is probably the hallmark of the field, the
Mandelbrot set. However, beyond the aesthetic pleasure of these images the
science of chaos has implications for us all, in arcas as diverse as next weeks
weather, Jupiter’s famous red spot and heart attacks and was actually born
thirty years dgo! Chaos is likely to cause as much change in the way that
scientists think of the world as did the replacement of Newton’s classical
mechanies with the quantumn theory. Despite this, the basic principles are
breathtakingly simple, and anyonc with a home computer can get involved
and conceivably make a contribution to this still young science.

I hope that this book will provide food for thought for computer hobby-
ists, students and anyone interested in the subject, and may provide a useful
starting point hefore going in to the more specialist works in the field. The
idea of this book is to provide a ‘cookery book’ for various chaotic systems,
and, like all recipes, experimentation will often give new and unexpected
results. So, use these programs as starting points for your own work.

Personally, my interest in this arca goes back about seven years to when
I came across Koch snowflakes for the first time on a small computer. After
a while, I encountered the Mandelbrot set, the Lorenz equations and other
aspects of the world of chaos, and began to write programs to gencrate
the images scen in books and magazines. And that’s where the problems
started; I could find nothing to bridge the gap between the pretty pictures
and the mathematics. This book, I hope, will provide a practical guide to
bridge that gap, and to introduce the sybject of chaos and fractals, using
sinall computers as a laboratory for exploring the Leautiful and fascinating
world on the boundary of order and chaos.

No book is created without a team effort; in this case I'd like to par-
ticularly mention Andrew Parr and Peter Dixon, my publisher, for their
encouragement and support on this project.

Finally, special thanks must go to my wife, Nicky, for support for what
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has probably appeared to be a rather odd interest of mine, and to all those
people who've given me advice and inspiration during the preparation of

this book. Thanks folks!

I would Iike to dedicate this book to the memory of
Julia Helen Crick,

a dearly loved and greatly massed friend.

Jor PRircHARD
Shetfield
1991
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Introduction

This book is about chaos, a relatively new science, in which the laboratory
equipment consists of computer software, the results are often graphica’
displays of stunning complexity and the subjects of the experiments are
numbers themselves. Indeed, many people have already suggested that tl
term ‘Experimental Mathematics’ be applied to the whole area of chac
theory and fractals. In this section of the book, I want to look briefly «
how this book can be used, and at some of the techniques that we’ll b
employing. ‘

I suppose that before going any further we should bring in a definitios
unfortunately, chaos doesu’t lend itself to rapid definitions, so I'll be giving
a fuller one later in the book. However, for the time being lel’s just say the
a chaotic system is a deterministic system with great sensitivity to iniii.
conditions. In other words, the behaviour of such a systera is predictable i,
the use of suitable mathematical equations but varies greatly depending wp
what the starting conditions ere. Thus a model of the world’s weather on
computer (Chapter 4, The Lorenz equations) can give staggeringly differe:
results when the value of an input parameter is varied by, say, 1 part :
1000. Intuition tells us that small changes in input should give proportion.
changes at the output; chaos shows us that this isn’t necessarily the case

This book is aimed at anyone with access to a computer running Turb.
Pascal or BBC BASIC, although the programs in the hook are presented ir:
such a way that they can be duplicated in virtually any language you care
to choose, provided that the language has the means of drawing graphica’
images on a computer display. The programs in the book are designed
as starting points for further experimentation, and I'll be giving hints of

further things to try in cach chapter. It’s hoped that the listings will give
you a starting point for your own programs.

Although the subject is based in maths, this book is designed as a ‘how
to do it’ book, so I've kept the mathematical content to a minimum. For
those of you wishing to follow up some of the mathematics, I've included
a substantial list of further reading and computer software. In addition to
the computer-based work, I've included in Chapter 11 guidelines for some



2 INTRODUCTION

experimental work in chaotic systems that you might find in the real world.
As to actually using this book, the newcomer might like to start at Chapter
1 and work on through; those with some knowledge of chaos might prefer to
get right on with the programs featured. Finally, if there’s enough interest,
who knows; there might be a book called Advanced Chaos ...

The computer

To get the best out of this book you need a computer of some sort. 1 have
concentrated on the IBM PC and clones and the BBC Model B. In order to
save space, from here on I’ll refer to the BBC Model B as the BBC Micro,
and to the IBM PC and its clones as a PC. The main points about any
computer used for chaos experiments are as follows.

Graphics

The computer needs some medium-to-high-resolution graphics capability
to display the images generated. If you have a PC, then the only problem
you'll encounter is if you've got a machine fitted with a text-only display
adapter. Most graphics systems fitted to computers are colour, but this
doesn’t matter too much; very attractive monochrome images can be cre-
ated.

More important than colour is the resolution of the graphits display.
This is the number of individually addressable points available on the
screen. | would say that a minimum requirement for the work featured in
this book is about 200 horizontal by 200 vertical points {pizels) (200 x 200).
You may find that some authors suggest a higher resolution graphics screen
than you have on your machine; if this is the case, then my advice would
be to try out the programs on your computer unless the author says the
program definitely won’t work. After all, experimentation is the spice of
chaos!

Even if your machine cannot support graphics, some chaos work can
be done with a text-only display, by printing out the values rather than
graphing them. An example of this is given in Chapter 4 when the Lorenz
equations are discussed,

The BBC and IBM PC are two machines capable of supporting good
graphics. Here follows a brief description of the graphics modes available’
on the BBC and the common graphics standards for the PC.

BBC graphics modes

On the BBC Microcomputer, there is a trade-off between screen resolution
and memory available for programs. Table 1 shows some common BBC
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graphics modes. Modes 0 to 2 take up 20k of memory, and this leaves only
around 5k or so for programs when the BBC has a disc drive fitted. Modes
4 and 5 take up 10k of memory.

Mode  Colours Resolution
0 2 colours 640x256 pixels
1 4 colours 320x256 pixels
2 16 colours 160x256 pixels
4 2 colours  320x256 pixels
) 4 colours 160x256 pixels

Table 1. BBC Micro screen modes.

The other BBC screen modes are not really suitable for use in most of
the programs in this book, but can be pressed into service for things like
the Life program in Chapter 10.

IBM graphiés adapters

PCs don’t have a range of built-in graphics modes like the BBC; instead,
they can be equipped with an add-in card and suitable display to suit the
- requirements of the user. Once upon a time, all PCs came with no display

Adapter Resolution Colours BIOS Moede
CGA 40%x25 and 80%25 16 colour text
320x 200 pixels 4 colours 4 and 5
640200 pixels 2 colours 6
EGA as CGA plus:
320 %200 pixels 16 colours 13
640 x 200 pixels 16 colours 14
640 x 350 pixels 16 colours 15
VGA as EGA plus:
640x480 pixels 2 colours 17
640x480 pixels 16 colours 18
320200 pixels 256 colours 19

Table 2. Common IBM PC screen modes.

system at all; a shock to those of us who were more used to home computers!

‘The most common graphics modes supported on IBM machines are shown
in Table 2.
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PROCESSING POWER 5

actual processing in prograns, leaving the BBC’s own 6502 to look after
just the keyboard and sereer.

Life is mbre complicated with the IBM PC. There are three CPU chip
families in wide circulation.

8088/8086: These chips are quite old, but are still to be found in many ma-
chines, such as the Amstrad PC1512, Toshiba 1200 and many other
low-cost clones. Machines using these chips are often called PC ma-
chines, as the original IBM PC used one of these processors.

80286: This is a more powerful processor, which also can handle more com-
puter memory than the 8086G/8088 processor. Machines using this
processor arc often called AT clones.

80386/803865X: These processors are very powerful indeed, and PC clones
using these machines represent the most powerful machines in com-
mon use. The SX chip is a slightly cut-down version of the 80386,
but for our purposes the SX chip is quite adequate.

As well as the processor type, the speed at which it operates is also quite
important. For example, the BBC 6502 trundles along at 1IMHz (1 million
steps per second). This isn’t the same as 1 milhon calculations every sccond.
The 8086/8088 processors usually operate in the 4MHz to 8MHz range,
802865 up to 12MHz and 3865SX /386 processors anywhere between 15 and
33MHz. You can get 20MHz 80286 chips which will outpace some of the
slower 80386SX chips, but do not offer some of the more subtle advantages
of the 803865X. However, for chaos and fractals work, these chips are fine.
Some machines are equipped with a “Turbo’ mode, in which a machine that
normally runs at, say, 4MHz can, at the push of a button, run at 7 or
8MHz. The reason for having two modes is that some software requires
that the computer be running at an official speed—in this case, the 4MHz
speed-—and may not function correctly if the higher speed is used.

A uscful adjunct to the CPU for any computer that's doing a lot of nu-
merical work is a special chip called a maths coprocessor. In the usual run
of things, the CPU has to do all the arithmetic, and while it’s doing this it
¢an’t do anything else. Mathematical operations are not usually the forte
of computer chips; they’re fine at doing simple arithmetic, but to do com-
plex mathematics they have to execute programs of instructions and this
takes time. A coprocessor is designed to do the complicated mathematical
operations under the control of the CPU, and it will then pass the results
back to the CPU when the calculations are completed. Such a device will
make vast improvements in speed to the overall running of mathematically
oriented programs, provided that the language used to write the programs
can support the maths coprocessor. There is no dedicated maths coproces-
sor available for the 6502 chip, but for the others, the processor number
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needed is obtained by replacing the 6 i m the part nz}me with a 7. So the
80286 requires an 80287 maths coprocessor

Disc drives

The computer disc drive systep{ is simply used for rapid storage and re-
trieval of data. It’s not essentjal for chaos work; you can use cassette tapes
for program and data storage on the BBC Micro, but it makes life easier!
Programs can be retricvgd more quickly from disc than from tape. On
the PCs, there isn’t an effective tape system available, and all clones need
at least one disc drive, as described below. Furthermore, on PCs many
computer languages use the disc as temporary storage whilst you are writ-
ing programs, so the disc drive cffectively becomes an extension of your
computer’s memory.

BBC disc systems

There are two main systems on the BBC Micro. These are the 40-track
disc, capable of holding 100,000 characters of data (100k) and the 80-track
disc, which holds 200k. Figure 1 shows a typical floppy disc. The disc fits
into a disc drive which allows data to be read from and written to the disc
as a series of magnetic imprints on the disc surface. The discs are reusable
and if you need to use another disc, you simply take the current disc out
of ihe drive, put it in a storage bag, and stick in another one.

write protectnotch

[1[(1\!!1‘ case

Figure 1. A typical floppy disc.
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Floppy discs come in two physical sizes (5.25” and 3.5”) and the amount
of data that can be stored on them depends upon how the computer formats
the disc to receive information.

PC disc systems

On PCs there are a variety of floppy disc formats to deal with:

3.5” There are two types of 3.5” disc, called low density and high density.
Low density discs can hold about 720k of data, and high density discs
hold about 1400k of data.

5.25" Again, high and low density discs are available, with low density discs
holding 360k of data and high density discs holding 1200k of data.

Hard discs

All PC clones will come with at least one floppy disc drive. Some machines
have two, but a more common configuration is to have one floppy disc drive
and one hard disc. A hard disc is a non-removable storage medium; that
is, when it fills up you have to erase some old data before you can save new
material on to the disc. It’s not easy to remove the disc and stick a new one
in, but the disc is reusable, and many users move old data from their hard
disc on to floppy discs, and then erase the old data from the hard disc to
make space for new material. Hard discs can hold large amounts of data—
anywhere between 20 million and several hundred million bytes—and are
also much faster than floppy disecs. A hard disc is well worth the extra
cost as it usually makes programming easier and faster and is particularly

valuable for storing and recovering screen image files or other large amounts -
of data.

Interfaces

Computer interfaces are the ways in which the computer talks to other de-
vices in the outside world. Most computers come with at least an interface
to allow the computer to send information to a printer to produce hard-
copy results from programs. This is usually what is known as a Centronics
interface, which is a standard means of communication between computers
and printers. A further means of communication between computers and
peripheral devices is via an RS5292 interface, which allows the computer
to communicate with plotters, which can draw graphs in many colours, or
allows data transfer between two different computers, even if they are of
different makes. If you have an additional piece of equipment called a mo-

dem, you can communicate with other computers over the telephone line
via the RS232 interface.
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If you go on to experiment with chaotic systems in the real world, rathier
than various computer models, then you will require additional interfaces on
your computer to convert things happening in the real world into electrical
signals that the computer can understand. The BBC Micro is equipped
with some of these interfaces, in the form of a User Port and Analogue to
Digital Converter (ADC). The User Port allows simple electrical on or off
signals to be read by the computer, whilst the ADC allows continuously
varying voltages to be recorded on a computer. Quantities such as light
level or temperature can thus be recorded on a computer via a suitable
clectronic circuit to convert, say, light levels into voltages.

Programming languages

Without suitable prograins, computers are simply hi-tech door stops. These
programs--sequences of instructions for the computer to follow to get a par-
ticular result-- are written in particular computer languages. The CPU of
a computer only understands one language. This is called machine code,
and machine code programs are incredibly fast because the CPU can look
at instructions in a machine code program and know exactly what to do
without any further processing. However, machine code programs are un-
intelligible to humans; after all, a machine code program looks like a long
list of numbers. Languages such as BASIC or Pascal, called high level lan-
guages, make more sensc to people but cannot be executed directly by the
CPU. The programs in these two languages need further processing before
they can be executed by the CPU of the computer. There are two ways in
which this can be done—interpretation and compilation.

Interpreted languages

In interpreted languages, like the BASIC on the BBC Micro or the pop-
ular GWBASIC for the IBM PC, the set of instructions that is written
in the language is examined by a language interpreter and a series of ma-
chine code instructions are exccuted for each instruction in the high level
language program. Thus a single high level instruction may give rise to
several thousand machine code instructions, which are pre-programmed in
to the language interpreter. If we had a simple loop in a program, like:

FOR I=1 TO 10
PRINT "HELLO WORLD"
NEXT I

then the statement PRINT "HELLO WORLD” would be reinterpreted ten
times! This, combined with the fact that the machine code statements



