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program, you will see the word PRINT appear, not a character
whose code is 153. The other, even more important, use of the
‘token’ is to locate a set of instructions which are also held in the
ROM in the form of number codes. These instructions will cause
characters to be printed on the screen, and the numbers that make
up these codes are what we call machine code. They control directly

what the ‘machine’ does. That direct control is our reason for
wanting to use machine code. When we use BASIC, the only

commands we can use are the ones for which ‘tokens’ are provided.
By using machine code, we can make up our owncommands and do
what we please.

Incidentally, the fact that PRINT generates one ‘token’ is the
reason why it is possible to use ? in place of PRINT. The
Commodore 64 has been designed so that a ? which is not placed
between quotes will also cause 153 to be put into memory.

Do-it-yourself spot

As an aid to digesting all that information, try a short program. This
one, in Fig. 1.4, is designed to reveal the keywords that are stored in
the ROM, and it makes use of the BASIC instruction word PEEK.

10 PRINT41118;" ";:FOR N=41118 TO 41373

20 Ks=PEEK(N)

30 IF KC128THENPRINTCHR$(K);

40 IFK>=128THENPRINTCHR$(K-128) :PRINTN+1;" "
38 NEXT

Fig. 1.4. A program that reveals the keywords of Commodore 64 BASIC.

PEEK has to be followed by a number or number variable within
brackets, and it means ‘find what byte is stored at this address
number’. All of the bytes of memory within your Commodore 64 are
numbered from zero upwards, one number for each byte. Because
this is so much like the numbering of houses in a road, we refer to
these numbers as addresses. The action of PEEK is to find what
number, which must be between () and 255, is stored at each address.
The Commodore 64 automatically converts these numbers from the
binary form in which they are stored into the ordinary decimal
(more correctly, denary) numbers that we normally use. By using
CHRS in our program, we can print the character whose ASCII
code is the number we have PEEKed at. The program uses the
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What does the MPU do? The answer is practically everything, and
yet the actions that the MPU can carry out are remarkably few and
simple. The MPU can load a byte, meaning that a byte which is
stored in the memory can be copied into another store in the MPU.
The MPU can also store a byte, meaning that a copy of a byte that is
stored in the MPU can be placed in any address in the memory.

LOAD

ROM or RAM

STORE

ROM or RAM

Fig. 1.7. Loading and storing. ‘Loading’ means signalling to the MPU from the
memory, so that the digits of a byte are copied into the MPU. ‘Storing’ is the
opposite process.

These two actions (see Fig. 1.7) are the ones that the MPU spends
most of its working life in carrying out. By combining them, we can
copy a byte from any address in memory to any other. You don’t
think that’s very useful? That copying action is just what goes on
when you press the letter H on the keyboard and see the H appear on
the screen. The MPU treats the keyboard as one piece of memory
and the screen as another, and copies bytes from one to the other as
you type. That’s a considerable simplification, but it will do for now
- just to show how important the action is.

Loading and storing are two very important actions of the MPU,
but there are several others. One set of actions is the arithmetic set.
For most types of MPU, these consist of addition and subtraction
only, using only single-byte numbers. Since a single-byte number
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variable N as an address number, and then checks that PEEK(N)
gives a number less than 128 - in other words a number which is an
ASCII code. If it is, then the character is printed.

Now the reason that we have to check is that the last character in
each set of words, or word, is coded in a different way. The number
that we find for the last character has had 128 added to the ASCII
code. For example, the first three address locations that the program
PEEKs at contain the numbers 69, 78 and 196. The number 69 is the
ASCII code for E, 78 is the code for N, and then 196—128=68, which
is the ASCII code for D. This is where the word END is stored, then.
The reason for treating the last letter so differently is to save
memory! If a gap were left between words, this would be a byte of
memory wasted. As it is, there is no waste, because the last letter of a
group always has a code number that is greater than 128, so the
computer can recognise it easily. We have followed the same scheme
in the BASIC program of Fig. 1.4 by using line 40 to print the
correct letter and to take a new line and print the address number.
There is another set of numbers stored earlier on, which consists of
more addresses. These are the addresses of subroutines which carry
out the actions of BASIC, and they are stored in the same order as
these words.

C 64 cutaway

Now take a look at a diagram of the Commodore 64 in Fig. 1.5. It’s
quite a simple diagram because I've omitted all of the detail, but it’s
enough to give us a clue about what’s going on inside. This is the type
of diagram that we call a block diagram, because each unit is drawn
as a block with no details about what may be inside. Block diagrams
are like large-scale maps which show us the main routes between
towns but don’t show side-roads or town streets. A block diagram is
enough to show us the main paths for electrical signals in the
computer.

The names of two of the blocks should be familiar already, ROM
and RAM, but the other two are not. The block that is marked MPU
is a particularly important one. MPU means Microprocessor Unit -
but some block diagrams use the letters CPU (Central Processing
Unit). The MPU is the main ‘doing’ unit in the system, and it is, in
fact, one single unit. The MPU is a single plug-in chunk, one of these
silicon chips that you read about, encased in a slab of black plastic
and provided with forty connecting pins that are arranged in two
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When you write a program for yourself, the computer stores it in the
form of another set of number-coded instructions in a part of
memory that can be used over and over again. This is a different type
of memory that can be ‘written’ as well as ‘read’, and if we were
logical about it we would refer to it as RWM, meaning read-write
memory. Unfortunately, we’re not very logical, and we call it RAM
(meaning random-access memory). This was a name that was used
in the very early days of computing to distinguish this type of
memory from one which operated in a different way. We're stuck
with the name of RAM now and probably forever!

The number-code caper

Now we can get back to the bytes. We saw earlier that a byte, which
is a group of eight bits, can consist of any one of 256 different
arrangements of these bits. The most useful arrangement, however,
is one that we call binary code. These different arrangements of bits in
binary code represent numbers which we write in ordinary form as §
to 255 (not | to 256, because we need a code for zero). Each byte of
the 38929 bytes of RAM that are available in the Commodore 64 can
store a number which is in this range of § to 255.

Numbers by themselves are not of much use, and we wouldn’t find
a computer particularly useful if it could deal only with numbers
between ) and 255, so we make use of these numbers as codes. Each
number code can, in fact, be used to mean several different things. If
you have worked with ASCII codes in BASIC, you will know that
each letter of the alphabet, each of the digits § to 9, and each
punctuation mark, is coded in ASCII as a number between 32 (the
space) and 127 (the left-arrow). That selection leaves you with a
large number of ASCII code numbers which can be used for other
purposes such as graphics characters. The ASCII code is not the
only one, however. The Commodore 64 uses its own coded
meanings for numbers in this range of  to 255. For example, when
you type the word PRINT in a program line, what is placed in the
memory of the Commodore 64 (when you press ENTER) is not the
sequence of ASCII codes for PRINT. This would be 8¢),82,73,78,84,
one byte for each letter. What is put into memory, in fact, is one byte
- the binary form of the number 153. This single byte is called a
token and it can be used by the computer in two ways. One way is to
locate the ASCII codes for the characters that make up the word
PRINT. These are stored in the ROM, so that when you LIST a
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One particularly useful way is called binary code. Binary code is a
way of writing numbers using only two digits, f and 1. We can think
of ) as meaning ‘switch off’ and 1 as meaning ‘switch on’, so that 256
different numbers could be signalled, using eight switches, by
thinking of ¢ as meaning off and 1 as meaning on. This group of
eight is called a byte, and it’s the quantity that we use to specify the
memory size of our computers. This is why the numbers 8 and 256
occur so much in machine code computing.

The way that the individual bits in a byte are arranged so as to
indicate a number follows the same way as we use to indicate a
number normally. When you write a number such as 256, the 6
means six units, the 5 is written to the immediate left of the 6 and
means five tens, and the 2 is written one more place to the left and
means two hundreds. These positions indicate the importance or
significance of a digit, as Fig. 1.3 shows. The 6 in 256 is called the
‘least significant digit’, and the 2 is the ‘most significant digit’.
Change the 6 to 7 or 5, and the change is just one part in 256. Change
the 2 to 1 or 3 and the change is one hundred parts in 256 — much
more important.

2 5 3 a denary (decimal) number
most significant least significant
digit digit

I ¢ I a binary number

Fig. 1.3. The significance of digits. Our numbering system uses the position of
a digit in @ number to indicate its significance or importance.

Having looked at bits and bytes, it’s time to go back to the idea of
memory as a set of switches. As it happens, we need two types of
memory in a computer. One type must be permanent, like
mechanical switches or fixed connections, because it has to be used
for retaining the number-coded instructions that operate the
computer. This is the type of memory that is called ROM, meaning
read-only memory. This implies that you can find out and copy what
is in the memory, but not delete it or change it. The ROM is the most
important part of your computer, because it contains all the
instructions that make the computer carry out the actions of BASIC.
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incorporate pieces of machine code in order to make use of its
greater speed and better control of the computer.

I'am most grateful to several people who made the production of
this book possible. Of these, Richard Miles of Granada Publishing
commissioned the book and produced a Commodore 64 and
matching printer. He and Sue Moore, also of Granada, then did
their usual miracles of meticulous effort on my manuscript. I am
also most grateful to someone I have never met - Milton Bathurst,
whose book Inside The Commodore 64 has been a most valuable
reference work.

Ian Sinclair
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Fig. 1.1.A single-line switch and bulb signalling system.
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Fig. 1.2. Two-line signalling. Four possible signals can be sent.

there are only two. Things improve if you can use two switches and
two lights, as in Fig. 1.2. Now four different combinations are
possible: (a) both off; (b) A on, B off; (c) A off, B on; (d) both on.
This set of four possibilities means that we could signal four
different meanings. Using one line allows two possible codes, using
two lines allows four codes. If you feel inclined to work them all out,
you’ll find that using three lines will allow eight different codes. A
moment’s thought suggests that since 4 is 2X2, and eight is 2X2X2,
then four lines might allow 2X2X2X2, which is 16, codes. It’s true,
and since we usually write 2X2X2X2 as 24 (two to the power 4), we
can find out how many codes could be transmitted by any number of
lines. We would expect eight lines, for example, to be able to carry 28
codes, which is 256. A set of eight switches, then, could be arranged
so as to convey 256 different meanings. It’s up to us to decide how we
might want to use these signals.
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Chapter One

ROM, RAM, Bytes and
Bits

One of the things that discourage computer users from attempts to
go beyond BASIC is the number of new words that spring up. The
writers of many books on computing, especially on machine code
computing, seem to assume that the reader has an electronics
background and will understand all of the terms. I shall assume that
you have no such background. All that I shall assume is that you
possess a Commodore 64, and that you have some experience in
programming your Commodore 64 in BASIC. This means that we
start at the correct place, which is the beginning. I don’t want in this
book to have to interrupt important explanations with technical or
mathematical details, and these will be found in the Appendices.
This way, you can read the full explanation of some points if you feel
inclined, or skip them if you are not.

To start with, we have to think about memory. A unit of memory
for a computer is, as far as we are concerned, just an electrical circuit
that acts like a switch. You walk into a room, switch a light on, and
you never think that it’s remarkable in any way that the light stays on
until you switch it off. You don’t go about telling your friends that
the light circuit contains a memory - and yet each memory unit of a
computer is just a kind of miniature switch that can be turned on or
off. What makes it a memory is that it will stay the way it has been
turned, on or off, until it is changed. One unit of computer memory
like this is called a bit -~ the name is short for binary digit, meaning a
unit that can be switched one of two possible ways.

We’ll stick with the idea of a switch, because it’s very useful.
Suppose that we wanted to signal with electrical circuits and
switches. We cculd use a circuit like the one in Fig. 1.1. When the
switch is on, the light is on, and we might take this as meaning YES.
When the switch is turned off, the light goes out, and we might take
this as meaning NO. You could attach any two meanings that you
liked to these two conditions (called ‘states’) of the light, so long as
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