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Note to Readers

This book introduces beginners to the principles of machine language: what it
is, how it works, and how to program with it.

It is based on an intensive two-day course on machine language that has been
presented many times over the past five years.

Readers of this book should have a computer on hand: students will learn by
doing, not just by reading. Upon completing the tutorial material in this book, the
reader will have a good idea of the fundamentals of machine language. There will
be more to be learned; but by this time, students should understand how to adapt
other material from books and magazines to their own particular computers.

LIMITS OF LIABILITY AND
DISCLAIMER OF WARRANTY

The author and publisher of this book have used their best efforts in preparing
this book and the programs contained in it. These efforts include the development,
research, and testing of the programs to determine their effectiveness. The author
and the publisher make no warranty of any kind, expressed or implied, with regard
to these programs, the text, or the documentation contained in this book. The
author and the publisher shall not be liable in any event for claims of incidental
or consequential damages in connection with, or arising out of, the furnishing,
performance, or use of the text or the programs.

At time of publication, the Commodore 264 is still undergoing design changes.
The name is being changed to the “PLUS/4”; a related machine, the Commodore
16, has also been announced. Detailed design information is not available; but
the information given in this book for the Commodore 264 should be generally
accurate.

Note to Authors

Do you have a manuscript or a software program related to personal
computers? Do you have an idea for developing such a project? If so, we
would like to hear from you. The Brady Co. produces a complete range of
books and applications software for the personal computer market. We invite
you to write to David Culverwell, Publishing Director, Brady Communications
Company Inc., Bowie, Maryland 20715.

vi



Preface

This book is primarily tutorial in nature. It contains, however, extensive reference
material, which the reader will want to continue to use.

No previous machine language experience is required. It is useful if the reader
has had some background in programming in other languages, so that concepts
such as loops and decisions are understood.

Beginners will find that the material in this book moves at a fast pace. Stay with
it; if necessary, skip ahead to the examples and then come back to reread a difficult
area.

Readers with some machine language experience may find some of the material
too easy; for example, they are probably quite familiar with hexadecimal notation
and don'’t need to read that part. If this is the case, skip ahead. But do enter all
the programming projects; if you have missed a point, you may spot it while doing
an exercise.

Programming students learn by doing. The beginner needs to learn simple things
about his or her machine in order to feel in control. The elements that are needed
may be itemized as:

® Machine language. This is the objective, but you can’t get there without the
next two items.

® Machine architecture. All the machine language theory in the world will have
little meaning unless the student knows such things as where a program may
be placed in memory, how to print to the screen, or how to input from the
keyboard.

® Machine language tools. The use of a simple machine language monitor to
read and change memory is vital to the objective of making the computer do
something in machine language. Use of a simple assembler and elements of
debugging are easy once you know them; but until you know them, it's hard
to make the machine do anything.

Principles of sound coding are important. They are seldom discussed explicitly,
but run as an undercurrent through the material. The objective is this: it's easy to
do things the right way, and more difficult to do them the wrong way. By introducing
examples of good coding practices early, the student will not be motivated to look
for a harder (and inferior) way of coding.

It should be pointed out that this book deals primarily with machine language,
not assembly language. Assembler programs are marvellous things, but they are

vii



too advanced for the beginner. | prefer to see the student forming an idea of how
the bytes of the program lie within memory. After this concept is firmly fixed in

mind, he or she can then look to the greater power and flexibility offered by an
assembler.

‘Acknowledgements

Thanks go to Elizabeth Deal for acting as resource person in the preparation

of this book. When | was hard to find, the publisher could call upon Elizabeth for
technical clarification.
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Introduction

Why learn machine language? There are three reasons. First, for speed; ma-
chine language programs are fast. Second, for versatility; all other languages are
limited in some way, but not machine language. Third, for comprehension; since
the computer really works in machine language only, the key to understanding
how the machine operates is machine language.

Is it hard? Not really. It's finicky, but not difficult. Individual machine language
instructions don't do much, so we need many of them to do a job. But each
instruction is simple, and anyone can understand it if he or she has the patience.

Some programmers who started their careers in machine language find “higher
level” languages such as BASIC quite difficult by comparison. To them, machine
language instructions are simple and precise, whereas BASIC statements seem
vague and poorly defined by comparison.

Where will this book take you? You will end up with a good understanding of
what machine language is, and the principles of how to program in it. You won't
be an expert, but you'll have a good start and will no longer be frightened by this
seemingly mysterious language.

Will the skills you learn be transportable to other machines? Certainly. Once
you understand the principles of programming, you'll be able to adapt. If you were
to change to a non-Commodore machine that used the 6502 chip (such as Apple
or Atari), you'd need to learn about the architecture of these machines and about
their machine language monitors. They would be different, but the same principles
would apply on all of them.

~ Evenif you change to a computer that doesn't use a chip from the 6502 family,
you will be able to adapt. As you pick through the instructions and bits of the
Commodore machine, you will have learned about the principles of all binary
computers. You will need to learn the new microprocessor’s instruction set, but it
will be much easier the second time around.

Do you need to be a BASIC expert before tackling machine language? Not at
all. This book assumes you know a little about programming fundamentals: loops,
branching, subroutines, and decision making. But you don’t need to be an ad-
vanced programmer to learn machine language.






First
Concepts

This chapter discusses:

e The inner workings of microcomputers

e Computer notation: binary and hexadecimal

e The 650x’s inner architecture

® Beginning use of a machine language monitor
e A computer’'s “memory layout”

e First machine language commands

e Writing and entering a simple program’
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‘The Inner Workings of Microcomputers

All computers contain a large number of electrical circuits. Within any
binary computer, these circuits may be in only two states: “on” or “off.”

Technicians will tell you that “on” usually means full voltage on the circuit
concerned, and “off” means no voltage. There’s no need for volume control
adjustments within a digital computer: each circuit is either fully on or fully
off.

The word “binary” means “based on two,” and everything that happens
within the computer is based on the two possibilities of each circuit: on or
off. We can identify these two conditions in any of several ways:

ON or OFF
TRUE or FALSE
YES or NO
1or0

The last description, 1 or 0, is quite useful. It is compact and numeric. If
we had a group of eight circuits within the computer, some of which were
“on” and others “off,” we could describe their conditions with an expression
such as:

1100012121

This would signify that the two leftmost wires were on, the next three off,
and the remaining three on. The value 11000111 looks like a number; in
fact, it is a binary number in which each digit is 0 or. 1. It should not be
confused with the equivalent decimal value of slightly over 11 million; the
digits would look the same, but in decimal each digit could have a value
from 0 to 9. To avoid confusion with decimal numbers, binary numbers
are often preceded by a percent sign, so that the number might be shown
as 21100011%.

Each digit of a binary number is called a bit, which is short for “binary
digit.” The number shown above has eight bits; a group of eight bits is a
byte. Bits are often numbered from the right, starting at zero. The right-
hand bit of the above number would be called “bit 0,” and the left-hand
bit would be called “bit 7.” This may seem odd, but there’s a good math-
ematical reason for using such a numbering scheme.
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The Bus

It's fairly common for a group of circuits to be used together. The wires
run from one microchip to another, and then on to the next. Where a group
of wires are used together and connect to several different points, the
group is called a bus (sometimes spelled “buss”).

The PET, CBM, and VIC-20 use a microprocessor chip called the 6502.
The Commodore 64 uses a 6510. The Commodore B series uses a 6509
chip, and the Commodore PLUS/4 uses a chip called 7501. All these chips
are similar, and there are other chips in the same family with numbers like
6504; every one works on the same principles, and we'll refer to all of
them by the family name 650x.

Let's take an example of a bus used on any 650x chip. A 650x chip has
little built-in storage. To get an instruction or perform a computation, the
650x must call up information from “memory”—data stored within other
chips.

The 650x sends out a “call” to all memory chips, asking for information.
It does this by sending out voltages on a group of sixteen wires called the
“address bus.” Each of the sixteen wires may carry either voltage or no
voltage; this combination of signals is called an address.

Every memory chip is connected to the address bus. Each chip reads the
address, the combination of voltages sent by the processor. One and only
one chip says, “That's me!” In other words, the specific address causes

—_— —_— —_—

660x —-—

L L

MEMORY MEMORY
CHIP

Figure 1.1 Address bus connecting 650x & 3 chips
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that chip to be selected; it prepares to communicate with the 650x. All
other chips say, “That's not me!” and will not participate in data transfer.

The Data Bus

Once the 650x microprocessor has sent an address over the address bus
and it has been recognized by a memory chip, data may flow between
memory and 650x. This data is eight bits (it flows over eight wires). It
might look like this:

01012011

The data might flow either way. That is, the 650x might read from the
memory chip, in which case the selected memory chip places information
onto the data bus which is read by the microprocessor. Alternatively, the
650x might wish to write to the memory chip. In this case, the 650x places
information onto the data bus, and the selected memory chip receives the
data and stores it.

—ADDRESS BUS—

— b
650x —_—
DATA BUS B
t i ‘ n t "
1l [l LI
MEMORY M%“{I.,ﬁ:RY ME:'\PA-HCI)DRY
CHIP (NOT (NOT
(““SELECTED"’) SELECTED) - SELECTED)

Figure 1.2: Two-way data bus

All other chips are still connected to the data bus, but they have not been
selected, so they ignore the information.

The address bus is accompanied by a few extra wires (sometimes called
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the control bus) that control such things as data timing and the direction
in which the data should flow: read or write.

-Number Ranges

The address bus has sixteen bits, each of which might be on or off. The
possible combinations number 65536 (two raised to the sixteenth power).
We then have 65536 different possibilities of voltages, or 65536 different
addresses.

The data bus has eight bits, which allows for 256 possibilities of voltages.
Each memory location can store only 256 distinct values.

It is often convenient to refer to an address as a decimal number. This is
especially true for PEEK and POKE statements in the BASIC language.
We may do this by giving each bit a “weight.” Bit zero (at the right) has
a weight of 1, each bit to the left has a weight of double the amount, so
that bit 15 (at the left) has a weight of 32768. Thus, a binary address such
as

00010020210101200

has a value of 4096 +512+128+32+8+4 or 4780. A POKE to 4780
decimal would use the above binary address to reach the correct part of

memory.
128|64|32|16(8|4|2]|1
EIGHT BITS
Y /777 777 /7 7/ 4 Y /' 7Y

32768|16384(8192|4096/2048|1024|512|256(128({64|32|16(8|4

LLLL Y2 27 LLL 22 VA

SIXTEEN BITS

Figure 1.3

Direct conversion between decimal and binary is seldom needed. Such
conversions usually pass through an intermediate number system, called
hexadecimal.

Hexadecimal Notation

Binary is an excellent system for the computer, but it is inconvenient for
most programmers. If one programmer asks another, “What address should
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| use for some activity?”, an answer such as "Address
Z0001001010101100" might be correct but would probably be un-
satisfactory. There are too many digits.

Hexadecimal is a code used by humans to conveniently represent binary
numbers. The computer uses binary, not hexadecimal; programmers use
hexadecimal because binary is cumbersome.

To represent a binary number in hexadecimal, the bits must be grouped
together four at a time. If we take the binary value given above and split
it into groups of four, we get

0001y 0010 1010 1100

Now each group of four bits is represented by a digit as shown in the
following table:

oooo-o 0100-4 1000-8 1100-C
0001-1 0101-5 1002-9 1102-D
0010-2 0110-6 1010-A 1110-E
0011-3 0111-7 1011-B 1111-F

Thus, the number would be represented as hexadecimal L2AC. A dollar
sign is often prefixed to a hexadecimal number so that it may be clearly
recognized:$12AC.

The same type of weighting is applied to each bit of the group of four as
was described before. In other words, the rightmost bit (bit zero) has a
weight of 1, the next left a weight of 2, the next a weight of 4, and the
leftmost bit (bit three) a weight of 8. If the total of the weighted bits exceeds
nine, an alphabetic letter is used as a digit: A represents ten; B, eleven;
C, twelve; and F, fifteen.

Eight-bit numbers are represented with two hexadecimal digits. Thus,
%01011012 may be written as $5B.

Hexadecimal to Decimal

As we have seen, hexadecimal and binary numbers are easily inter-
changeable. Although we will usually write values in “hex,” occasionally
we will need to examine them in their true blnary state to see a particular
information bit.

Hexadecimal isn’t hard to translate into decimal. You may recall that in
early arithmetic we were taught that the number 24 meant, “two tens and
four units.” Similarly, hexadecimal 24 means “two sixteens and four units,”
or a decimal value of 36. By the way, it's better to say hex numbers as
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“two four” rather than “twenty-four,” to avoid confusion with decimal val-
ues.

The formal procedure, or algorithm, to go from hex to decimal is as follows.

Step 1: Take the leftmost digit; if it's a letter A to F, convert it to the appropriate
numeric value (A equals 10, B equals 11, and so on).
Step 2: If there are no more digits, you're finished; you have the number. Stop.
Step 3: Multiply the value so far by sixteen. Add the next digit to the result,
converting letters if needed. Go back to step 2.

Using the above steps, let's convert the hexadecimal number $12AC.

Step 1: The leftmost digit is 1.

Step 2: There are more digits, so we’'ll continue.

Step 3. 1 times 1k is 1E, plus 2 gives 18.

Step 2: More digits to come. '

Step 3: 18 times 1E& is 288, plus 10 (for B) gives 2948.
Step 2: More digits to come.

Step 3: 298 x 1k is 478, plus 12 (for C) gives 4780.
Step 2: No more digits: 4780 is the decimal value.

This is easy to do by hand or with a calculator.

Decimal to Hexadecimal

The most straightforward method to convert from decimal to hexadecimal
is to divide repeatedly by 16; after each division, the remainder is the next
hexadecimal digit, working from right to left. This method is not too well
suited to small calculators, which usually don’t give remainders. The fol-
lowing fraction table may offer some help:

.0ooo0-0 .2500-4 .5000-8 .7500-C

.0625-1 .3125-5 .5625-9 .8125-D
.1250-¢2 .3750-6 .6250-A .6750-E
.1875-3 .4375-7 .6875-B .9375-F

If we were to translate 4780 using this method, we would divide by 16,
giving 298.75. The fraction tells us the last digit is C; we now divide 298
by 16, giving 18.625. The fraction corresponds to A, making the last two
digits AC. Next we divide 18 by 16, getting 1.125—now the last three
digits are 2 AC. We don't need to divide the one by 16, although that would
work; we just put it on the front of the number to get an answer of $1.2AC.

There are other methods of performing decimal-to-hexadecimal conver-
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sions. You may wish to look them up in a book on number systems.
Alternatively, you may wish to buy a calculator that does the job electron-
ically. Some programmers get so experienced that they can do conver-
sions in their heads; | call them “hex nuts.”

Do not get fixed on the idea of numbers. Memory locations can always
be described as binary numbers, and thus may be converted to decimal
or hexadecimal at will. But they may not mean anything numeric: the
memory location may contain an ASCII coded character, an instruction,
or any of several other things.

Memory Elements

There are generally three types of devices attached to the memory busses
(address, data, and control busses):

® RAM: Random access memory. This is the read and write memory, where
we will store the programs we write, along with values used by the program.
We may store information into RAM, and may recall the information at any
time.

® ROM: Read only memory. This is where the fixed routines are kept within the
computer. We may not store information into ROM; its contents were fixed

ADDRESS BUS TO
—— — — — = OTHER
650x | MemoRry Bus
e i i e ey
(FF:EAANIID (Eg':"D IA
AND oY) (SPECIAL)
WRITE)
CONNECTIONS

TO ““OUTSIDE WORLD"’

Figure 1.4
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when the ROM was made. We will use program units (subroutines) stored in
ROM to do special tasks for us, such as input and output.

e IA: Interface adaptor chips. These are not memory in the usual sense; but,
these chips are assigned addresses on the address bus, so we call them
“memory-mapped” devices. Information may be passed to and from these
devices, but the information is generally not stored in the conventional sense.
IA chips contain such functions as: input/output (I/O) interfaces that serve
as connections to the “outside world”; timing devices; interrupt control sys-
tems; and sometimes specialized functions, such as video control or sound
generation. IR chips come in a wide variety of designs, including the PIA
(peripheral interface adaptor), the VIA (versatile interface adaptor), the CIA
(complex interface adaptor), the VIC (video interface chip), and the SID
(sound interface device).

Within a given computer, some addresses may not be used at all. Some
devices may respond to more than one address, so that they seem to be
in two places in memory.

An address may be thought of as split in two parts. One part, usually the
high part of the address, selects the specific chip. The other part of the
address selects a particular part of memory within the chip. For example,
in the Commodore 64, the hex address $D020 (decimal 532480) sets
the border color of the video screen. The first part of the address (roughly,
$DO0 ...) selects the video chip; the last part of the address (... 20)
selects the part of the chip that controls border color.

Microprocessor Registers

Within the 650x chip are several storage areas called registers. Even
though they hold information, they are not considered “memory” since
they don't have an address. Six of the registers are important to us. Briefly,
they are:

PC: (16 bits) The program counter tells where the next
instruction will come from.

A, X and Y (8 bits each) These registers hold data.

SR The status register, sometimes called PSW
(processor status word), tells about the re-
sults of recent tests, data handling, and so
on.

SP The stack pointer keeps track of a temporary
storage area.

We will talk about each of these registers in more detail later. At the

moment, we will concentrate on the PC (program counter).
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PC |
ADDRESS BUS
X
Y
SR
SP DATA BUS
650x CHIP

Figure 1.5

Instruction Execution

Suppose that the 650x is stopped (not an easy trick), and that there is a
certain address, say $1234, in the PC. The moment we start the micro-
computer, that address will be put out to the address bus as a read address,
and the processor will add one to the value in the PC.

Thus, the contents of address $1.234 will be called for, and the PC will
change to $1.235. Whatever information comes in on the data bus will

be taken to be an instruction.

The microprocessor now has the instruction, which tells it to do something.
The action is performed, and the whole action now repeats for the next

PC
$1234
—
\ ——_——
\ S — ——
ADDRESS
BUS

Figure 1.6 Arrow to addrs bus

PC

$1234 :{>

INSTRUCTION <:

ADDRESS
BUS

———

DATA BUS
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instruction. In other words, address $1235 will be sent to memory, and
the PC will be incremented to $123k.

You can see that the processor works in the same way that most computer
languages do: an instruction is executed, and then the computer proceeds
to the next instruction, and then the next, and so on. We can change the
sequence of execution by means of a “jump” or “branch” to a new location,
but normally, it's one instruction after another.

Data Registers:R, X, and Y

Any of three registers can be used to hold and manipulate eight bits of
data. We may load information from memory into A, X, or Y; and we may
store information into memory from any of A, X, or Y.

Both “load” and “store” are copying actions. If | load A (LDA) from
address $2345, | make a copy of the contents of hex 2345 into A; but
2345 still contains its previous value. Similarly, if | store Y into $3456E,
| make a copy of the contents of Y into that address; Y does not change.

The 650x has no way of moving information directly from one memory
address to another. Thus, this information must pass via B, X, or Y; we
load it from the old address, and store it to the new address.

Later, the three registers will take on individual identities. For example,
the A register is sometimes called the accumulator, since we perform
addition and subtraction there. For the moment, they are interchangeable:
we may load to any of the three, and we may store from any of them.

First Program Project

Here’s a programming task: locations $0380 and $0381 contain in-
formation. We wish to write a program to exchange the contents of the
two locations. How can we do this?

We must make up a plan. We know that we cannot transfer information
directly from memory to memory. We must load to a register, and then
store. But there’s more. We must not store and destroy data in memory
until that data has been safely put away. How can we do this?

Here's our plan. We may load one value into A (say, the contents of
$0380), and load the other value into X (the contents of $0381). Then
we could store A and X back, the other way around.

We could have chosen a different pair of registers for our plan, of course:
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A and Y, or X and Y. But let's stay with the original plan. We can code
our plan in a more formal way:

LDA $0380 (bring in first value)
LDX $0381 (bring in second value)
STA $0381 (store in opposite place)
STX $0380 (and again)

You will notice that we have coded "1oad A" as LDA, "1oad X" as
LDX, "store A" as STA, and "store X" as STX. Every command
has a standard three-letter abbreviation called a mnemonic. Had we used
the Y register, we might have needed to use LDY and STY.

One more command is needed. We must tell the computer to stop when
it has finished the four instructions. In fact, we can't stop the computer;
but if we use the command BRK (break), the computer will go to the
machine language monitor (MLM) and wait for further instructions. We'll
talk about the MLM in a few moments.

We have written our program in a notation styled for human readability,
called assembly language. But the computer doesn’t understand this no-
tation. We must translate it to machine language.

The binary code for LDA is 21,01,01101, or hexadecimal AD. That's
what the computer recognizes; that's the instruction we must place in
memory. So we code the first line:

AD 40 03 LDA $03a0

It's traditional to write the machine code on the left, and the source code
on the right. Let's look closely at what has happened.

LDA has been translated into $AD. This is the operation code, or op
code, which says what to do. It will occupy one byte of memory. But we
need to follow the instruction with the address from which we want the
load to take place. That's address $0380; it's sixteen bits long, and so
it will take two bytes to hold the address. We place the address of the
instruction, called the operand, in memory immediately behind the instruc-
tion. But there’s a twist. The last byte comes first, so that address $0380
is stored as two bytes: 80 first and then 03.

This method of storing addresses—Ilow byte first—is standard in the 650x.
It seems unusual, but it's there for a good reason. That is, the computer
gets extra speed from this “backwards” address. Get used to it; you'll see
it again, many times.
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Here are some machine language op codes for the instructions we may
use. You do not need to memorize them.

LDA-AD LDX-AE LDY-AC BRK-00
STR-8D STX-8E STY-AC
Now we can complete the translation of our program.
AD a0 03 LDA $0360
AE 81 03 LDX $03681
4D a1 03 STA $0381
8E a0 03 STX $0380
oa BRK

On the right, we have our plan. On the left, we have the actual program
that will be stored ir the computer. We may call the right side assembly
code and the left side machine code, to distinguish between them. Some
users call the right-hand information source code, since that's where we
start to plan the program, and the left-hand program object code, since
that's the object of the exercise—to get code into the computer. The job
of translating from source code to object code is called assembly. We
performed this translation by looking up the op codes and translating by
hand; this is called hand assembly.

The code must be placed into the computer. It will consist of 13 bytes:
AD A0 03 AE 81 03 8D 81 03 AE A0 03 0O0. That's the
whole program. But we have a new question: where do we put it?

" Choosing a Location

We must find a suitable location for our program. It must be placed into
RAM mémory, of course, but where?

"~ For the moment, we'll place our program into the cassette buffer, starting
at address $033C (decimal 828). That's a good place to put short test
programs, which is what we will be writing for a while.

Now that we've made that decision, we face a new hurdle: how do we get
the program in there? To do that, we need to use a machine language
monitor.

Monitors: What They Are

All computers have a built-in set of programs called an operating system
that gives the machine its style and basic capabilities. The operating sys-
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tem takes care of communications—reading the keyboard, making the
proper things appear on the screen, and transferring data between the
computer and other devices, such as disk, tape, or printer.

When we type on the computer keyboard; we use the operating system,
which detects the characters we type. But there’s an extra set of programs
built into the computer that must decide what we mean. When we are
using the BASIC language, we'll be communicating with the BASIC mon-
itor, which understands BASIC commands such as NEW, LOAD, LIST,
or RUN. It contains editing features that allow us to change the BASIC
program that we are writing.

But when we switch to another system—often another language—we’ll
need to use a different monitor. Commands such as NEW or LIST don't
have any meaning for a machine language program. We must leave the
BASIC monitor and enter a new environment: the machine language mon-
itor. We'll need to learn some new commands because we will be com-
municating with the computer in a different way.

The Machine Language Monitor

Most PET/CBM computers have a simple MLM (machine language mon-
itor) built in. It may be extended with extra commands. The Commodore
PLUS/4 contains a very powerful MLM. The VIC-20 and Commodore 64
do not have a built-in MLM, but one can be added. Such a monitor may
be either loaded into RAM or plugged in as a cartridge. Monitors may be
purchased or obtained from user clubs.

Most machine language monitors work in a similar way, and have about
the same commands. To proceed, you'll need an MLM in your computer.
Use the built-in one, plug it in, load it in, or load and run . . . whatever the
instructions tell you. On a PET/CBM machine, typing the command SYS
4 will usually switch you to the built-in monitor. After an MLM has been
added to a VIC or Commodore 64, the command SYS 8 will usually get
you there. On the Commodore PLUS/4, the BASIC command MONITOR
will bring the monitor into play.

Monitor Display

The moment you enter the ML M, you'll see a display that looks something
like this:
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Bx*
PC SR AC XR YR SP
.; 0005 20 54 23 LA Fé8

The cursor will be flashing to the right of the period on the bottom line.
The exact appearance of the screen information may vary according to
the particular monitor you are using. Other material may be displayed—
in particular, a value called T RQ—which we will ignore for the time being.

The information you see may be interpreted as follows:

B*—we have reached the MLM by means of a “break.” More about that later.
PC—The value shown below this title is the contents of the program counter.
This indicates where the program “stopped.” In other words, if the value shown
is address 0005, the program stopped at address 0004, since the PC is
ready to continue at the following address. The exact value (0004 versus
0005) may vary depending on the particular MLM.

SR—The value shown below shows the status register, which tells us the results
of recent tests and data operations. We'd need to split apart the eight bits and
look at them individually to establish all the information here; we will do this at
a later time.

AC, XR, and YR—The values shown below these three titles are the contents
of our three data registers: B, X, and Y.

SP—The value shown below is that of the stack pointer, which indicates a
temporary storage area that the program might use. A value of F 8, for example,
tells us that the next item to be dropped into the stack area would go to address
$01FA in memory. More on this later.

The period is roughly the equivalent of the READY statement in BASIC.
It indicates that the computer is ready to receive a command from you.

You will notice that the display printed by the monitor (called the register
display) shows the internal registers within the 650x chip. Sometimes there
is another item of information, titled IRQ, in this display. It doesn’t belong,
since it does not represent a microprocessor register. IRQ tells us to what
address the computer will go if an interrupt occurs; this information is
stored in memory, not within the 650x.

MLM Commands

The machine language monitor is now waiting for you to enter a command.
The old BASIC commands don’t work any more; LIST or NEW or SYS
are not known to the ML M. We'll list some popular commands in a moment.
First, let's discuss the command that takes us back to BASIC.
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. X exits the MLM and returns to the BASIC monitor. Try it. Remember
to press RETURN after you've typed the X, of course. You will return to
the BASIC system, and the BASIC monitor will type READY. You're back
in familiar territory. Now go back to the monitor with SYS4 or SYS8 or
MONITOR as the case may be. BASIC ignores spaces: it doesn’t matter
if you type SYS@8 or SYS 8; just use the right number for your machine
(4 for PET/CBM, 8 for VIC/64).

Remember: BASIC commands are no good in the MLM, and machine
language monitor commands (such as . X) are no good in BASIC. At first,
you'll give the wrong commands at the wrong time because it's hard to
keep track of which monitor system is active. If you type in an MLM
command when you're in BASIC, you'll probably geta 2SYNTAX ERROR
reply. If you type in a BASIC command when you're in the machine lan-
guage monitor, you'll probably get a question mark in the line you typed.

Some other MLM commands are as follows (the prompting period is in-
cluded):

.M 1000 1010 (display memory from hex 1000 to
1010)

-R (display registers ... again!)

.G 033cC (go to 033C and start running a pro-
gram)

Do not enter this last (. G) command. There is no program at address
033C yet, so the computer would execute random instructions and we
would lose control.

There are two other fundamental instructions that we won't use yet: they
are . S for save and . L for load. These are tricky. Until you learn about
BASIC pointers (Chapter 6), leave them alone.

Displaying Memory Contents

You'll notice that there is a command for displaying the contents of mem-
ory, but there doesn’'t seem to be one for changing memory. You can do
both, of course.

Suppose we ask to display memory from $1.000 to $1010 with the
command

.M 1000 1010

Be careful that you have exactly one space before each address. You
might get a display that looks something like this:
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.:1000 11 3A E4 00 21 32 04 AR
.:10068 20 4R 49 4D 20 42 55 54
. 21010 S4 45 52 4E 49 45 4C 44

The four-digit number at the start of each line represents the address in
memory being displayed. The two-digit numbers to the right represent the
contents of memory. Keep in mind that all numbers used by the machine
language monitor are hexadecimal.

In the example above, $1.000 contains a value of $11; $1 001 contains
a value of $3A; and so on, until $1,007, which contains a value of $AR.
We continue with address $1008 on the next line. Most monitors show
eight memory locations on each line, although some VIC-20 monitors show
only five because of the narrow screen.

We asked for memory locations up to address $1010 only; but we get
the contents of locations up to $1017 in this case. The monitor always
fills out a line, even if you don't ask for the extra values.

Changing Memory Contents

Once we have displayed the contents of part of memory, we can change
that part of memory easily. All we need to do is to move the cursor until
it is positioned over the memory contents in question, type over the value
displayed, and then press RETURN.

This is quite similar to the way BASIC programs may be changed; you
may type over on the screen, and when you press RETURN, the new line
replaces the old. The general technique is called screen editing.

If you have displayed the contents of memory, as in the example above,
you might like to change a number of locations to zero. Don't forget to
strike RETURN so that the change on the screen will take effect in mem-
ory. Give another .M memory display command to confirm that memory
has indeed been changed.

Changing Registers

We may also change the contents of registers by typing over and pressing
RETURN. You may take a register display with command . R, and then
change the contents of PC, AC, XR, and YR. Leave the contents of SR
and SP unchanged—tricky things could happen unexpectedly if you ex-
periment with these two.
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Entering the Program

We might rewrite our program one last time, marking in the addresses
that each instruction will occupy. You will recall that we have decided to
put our program into memory starting at address $033C (part of the
cassette buffer).

033C AD a0 03 LDA $0340
033F AE 81 03 LDX $0381
0342 8D 81 03 STA $0381
0345 8E &0 03 STX $0380
0348 00

Remember that most of the above listing is cosmetic. The business end
of the program is the set of two-digit hex numbers shown to the left. At
the extreme left, we have addresses—that'’s information, but not the pro-
gram. At the right, we have the “source code”—our notes on what the
program means.

How do we put it in? Easy. We must change memory. So, we go to the
MLM, and display memory with

.M 033C 0348

We might have anything in that part of memory, but we'll get a display
that looks something like

.:033C xxX XX XX XX XX XX XX XX
:0344 XX XX XX XX XX XX XX XX

You won't seé “xx,” of course; there will be some hexadecimal value
printed for each location. Let's move the cursor back and change this
display so that it looks like this:

.:033C AD A0 03 AE A1l D03 &D 81
.:0344 03 AE &0 03 00 xx XX XX

Don't type in the “xx"—just leave whatever was there before. And be
sure to press RETURN to activate each line; if you move the cursor down
to get to the next line without pressmg RETURN, the memory change
would not happen.

Display memory again (.M 033C  0348) and make sure that the
program is in place correctly. Check the memory display against the pro-
gram listing, and be sure you understand how the program is being tran-
scribed into memory.
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If everything looks in order, you're ready to run your first machine language
program.

Preparation

There’s one more thing that we need to do. If we want to swap the contents
of addresses $0380 and $0381, we'd better put something into those
two locations so that we'll know that the swap has taken place correctly.

Display memory with .M 0380 0381 and set the resulting display
so that the values are

:0380 11 99 xx XX XX XX XX XX

Remember to press RETURN. Now we may run our program; we start it
up with

.G 033C

The program runs so quickly that it seems instantaneous (the run time is
less than one fifty thousandth of a second). The last instruction in our
program was BRK for break, and that sends us straight to the MLM with
a display of *B (for break, of course) plus all the registers.

Nothing seems to have changed. But wait. Look carefully at the register
display. Can you explain the values you see in the AC and XR registers?
Can you explain the PC value?

Now you may display the data values we planned to exchange. Give the
memory display command .M 0380 038l—have the contents of
the two locations changed? '

They’d better have changed. Because that's what the writing of our pro-
gram was all about.

Things You Have Learned

—Computers use binary. If we want to work with the inner fabric of the computer,
we must come to terms with binary values.

—Hexadecimal notation is for humans, not for computers. It's a less clumsy
way for people to cope with binary numbers.

—The 650x microprocessor chip communicates with memory by sending an
address over its memory bus.

—The 650x has internal work areas called registers.

—The program counter tells us the address from which the processor will get
its next instruction.
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—Three registers, called R, X, and Y, are used to hold and manipulate data.
They may be loaded from memory, and stored into memory.

—Addresses used in 650x instructions are “flipped:” the low byte comes first,
followed by the high byte.

—The machine language monitor gives us a new type of communications path
into the computer. Among other things, it allows us to inspect and change
memory in hexadecimal.

Detail: Program Execution

When we say . G 033C to start up our program, the microprocessor goes
through the following steps:

1. It asks for the contents of $033C; it receives $AD, which it recognizes as
the op code "1oad A." It realizes that it will need a two-byte address to
go with this instruction.

2. It asks for the contents of $033D, and then $033E. As it receives the
values of $80 and $03 it gathers them into an “instruction address.”

3. The microprocessor now has the whole instruction. The PC has moved along
to $033F. The 650x now executes the instruction. It sends address $0380
to the address bus; when it gets the contents (perhaps $11), it delivers this
to the A register. The A register now contains $11.

4. The 650x is ready to take on the next instruction; the address $033F goes
from the PC out to the address bus; and the program continues.

Questions and Projects

Do you know that your computer has a part of memory called “screen
memory”? Whatever you put into that part of memory appears on the
screen. You'll find this described in BASIC texts as “screen POKE-ing.”

The screen on the PET/CBM is at $8000 and up; on the VIC, it's often
(but not always) at $ LEOD and up; on the Commodore 64, it's usually at
$0400; and on the PLUS/4, it may be found at $0C0O0.

If you write a program to store information in the screen memory address,
the appropriate characters will appear on the screen. You might like to try
this. You can even “swap” characters around on the screen, if you wish.

Two pitfalls may arise. First, you might write a perfect program that places
information near the top of the screen; then, when the program finishes,
the screen might scroll, and the results would disappear. Second, the VIC
and Commodore 64 use color, and you might inadvertently produce white-
on-white characters; these are hard to see.
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Here’s another question. Suppose | asked you to write a program to move
the contents of five locations, $0380 to $0384, in an “end-around”
fashion, so that the contents of $0380 moved to $0381, $0381 to
$03482, and so on, with the contents of $0384 moved to $0380. At
first glance, we seem to have a problem: we don’t have five data registers,
we have only three (A, X, and Y). Can you think of a way of doing the
job?
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Calling Machine Language Subroutines

in BASIC, a “package” of program statements called a subroutine may
be brought into action with a GOSUB command. The subroutine ends with
a RETURN statement, which causes the program to return to the calling
point, i.e., the statement immediately following GOSUB.

The same mechanism is available in machine language. A group of in-
structions may be invoked with a jump subroutine (JSR) command. The
650x goes to the specified address and performs the instructions given
there until it encounters a return from subroutine (RTS) command, at
which time it resumes execution of instructions at the calling point: the
instruction immediately following JSR.

For example, if at address $033C | code the instruction JSR $1234,
the 650x will change its PC to $1234 and start to take instructions from
that address. Execution will continue until the instruction RTS is encoun-
tered. At this time, the microprocessor would switch back to the instruction
following the J SR, which in this case would be address $033F (the JSR
instruction is three bytes long).

As in BASIC, subroutines may be “nested;” that is, one subroutine may
call another, and that subroutine may call yet another. We will deal with
subroutine mechanisms in more detail later. For the moment, we’ll concern
ourselves with calling prewritten subroutines.

Prewritten Subroutines

A number of useful subroutines are permanently stored in the ROM mem-
ory of the computer. Al Commodore machines have a standard set of
subroutines that may be called up by your programs. They are always at the
same addresses, and perform in about the same way regardless of which
Commodore machine is used: PET, CBM, Commodore 64, PLUS/4, or VIC-
20. These routines are called the kernal subroutines. Details on them can
be found in the appropriate Commodore reference manuals, but we’'ll give
usage information here.

The original meaning of the term kernal seems to be lost in legend. It was
originally an acronym, standing for something like “Keyboard Entry Read,
Network and Link.” Today, it's just the label we apply to the operating
system that makes screen, keyboard, other input/output and control mech-
anisms work together. To describe this central control system, we might
choose to correct the spelling so as to get the English word, “kernel.” For
now, we'll use Commodore’s word.



CONTROLLING OUTPUT 25

The three major kernal subroutines that we will deal with in the next few
chapters are shown here:

Address Name What it does

$FFDE CHROUT Outputs an ASCII character
$FFE4 GETIN Gets an ASCII character
$FFEL STOP Checks the RUN/STOP key

With the first two subroutines, we can input and output data easily. The
third allows us to honor the RUN/STOP key, to guard against certain types
of programming error. In this chapter, we'll use CHROUT to print infor-
mation to the screen.

CHROUT—The Output Subroutine

The CHROUT subroutine at address $FFD2 may be used for all types
of output: to screen, to disk, to cassette tape, or to other devices. It's
similar to PRINT and PRINT#, except that it sends only one character.
For the moment, we'll use CHROUT only for sending information to the
computer screen.

Subroutine: CHROUT

Address: $FFD

Action: Sends a copy of the character in the A register to the
output channel. The output channel is the computer screen
unless arrangements have been made to switch it.

The character sent is usually ASCII (or PET ASCIl). When sent to the
screen, all special characters—graphics, color codes, cursor move-
ments—will be honored in the usual way.

Registers: All data registers are preserved during a CHROUT call.
Upon return from the subroutine, A, X, and Y will not have changed.

Status: Status flags may be changed. In the VIC and Commodore 64,
the C (carry) flag indicates some type of problem with output.

To print a letter X on the screen, we would need to follow these steps:

1. Bring the ASCI! letter X ($58) into the A register;
2. JSR to address $FFDZ2.
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Why Not POKE ?

It may seem that there’s an easier way to make things appear on the
screen. We might POKE information directly to screen memory; in ma-
chine language, we would call this a store rather than a POKE, of course.
The moment we change something in this memory area, the information
displayed on the screen will change. Screen memory is generally located
at the following addresses:

PET/CBM: $8000 and up (decimal 327E8)
Commodore 64: $0400 and up (decimal 1L024)
264/364 $0C0O0 and up (decimal 3072)
VIC-20: $LEOO0 and up (decimal ?E80)

The screen memory of the VIC-20 in particular may move around a good
deal, depending on how much additional RAM memory has been fitted.

Occasionally, screen POKESs are the best way to do the job. But most of
the time we’ll use the CHROUT, $FFD2 subroutine. Here are some of
the reasons why:

® As with PRINT, we won't need to worry about where to place the next
character; it will be positioned automatically at the cursor point.

e If the screen is filled, scrolling will take place automatically.

® Screen memory needs special characters. For example, the character X has
a standard ASCII code of $58, but to POKE it to the screen we’d need to
use the code $18. The CHROUT subroutine uses $58.

® Screen memory may move around, depending on the system and the pro-
gram. The POKE address would need to change; but CHROUT keeps
working.

® Special control characters are honored: $0D for RETURN, to start a new
line; cursor movements; color changes. We can even clear the screen by
loading the screen-clear character ($93) and calling $FFD2.

® To POKE the screen of the VIC or Commodore 64, the corresponding color
nybble memory must also be POKEd (see the appropriate memory map in
Appendix B). With the subroutine at $FFD2, color is set automatically.

A Print Project

Let's write some code to print the letter H on the screen. Once again, we'll
use address $033C, the cassette buffer, to hold our program. Reminder:
be sure to have your monitor loaded and ready before you start this project.
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First, the plan; we lay out the instructions
LDA #$48

We're using a new symbol (#) to signal a special type of information. It
goes by a variety of names: pounds sign, sharp, hash mark, or numbers
sign. A more formal name for the symbol is octothorpe, meaning “eight
points.” Whatever you call it, the symbol means “the following information
is not an address, it's a value.” In other words, we don’t want the computer
to go to address $448, we want it to load the A register with the value
$48, which represents the ASCI| letter H. This type of information access
is called immediate addressing. In other words, take the information im-
mediately, don’t go to memory for it.

JSR $FFDC

The previous instruction brought the letter H into the A register; this one
prints it to the screen. Now all we need to do is quit. BRK takes us to the
machine language monitor.

Monitor Extensions

We could repeat the steps of the previous chapter: hand-assembling the
source code into machine language, and then placing it into memory. We
would need to know the instruction codes, and then do a careful translation.
But there’s an easier way. ‘

Most machine language monitors contain extra commands to help us do
this type of mechanical translation. We'll use the assembler feature of
these monitors.

Most monitors contain the assemble (. B) command. The notable excep-
tion is the built-in monitors within the PET/CBM; these, however, can be
extended by loading in a “monitor extension” program such as Supermon.
The Commodore PLUS/4 series contains an extended monitor, which
includes the . A command.

These assemblers are often called nonsymbolic assemblers. This means
that whenever an address is needed, you must furnish that exact address.
You cannot type in a name such as CHROUT and expect the tiny assem-
bler to know what address that represents; instead, you must type $FFDZ2.

Load your monitor or monitor extension. Do any setup that may be needed.
Then type the following monitor command:

.A 033C LDA #3$48
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We are asking the computer to assemble (. B) at address $033C (note
we don't use the $ here) the command LD A, Load A, the immediate value
of $48, which represents the ASCII letter H. When you press RETURN
after entering this line, the computer may do either of two things:

1. It may do nothing except print a question mark somewhere on the line. The
question mark indicates an error in your coding. If the question mark appears
directly after the letter A, your monitor does not understand the . R assemble
instruction; get another monitor or properly set up the one you have.

2. Or, it will correctly translate your instruction, and put the object code into
memory starting at the address specified. In this case, that would happen
to be $A9 at address $033C and $48 at address $033D. It would then
help you by printing part of the next expected instruction. The computer
expects that you will type a line starting with

.A 033E

It places the first part of this line on the screen to save you typing. The
screen should now look like this:

.A033C LDR #3$48
.A 033E

You may now complete the instruction by typing in JSR $FFD2 and
pressing RETURN. Again, the computer will anticipate your next line by
printing . A 0341, which allows you to type in the final command, BRK.
The screen now looks like this:

.A033C LDAR #$48
.AD33E JSR $FFDE
.A 0341 BRK

.A 0342

The computer is still waiting for another instruction. We have no more
instructions, so we press RETURN to signal that we're finished.

At this point, our program is stored in memory. The instructions have been
assembled directly into place, and the object code is hopefully ready to
go.

Note that this saves us the trouble of remembering—or looking up—the
op codes for each instruction. And we don't need to keep track of how
long each instruction should be; the assembler does it for us.

if you like, you can display memory and look at the object program with
the .M 033C 0341.You'll see the bytes of your program in memory:

.:033C A9 48 20 D2 FF OO xx XX
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The first six bytes are your program. The last two bytes don't matter: they
were whatever was in that part of memory before. We don’t care what is
there, since the program will stop when it reaches the BRK ($00) at
address $0341; it won't be concerned with the contents of memory at
$0342 or $0343.

Checking: The Disassembler

When we changed our source code into object code, we called this process
of translation assembly, and we called a program that did the job an
assembler.

Now we’ve written a program and it's safely stored in memory. We have
inspected memory and have seen the bytes there; but they are hard to
read. It would be convenient if we could perform an inverse assembly,
that is, take the contents of memory and translate it into source code. The
monitor has this capability, called a disassembler.

If we ask the computer to disassemble the code starting at $033C, it will
examine the code there and establish that the contents ($A9) correspond
to an LDA immediate command. It will then print for our information LDA
#$48, which is much more readable than the original two bytes, A9 48.

Give the command .D 033C and press RETURN. D stands for disas-
semble, of course, and the address must follow.

The computer will now show a full screen of code. On the left is the address
followed by the bytes making up the instruction. On the right is the re-
constructed source code. The screen shows much more memory than our
program needs. Again, we ignore all lines beyond address $034 1, which
is the last instruction of our program. Anything following is “junk” left in
memory that the program does not use.

An interesting feature of most disassembly listings is that the cursor is left
flashing on the last line of the disassembly rather than on the line below.
When you have a large program, this allows you to type the letter D
followed by RETURN and the next part of your program will immediately
be displayed. On the other hand, if you don’t want to disassemble more
code, press the cursor down key and move to a “clean” line before typing
your next instruction.

A disassembly is a good way to check for errors. If you find an error in
the listing, you may correct that line by re-assembling it, using the . A
command once again. Minor errors may be corrected directly on the left-
hand side of the disassembly listing. In other words, suppose that you had



30

MACHINE LANGUAGE FOR COMMODORE MACHINES

incorrectly coded LDA #$58 during the assembly phase; when you per-
form the disassembly, this line will show as

., 033C A9 S8 LDA #3568

You recognize that the S8 should be 48; you may move the cursor up—
use cursor home if you wish—and type over the value on the left-hand
side. In this case, you place the cursor over the 5, type 4 to change the
display to 48, and press RETURN. You will see from the display that the
problem has been fixed.

Running the Program

If necessary, move the cursor down to an empty line. Type the command
.G D033C and the program will run. Again, it doesn’t take long; the break
back to the MLM seems instantaneous. Where's the letter H that we were
supposed to print? It's hard to see, but it's there. Look atyour .G 033C
command and you'll see it.

Project for enthusiasts: Can you add to the program and print HI? The
ASCII code for the letter I is $49. Can you add again and print HI on
a separate line? The ASCII code fora RETURN is $0D. Remember that
you can find all ASCII codes in Appendix D; look in the column marked
ASCII.

Linking with BASIC

So far we have started up our programs with a . G (go) command from
the MLM, and we have terminated our programs with a BRK command
that returns us to the monitor. That's not a convenient way to run a program;
most users would prefer to say RUN out of BASIC and have the computer
do everything.

We can link to a machine language program from BASIC and when the
program is finished, it can return to BASIC and allow the BASIC program
to continue to run. The commands we need are

(BASIC) SYS—Go to a machine language subroutine at the stated address;
(Machine language) RT S—Return to whoever called this subroutine.

Let's change our machine language program first. We must change the
BRK atthe end to RTS (return from subroutine) so that when the program
is finished it will return to BASIC. If you like, you may change it directly
on the disassembly listing: disassemble and then type over the 00 byte
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that represents BRK with a value of 0. Press RETURN and you'll see
that the instruction has now changed to RTS. Alternatively, you may re-
~ assemble with

.A 033C LDA #3448
.A 033E JSR $FFDe
.A 0341 RTS

Now return to BASIC (using the .X command). The computer will say
READY; you may now call your program with a SYS command.

Address $033C is 828 in decimal. Thus, we type SYS 828. When we
press RETURN, the letter H will be printed.

We're not finished. Any machine language subroutine may be called from
a BASIC program. Type NEW, which clears out the BASIC work area; our
machine language program is left untouched, since NEW is a BASIC com-
mand. Now enter the following program:

Y00 FOR J=1TO 10
110 SYS 68248
120 NEXT J

How many times will our program at 828 ($033C) be called? How many
times will the letter H be printed? Will they be on the same line or separate
lines? Type RUN and see.

Project for enthusiasts: Again, change the machine language program
to say HI. Use your imagination. What else would you like the computer
to say? Would you like to use colors or reverse font?

We've achieved an important new plateau: BASIC and machine language
working together. It's easier on the user, who doesn’t have to learn spe-
cialized monitor commands. It's easier on the programmer, too, since
things that are easy to do in BASIC can be written in that language; things
that are clumsy or slow in BASIC can be written in machine language. We
can get the best of both worlds.

Let’s distinguish our three different types of subroutine calls:

GOSUB—calls a BASIC subroutine from a BASIC program.
SYS—calls a machine language subroutine from a BASIC program.
JSR—calls a machine language subroutine from machine language.

Loops

We know how to send characters to the screen, one at a time. But long
messages, such as THE QUICK BROWN CAT .. ., might lead to te-
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dious coding if we had to write an instruction for each letter to be sent.
We need to set up a program loop to repeat the printing activity.

Let's write a program to print the word HELLO followed by a RETURN.

We must store the word HE L.L.O somewhere in memory. It doesn’t matter
where, provided it doesn’t conflict with anything else. I'll arbitrarily choose
address $034A to $034F. We'll put it there in a moment. Remember
that the characters that make up the word HELLO (plus the RETURN)
are not program instructions; they are simple data. We must put them in
place with a memory change—we must not try to assemble them.

We will need to count the characters as we send them. We wish to send
six characters, so a count of six is our limit. Let's use the X register to
keep track of the count. First, we must set X to zero:

.A 033C LDX #%00

Note that we use the # symbol to denote an immediate value: we want
to load X with the value zero, not something from address 0. Now, we’ll
do something new. | want to take a character to be printed from address
$034A. But wait, that's only the first time around. When we come back
to this point in the loop, | want to take a character from $034B, and then
from $034C, and so on. :

How can we do this? It seems that we must write one address into the
LDA instruction, and that address can't change. But there is a way.

We can ask the computer to take the address we supply, and add the
contents of X or Y to this address before we use it. The computed address
is called an effective address.

Let’s look at our position. The first time around the loop, X is counting the
characters and has a value of zero. If we specify our addressas 034 R + X,
the effective address will be 034 A. That's where we will have stored the
letter H.

-When we come back around the loop—we haven't written that part yet—

X should now equal oné. An address of 034 & + X would give an effective
address of 034B; the computer would go there and get the letter E. As
we go around the loop, the letters, L, L, O, and RETURN will be brought
in as needed.

As we enter the LDA instruction, we don't type the plus sign. Instead, we
signal indexing with a comma: LDA $034A, X. We may use either X or
Y for indexing: they are sometimes called index registers. In this case, of
course, we use X. So we code
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.A033E LDA $034A,X
.A 0341 JSR $FFDC

The first time, the computer loads the contents of address $034A (the
letter H of HELLO) and prints it. When the loop comes back here, with
X equal to one, this instruction will load the contents of $034B and print
the letter E.

The X register counts the number of letters printed, so we must add one
to the contents of X. There’s a special command that will add one to the
contents of X: INX, for increment X. A similar code, INY, allows Y to
be incremented; and DEX (decrement X) and DEY (decrement Y) allow
X or Y to be decremented, or reduced, by one. At the moment, INX is
the one we need for counting: '

.A 0344 INX

Now we can test X to see if it is equal to six yet. The first time around, it
won't be since X started at zero and was incremented to a value of 1. If
X is not equal to six, we'll go back to $033E and print another letter.
Here’s how we code it:

.A 0345 CPX #%0&
.A 0347 BNE $033E

CPX stands for compare X; note that we are testing for an immediate
value of six, so we use the # symbol. BNE means branch not equal; if X
is not equal to six, back we go to address $033E.

A little careful thought will reveal that the program will go back five times
for a total of six times around the loop. It's exactly what we want.

Let's show the whole code, completing it with RTS:

.A 033C LDX #%$00

.A 033E LDA $034A,X
.A 0341 JSR $FFD2
.A 0344 INX

.A 0345 CPX #%0&

.A D347 BNE $033E
.R 0349 RTS

We may now put the characters for HELLO into memory. These are data,
not instructions, so we must not try to assemble them. Instead, we change
memory in the usual way, by displaying and then typing over. We give
the command .M 034R 0O34F, and type over the display to show

.:034R 48 45 4C 4C 4F OD xx XX
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By a lucky coincidence, this data fits exactly behind our program.

Everything should be ready now. Disassemble the program at $033C
and check it. You may note that the data at $034 A doesn’t disassemble
too well, but that's to be expected; these bytes are not instructions and
cannot be decoded.

When all looks well, return to BASIC (with . X) and try SYS 828. The
computer should say HELLO.

Once again, set up a BASIC loop program:

LO0FOR J=1TO3
110 SYS acé
120 NEXT J

A Commenton SAVE

If you wished to save the program to cassette tape, you'd have a problem
on the VIC or Commodore 64. The machine language program is in the
cassette buffer; a save-to-tape command would cause the contents of that
buffer to be destroyed before the program could be written to tape. Even
disk commands would not be completely safe: 4.0 BASIC disk commands
use the cassette buffer area as a work area; using these commands would
probably destroy our machine language program.

But saving the program is not the main problem. A correctly saved program
can give trouble when you try to bring it back and run it safely. The difficulty
is related to BASIC pointers, especially the start-of-variables pointer. The
problem, and how to solve it, will be discussed in some detail in Chapter
6

A Stopgap SAVE

We can preserve short programs by making them part of DATA state-
ments. The procedure is not difficult if screen editing is used intelligently.

We note that the program extends from $033C to $034F, including the
message (HELLO) at the end. The decimal equivalents to these ad-
dresses are 828 to 847. Enter the following BASIC line:

FOR J=8c8 TO 847 :PRINT PEEK(J); :NEXT J

Study the above line. You will see that it asks BASIC to go through the
part of memory containing your machine language program, and display
the contents (in decimal notation, of course). You'll see a result that looks
something like this:
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ke 0 189 7?74 3 32 210 255 232 224 b 208 245 9k
72 B9 Y6 76 79 13

These are indeed the bytes that make up your program. With a little study,
you could reconstruct the 1E2—0 combination to be LDX #$00, or the
?2-68-7?6-7E6-79 at the end to be the word HELLO in ASCII. It looks
different when it's in decimal, but it's still the same numbers.

You may try a little skill and artistry, using screen editing to perform the
next activity, or you may just retype the numbers into data lines a shown.
Either way, arrange the numbers as follows:

S0 DATA 1&2,0,1849,7?4,3,32,210,255,232,224,6
&0 DATA <208,245,96,72,69,76,76,79,13

We now have a copy of our program, exactly the way it appears in memory,
but stored within DATA statements. The DATA statements are part of a
normal BASIC program, of course, and will SAVE and LOAD with no
trouble at all.

We can now reconstruct our machine language program, placing it back
into memory, with a simple BASIC POKE program:

60 FOR J=6826 TO 847 : REARD X:POKE J,X:NEXT J

Now our program is safe and sound—it handles like BASIC, but it will do
a machine language task for us as desired. Let's display the entire BASIC
program

SO DATA 1&62,0,189,74,3,32,210,255,232,224,&
&0 DATA 208,245,96,72,69,76,76,79,13

40 FOR J =828 TO 847:READ X:POKE J,X:NEXT J
100 FORJ=1 TO3

110 SYS 828

120 NEXTJ

This method of saving a machine language program is clean and trouble
free, but it becomes awkward where long programs are involved. More
advanced methods will be discussed in Chapter 6.

“Things You Have Learned

—Subroutines can be called from machine language using the JSR command.
There are several useful kernal subroutines permanently available.

—A BASIC program may call a machine languége program as a subroutine:
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the BASIC command is SYS. The machine language subroutine returns to
the calling point with an RTS (return from subroutine) instruction.

—The CHROUT subroutine at address $FFD2 allows output of a character,
usually to the screen. In addition to printable characters, special cursor- and
color-control characters may be sent.

—Most machine language monitors have a small assembler to help program
preparation, and a disassembler to assist in program checking.

—Immediate mode is signaled by use of the # symbol. The computer is asked
to take the value given, instead of going to a specified address for its data.

—X and Y are called index registers. We may add the contents of X or Y to a
specified address, to create an effective address that changes as the program
runs. This addition is called indexing.

—X and Y also have special instructions that increase or decrease the selected
register by one. These are called increment and decrement instructions, and
are coded INX, INY, DEX, and DEY.

Questions and Projects

Look through the table of ASCII characters in Appendix D. Note that hex
93 is “clear screen.” Write a program to clear the screen and print ""HO
HO! M.

You may have noticed that in our example, we had register X counting
up from zero to the desired value. What would happen if you started X at
S and counted down? Try it if you like.

Remember that you can also include cursor movements, color codes (if
your machine has color), and other special ASCII characters. Could you
lay out the coding to draw a box? (Try it in BASIC first). Draw a box with
the word HELLO inside it.









Flags, Logic,
and Input

This chapter discusses:

® Flags that hold status information
e Testable flags: Z, C, N, and V

e Signed numbers

e The status register

® First concepts of interrupt

e Logical operators: OR, AND, EOR
e The GETIN subroutine for input

e The STOP subroutine
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Flags

Near the end of Chapter 2, we coded a program that had the seemingly
natural sequence

CPX #%$06
"BNE $....

It made sense: compare X for a value of &, and if not equal, branch back.
Yet it implies something extraordinary; the two instructions are somehow
linked.

Let's flash forward for a moment. Even when you have a machine language
program running, the computer “freezes” sixty times a second. The com-
puter undertakes a special activity, called interrupt processing. It stops
whatever it was doing, and switches to a new set of programs that do
several tasks: flashing the cursor, checking the keyboard, keeping the
clock up to date, and checking to see whether the cassette motor needs
power. When it's finished, it “unfreezes” the main program and lets it
continue where it left off.

This interrupt might take place between the two instructions shown above,
that is, after the CPX and before the BNE. Hundreds of interrupt instruc-
tions might be executed between the two, yet nothing is harmed. The two
instructions work together perfectly to achieve the desired effect. How can
the computer do this? '

The two instructions are linked by means of a flag—a part of the 650x
that records that something has happened. The CPX instruction tests X
and turns a special flag on or off to signal how the comparison turned out:
equal or unequal. The BNE instruction tests that flag. If it's on (meaning
equal), no branch will take place and the program will continue with the
next instruction; if it's off (meaning not equal), a branch will take place.

In other words, some instructions leave a “trail” of status information: other
instructions can check this information. The status information is called
“flags.” There are four flags that may be tested: Z, C, N, and V. They are
discussed below.

Z Flag

The Z (zero) flag is probably misnamed, and should have been called the
E flag (for “equals”). After any comparison (CPX to compare X, CPY to
compare Y, or CMP to compare B), the Z flag will be set to “on” if the
compared values are equal; otherwise it will be reset to “off.”
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Sometimes the Z flag checks for equal to zero, hence its nhame, Z for
zero. This happens for every activity that may change one of the three
data registers. Thus, any load command will affect the Z flag status. The
same is true of increment and decrement instructions, which obviously
change registers. And later, when we meet other operations such as ad-
dition and subtraction, they too will affect the Z flag.

There are many instructions that don't affect the Z flag (or any flag, for
that matter). Store instructions (STA, STX, STY), never change a flag.
Branch instructions test flags but don’t change them.

An example will help illustrate the way that some instructions change flags
and others do not. Examine the following coding:

LDA #%$23 (Load 23 to B)

LDX #3%00  (Load zero to X)

STA $1234 (store 23 to address $1234)
BEQS....

Will the branch (BEQ) be taken, or will the 650x continue with the next
instruction? Let's analyze the Z flag's activity step by step. The first in-
struction (LDA #$23) resets the Z flag, since 23 is not equal to zero.
The second instruction (LDX #$00) sets the Z flag because of the zero
value. The third instruction (STA $1234) does not affect the Z flag; in
fact, store instructions do not affect any flags. Thus, by the time we reach
the BEQ instruction, the Z flag is set “on” and the branch will be taken.

650x reference manuals show the specific flags that are affected by each
instruction. In case of doubt, they are easy to check.

The Z flag is quite busy—it clicks on and off very often since many in-
structions affect it. It's an important flag.

If the Z flag is set “on,” the BEQ (branch equals) instruction will branch
to the specified address; otherwise it will be ignored and the next instruction
in sequence will be executed. If the Z flag is reset “off,” the BNE (branch
not equals) instruction will branch.

We can see in more detail how our program from Chapter 2 worked.
CPX #%$0G causes the Z flag to be set “on” if X contains the value &;
otherwise it causes the Z flag to be reset “off.” BNE tests this flag, and
branches back to the loop only if the Z flag is off—in other words, only if
the contents of X is not equal to six.
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C Flag

The C (carry) flag is probably misnamed, too. It should have been called
the GE (greater/equal) flag, since after acomparison (CPX, CPY, or CMP),
the C flag is set “on” if the register (X, Y, or B) is greater than or equal
to the value compared. If the register concerned is smaller, the C flag will
be reset “off.”

The C flag is not as busy as the Z flag. The C flag is affected only by
comparison instructions and by arithmetic activities (add, subtract, and a
type of multiplication and division called rotate or shift). When used in
arithmetic, the C flag is properly named, since it acts as a “carry” bit
between various columns as they are calculated. For example, an LDA
instruction always affects the Z flag since a register is being changed, but
never affects the C flag since no arithmetic or comparison is being per-
formed.

If the C flag is set “on,” the BCS (branch carry set) instruction will branch
to the specified address; otherwise it will be ignored and the next instruction
in sequence will be executed. If the C flag is reset “off,” the BCC (branch
carry clear) instruction will branch. -

The C flag may be directly set or reset by means of the instructions SEC
(set carry) and CLC (clear carry). We will use these instructions when we
begin to deal with addition and subtraction.

If you examine the last program of Chapter 2, you will see that the BNE
instruction could be replaced by BCC. Instead of “branch back if not equal
to 6,” we could code “branch back if less than 6.” The operation would
be the same in either case.

N Flag

The N (negative) flag is also probably misnamed. It should have been
called the HB (high bit) flag, since numbers are positive or negative only
if they are used in a certain way. The N flag is set to indicate that a register
has been given a value whose high bit is set.

The N flag is as busy as the Z flag; it changes with every instruction that
affects a register. The N flag is affected by comparisons, but in this case
its condition is not usually meaningful to the programmer.

To sort out the operation of the N flag, it's important to become familiar
with hexadecimal-to-binary conversion. For example, will LDA #$6L5 set
the N flag? Rewrite it into binary: $65 equals 301100101. We can see
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that the high bit is not set, meaning that the N flag will be off after loading
this value. As another example, suppose we LDX #$DA. Hex DA is
11011010 binary. We see that the high bit is on and thus the N flag is
set.

If the N flag is set “on,” the BMI (branch minus) instruction will branch
to the specified address; otherwise it will be ignored and the next instruction
in sequence will be executed. If the N flag is reset “off,” the BPL (branch
plus) instruction will branch.

A Brief Diversion: Signed Numbers

How can a location—which is usually thought to contain a decimal value
from O to 255—contain a negative number? It's up to the programmer
to decide whether a memory value is unsigned, having a value range from
0 to 2585, or signed, having a value range from — 126 to +127. There
are still a total of 25& possibilities. The computer's memory simply holds
bits, while the programmer decides how the bits are to be used in a specific
case.

Mathematically, it's described this way: signed numbers, if desired, are
held in two's-complement form. We can hold —1 as hex FF, and — 2
as hex FE, all the way down to —128 as hex 80. You may have noticed
that in all the examples, the high bit is set for these negative numbers.

We may need more intuitive help, however. If the computer loads the
decimal value 200 into the A register with LDB #$C8, the N flag will be
set and will seemingly indicate that 200 is a negative number. It may be
more comfortable to simply think of 200 as a number with the high bit
set. But in a sense, 200 could be a negative number if we wanted it to
be. Let's examine the situation by means of examples.

If | were asked to count down in hexadecimal from 10, I'd start out $1.0,
$0F, $0E, and $0D, continuing downto $02, $01,and $00. If I needed
to keep going, I'd continue past $00 with $ FF; in this case, hex FF would
clearly represent negative one. Continuing, FE, FD, and FC would rep-
resent —2, — 3, and — 4. And the high bit is set on all these “negative”
numbers.

Let's discuss a decimal analogy. Suppose you have a cassette recorder
with a counter device attached, and the counter reads 0025. If you rewind
the unit a distance of 30 units, you would not be surprised to see a value
of 9995 on the counter and would understand that it meant a position of
—5. If you had a car with 1,500 miles on the odometer, and “rolled back”
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the mileage by 1,501 miles, you'd see a reading of 99999, which would
mean —1. (The author does not know this from personal experience, but
is assured by many machine language students that it is so.) In these
cases, based on the decimal system, the negative numbers are called
“ten’s complement.”

V Flag

As with the other flags, the V (overflow) flag is probably misnamed. It
should have been called the SRO (signed arithmetic overflow) flag, since
itis affected only by addition and subtraction commands, and is meaningful
only if the numbers concerned are considered to be signed.

The V flag is used only occasionally in typical 650x coding. Many machine
language programs don't use signed numbers at all. The most typical use
of the V flag is in conjunction with a rather specialized command, BIT
(bit test). For this instruction, the V flag signals the condition of bit & of
the memory location being tested. In this case, V and N work in a similar
way: N reflects the high bit, bit 7, and V represents the “next bit down,”
bit 5. The BIT command is used primarily for testing input/output ports
on IA (interface adaptor) chips.

If the V flag is set “on,” the BVS (branch overflow set) instruction will
branch to the specified address; otherwise it will be ignored and the next
instruction in sequence will be executed. If the V flag is reset “off,” the
BVC (branch overflow clear) instruction will branch.

The V flag may be directly reset by means of the CLV (clear overflow)
instruction. Oddly, there is no equivalent instruction to set the flag.

One special feature of the V flag: on some 650x chips, the V flag can be
set by hardware. There is a pin on the chip that can be used so that an
external logic signal will trigger the V flag.

- A Brief Diversion: Overflow

The term overflow means “the result is too big to fit.” For example, if |
add 200 to 200, the total is 400 . . . but this won't fit in a single byte.
If we have only a single byte to store the result, we say that the addition
has encountered overflow, and we can't produce a meaningful answer.

If we are using unsigned numbers, the C flag tells us about overflow. If
we are using signed numbers, V tells the story. We'll take this up again
in the next chapter.
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Flag Summary

A brief table may help review the four testable flags.

Flag Brief Activity Branch Taken If:
Name Meaning Level Set Not-Set
Z Zero, equal Busy BEQ BNE

o Carry, greater/equal Quiet BCS BCC

N Negative, high-bit Busy BMI BPL

v Signed arithmetic overflow Quiet BVS BvVC

The Status Register

The preceding flags—and three others—may be viewed within the status’
register (SR). You may recall that the machine language monitor gives
an SR display. If you know how to read it, you can see the condition of
all flags. .

Each flag is a bit within the status register. Again, it's useful to be able to
easily translate the hexadecimal display, so as to view the individual flags.
Here’s a chart of the flags within the status register:

76543210
NV-BDIZC

Taking the bits one at a time, starting at the high bit:

N—the N flag, as above
V—the V flag, as above.
Bit S—unused. You'll often find that this bit is “on.”

B—*“Break” indicator. When an interrupt occurs, this signals whether or not the
interrupt was caused by a BRK instruction.

D—Decimal mode indicator. This changes the manner in which the add and
subtract instructions operate. In Commodore machines, this flag will always be
off. Don't turn it on unless you know exactly what you're doing. This flag may
be turned on with the SED (set decimal) instruction, and turned off with the
CLD (clear decimal) instruction.

I—Interrupt disable. More exactly, this bit disables the IRQ (interrupt request)
pin activity. More on this control bit much later. This flag may be turned on with
the SEI (set interrupt disable) instruction, and turned off with the CLI (clear
interrupt disable) instruction.

Z—the Z flag, as above.

C—the C flag, as above.
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Flags B, D, and I are not testable flags in that there are no branch instructions
that test them directly. D, the decimal mode flag, and I, the interrupt lockout
flag, may be considered “control” flags. Instead of reporting conditions found
as the program runs, they control how the program operates.

When we see a value displayed in the SR, or status register, we may
examine it to determine the condition of the flags, especially the testable
flags Z, C, N, and V. For example, if we see an SR value of $B1, we
translate to binary 210110001 and know that the N flag is on, the V
flag is off, the Z flag is off, and the C flag is on.

You may change these flags by typing over the displayed value in the
machine language monitor. Be careful you don't accidentally set the D or
I flags.

A Note on Comparison

If we wish to compare two bytes with each other, we must perform a
comparison. One value must be in a register (A, X, or Y); the other must
either be stored in memory, or must be an immediate value we use in the
instruction.

We will use the appropriate compare instruction depending on the register
involved; CMP for the A register, CPX for the X register, and CPY for the
Y register. Following the comparison, we may use any of the following
branch tests:

BEQ—branches if the two bytes are equal.
BNE—branches if the two bytes are not equal.

BCS—branches if the value in the register is greater than or equal to the other
value.

BCC—branches if the value in the register is less than the other value.

We can use more than one branch instruction after a comparison. Suppose
our program wanted to test the Y register for a value equal to or less than
5. We might code

CPY #%05
BEQ . .somewhere
BCC ..somewhere

We can see that our code will branch if the value is equal to S (using the
BEQ) or less than S (using the BCC); otherwise it will continue without
branchmg In this case, we could make the coding more efficient by chang-
ing it to read
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CPY #3%06
BCC . .somewhere

A little common sense will tell us that testing a number to see if it is less
than & is the same as testing it to see if it is less than or equal to S.
Common sense is a valuable programming tool.

Instructions: A Review

We have looked at the three data registers—A, X, and Y—and have seen
three types of operation we can perform with them:

Load: LDA, LDX, LDY
Store: STA, STX, STY
Compare: CMP, CPX, CPY

Up to this point, the registers have identical functions, and we can use
any of them for any of these functions. But new instructions are creeping
in that give a different personality to each of the three.

We have noted that INX, INY, DEX, and DEY for increment and dec-
rement are restricted to X and Y only; and we've also mentioned that X
and Y can be used for indexing. Soon, we'll start to examine some of the
functions of the A register, which is often called the accumulator because
of its ability to do arithmetic.

We have seen JSR, which allows us to call a subroutine of prewritten
instructions. We've used RTS, which says, “Go back to the calling point,”
even if the calling point is a BASIC program. And we've almost abandoned
the BRK instruction, which stops the program and goes to the machine
language monitor. BRK will be useful in checking out programs. Specifi-
cally, we can stop a program at any time by inserting a BRK instruction,
allowing us to see whether the program is behaving correctly and whether
it has done the things we planned.

There are eight branch instructions. They have already been discussed,
but there is one additional piece of information that is important to keep
in mind. All branches are good only for short hops of up to a hundred
memory locations or so. So-long as we write short programs, that won't
be a limitation; but we’ll look at this more closely in Chapter 5.

Logical Operators

Three instructions perform what are called /ogical operations. They are:
AND (Logical AND); ORA (Logical OR); and EOR (Exclusive OR) These
instructions work on the A register only.
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Mathematicians describe these operations as commutative. For example,
a value of $3A "AND" $57 gives exactly the same result as $57
"AND" $3A. The order doesn’t matter. But we often use these func-
tions—and think of them—in a particular order. It's the same as with
addition, where we think of a “total” to which is added an “amount” to
make a “new total.” With the logical operators we often think of a “value,”
which we manipulate with a “mask” to make a “modified value.”

Logical operators work in such a way that each bit within a byte is treated
independently of all the other bits. This makes these instructions ideal for
extracting bits, or manipulating certain bits while leaving others alone.

We'll look at formal definitions, but the following intuitive concepts are
useful to programmers:

AND—turns bits off.

ORA—turns bits on.

EOR—flips bits over.

AND—Logical AND to A

For each bit in the A register, AND performs the following action:

Original A Bit Mask Resulting R Bit
0 0 0
1 0 0
0 1 0
1 1 1

Examine the upper half of this table. When the mask is zero, the original
bit in A is changed to zero. Examine the lower half. When the mask is
one, the original bit is left unchanged. Hence, AND can selectively turn
bits off. .

Example: Turn off bits 4, 5, and & in the following value: $C7?

Original value: 11000111
Mask: AND 10001111 (hex &F)
Resuilt 10000111

XXX

Note that the bits marked have been forced to “off,” while all other bits
remain unchanged.
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ORA—Logical OR to A

For each bit in the A register, ORA performs the following action:

Original R Bit Mask Resulting B Bit
0 0 0
1 0 1
0 1 1
1 1 1

Examine the upper half of this table. When the mask is zero, the original
bit in A is left unchanged. Examine the lower half. When the mask is one,
the original bit is forced to “on.” Hence, ORA can selectively turn bits on.

Example: Turn on bits 4, 5, and & in the following value: $C7

Original value: 11000111
Mask: EOR 01110000 (hex ?0)
Result 11120121

XXX

Note that the bits rharked have been forced to “on,” while all other bits
remain unchanged.

EOR—Exclusive OR to A

For each bit in the A register, EOR performs the following action:

Original B Bit Mask Resulting R Bit
0 0 0
1 0 1
0 1 1
1 1 0

Examine the upper half of this table. When the mask is zero, the original
bitin A is left unchanged. Examine the lower half. When the mask is one,
the original bit is inverted; zero becomes one and one becomes zero.
Hence, EOR can selectively flip bits over.

Example: Invert bits 4, 5, and & in the following value: $C7

Original value: 11000211
Mask: EOR 01110000 (hex 70)
Result 10110111

XXX
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Note that the bits marked have been flipped to the opposite value, while
all other bits remain unchanged.

Why Logical Operations?

We use these three commands—AND, ORA, and EOR—to change or
control individual bits within a byte of information. The commands are
unusual in that each bit may be manipulated independently of the others.

We don't seem to be working with numbers when we use these commands.
Rather, we’re working with each individual bit, turning it on or off as we
wish.

Why would we turn individual bits on or off? There are several possible
reasons. For example, we might wish to control external devices through
the IA’s (interface adaptors). Within the IA’s input and output ports each
of the eight bits might control a different signal; we might want to switch
one control line on or off without affecting other lines.

When we're looking at input from an IR port, we often read several input
lines mixed together within a byte. If we want to test a specific bit to see
if it is on or off, we might mask out all other bits with the AND instruction
(changing unwanted bits to zero); if the remaining bit is zero, the whole
byte will now be zero and the Z flag will be set.

Why would we want to flip bits over? Many “oscillating” effects—screen
flashing or musical notes—can be accomplished this way.

Finally, the logical operators can be useful in code translation. For ex-
ample, here are the values for ASCII 5 and binary 5:

ASCII 200110101
Binary %200000101

We must use the ASCII value for input or output. We must use the binary
value for arithmetic, particularly addition and subtraction. How could we
get from one to the other? By taking bits out (AN D) or putting bits in (ORR).
Alternatively, we could use addition or subtraction; the logical operators,
however, are simplier.

Input: The GET I N Subroutine

We have seen how we can use CHROUT at $FFDZ2 to produce output
to the screen: Now we'll look at the input side—how to use the GETIN
subroutine at $FFE4 to get characters from the keyboard buffer.
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You may be familiar with the GET statement in BASIC. If so, you'll find
the same characteristics in GETIN:

® |nput is taken from the keyboard buffer, not the screen.

e If a key is held down, it will still be detected once only.

® The subroutine returns immediately.

® If no key is found, a binary zero is returned in A.

e If a key is found, its ASCII value will be in A.

® Special keys, such as RETURN, RVS, or color codes, will be detected.
To call for a key from the keyboard, code JSR $FFEA4. Values in X and

Y are not guaranteed to be preserved, so if you have important information
in either register, put it away into memory.

Subroutine: GETIN
Address: $FFE4
Action: Takes a character from the input channel and places it

into the A register. The input channel is the keyboard input
buffer unless arrangements have been made to switch it.

The character received is usually ASCII (or PET ASCIl). When read
from the keyboard, the action is similar to a BASIC GET statement:
one character will be taken from the buffer; it will not be shown on the
screen. If no character is available from the keyboard input buffer, a
value or binary zero will be put into the A register. The subroutine will
not wait for a key to be pressed but will always return immediately.

Registers: The B register will of course always be affected. X and Y
are likely to be changed; do not have data in these when calling GE—
TIN.

Status: Status flags may be changed. In the VIC and Commodore 64,

If we want keyboard input to appear on the screen, we should follow a
call to GETIN, $FFE4, with a call to CHROUT, $FFDZ2, so that the
received character is printed.

STOP

Machine language programs will ignore the RUN/STOP key . .. unless
the program checks this key itself. It may do so with a call to STOP,
address $FFEL. This checks the RUN/STOP key at that moment. To
make the key operational, $FFEL must be called frequently.
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A call to FFEL should be followed by a BEQ to a program exit so that
the program will terminate when RUN/STOP is pressed.

The RUN/STOP key is often brought into play while programs are being
tested, so that unexpected “hangups” can still allow the program to be
terminated. Coding to test the RUN/STOP key is often removed once
testing is complete, on the assumption that no one will want to stop a
perfect program. Incidentally, if you plan to write nothing but 100 percent
perfect programs, you will not need to use this subroutine.

Subroutine: STOP

Address $FFEL

Action: Check the RUN/STOP key. If RUN/STOP is being pressed
at that instant, the 2 flag will be set when the subroutine
returns.

In PET/CBM, the system will exit to BASIC and say READY if the
RUN/STOP key is being pressed. In this case, it will not return to the
calling machine language program.

Registers: R will be affected. X will be affected only if the RUN/STOP
key is being pressed.

Status: Z signals whether RUN/STOP is being pressed.

Programming Project

Here’s our task: we wish to write a subroutine that will wait for a numeric
key to be pressed. All other keys (except RUN/STOP) will be ignored.

When a numeric key is pressed, it will be echoed to the screen, and then
the subroutine will be finished. One more thing. The numeric character
will arrive in ASCII from the keyboard: we wish to change it to a binary
value before giving the final RTS statement. This last operation has no
useful purpose yet, except as an exercise, but we'll connect it up in the
next chapter.

Coding sheets ready? Here we go.
.A 033C JSR S$FFEL

We will check the RUN/STOP key first. But wait. Where will we go if we
find that the key is pressed? To the RTS, of course; but we don’t know
where that is, yet. In these circumstances, we usually make a rough guess
and correct it later. Make a note to check this one . . .
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.A 033F BEQ $0351
.A 0341 JSR $FFE4

Now we’ve gotten a character; we must check that it's a legitimate numeric.
The ASCII number set 0 to 9 has hexadecimal values $30 to $39. So
if- the value is less than $30, it's not a number. How do we say “less
than?” After a compare, it's BCC (branch carry clear). So we code

.A 0344 CMP #%$30
.A 0346 BCC $033C

Did you spot the use of immediate mode at address $0344? Make sure
you follow the logic on this. Another point: what if no key has been pressed?
We're safe. There will be a zero in the B register, which is less than hex
30; this will cause us to go back and try again.

Now for the high side. If the number is greater than hex 39, we must
reject it since it cannot be an ASCIl numeric. Our first instinct is to code
CMP #$39 and BCS. But wait! BCS (branch carry set) means “branch
if greater than or equal to.” Our proposed coding would reject the digit 9,
since the carry flag would be set when we compared to a value of hex
34q.

We must check against a value that is one higher that $39. Be careful,
though, for we're in hexadecimal. The next value is $3A. Code it:

.A 0348 CMP #$3A
.A034RA BCS $033C

If we get this far, we must have an ASCII character from 0O to 9; let’s print
it to the screen so that the user gets visual feedback that the right key
has been pressed:

.A 034C JSR $FFDZ

Now for our final task. We are asked to change the ASCII character into
true binary. We may do this by knocking off the high bits. We remember,
of course, that to turn bits off we must use AND:

.A 034F AND #S$0F
.A 0351 RTS

It's a good thing that we printed the character first, and then converted to
binary; the character must be ASCII to print correctly.

One last thing. We had a branch (on the RUN/STOP key) that needed to
connect up with the RTS. Did you make that note about going back and
fixing up the branch? Now is the time to do it, but before you go back,
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terminate the assembly with an extra RETURN on the keyboard (the
assembler gets confused if it prompts you for one address and you give
another; get out before you go back).

By a fortunate stroke of luck, we happen to have guessed the right address
for the BEQ at address $033F. But if we hadn’t, you know how to change
it, don’t you?

Check your coding, disassemble, go back to BASIC and run with a SYS
a828. Tap a few letter keys and note that nothing happens. Press a num-
ber, and see it appear on the screen. The program will terminate. SYS it
again and see if the RUN/STOP works. Try a BASIC loop to confirm that
BASIC and machine language work together.

Project for enthusiasts: Try modifying the program so that it checks for
alphabetic characters only. Alphabetic characters run from $41 to $5A,
inclusive.

Things You Have Learned

—Flags are used to link instructions together. This might be an activity such
as load or compare, followed by a test such as branch on a given condition.

—Some instructions affect one or more flags, and some do not affect flags.
Thus, an instruction that sets a flag might not be followed immediately with
the instruction that tests or uses that flag.

—There are four testable flags: Z (zero, or equals); C (carry, or greater/equal);
N (negative, or high bit); and V (signed arithmetic overflow). The flags are
checked by means of “branch” instructions such as BEQ (branch equal) or
BNE (branch not equal).

—Flags are stored in the status register, sometimes called the processor status
word. The SR contains the four testable flags, plus three other flags: B (break
indicator); D (decimal mode for add/subtract); and I (interrupt lockout). The
hexadecimal value in SR can be changed to binary and used to determine
the exact condition of all flags.

—Usually, the processor is interrupted sixty times a second to do special hlgh-
priority jobs. Everything, including the status register flags, is carefully pre-
served so that the main program can continue as though nothing had
happened.

—A number stored in memory can be considered as signed if we decide to
handle it that way. The value of a signed number is held in two’s-complement
form. The high bit of the number is zero if the number is positive, one if the
number is negative. The computer doesn't care. It handles the bits whether
the number is considered signed or not, but we must write our program
keeping in mind the type of number being used.
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—There are three logical operator instructions: AND, ORA, and EOR. These
allow us to modify bits selectively within the A register. AND turns bits off;
ORA turns bits on; and EOR inverts bits, or flips them over.

Questions and Projects

Write extra coding to allow both numeric and alphabetic characters, but
nothing else.

Write a program to accept only alphabetic characters. As each ASCII
character is received, turn on its high bit with ORA #$80 and then print
it. How has the character been changed?

Write a program to accept only numeric digits. As each ASCII character
is received, turn off its lowest bit with AND #$FE and then print it. What
happens to the numbers? Can you see why?
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“Numbers: Signed and Unsignéd

We have looked briefly at the question of signed versus unsigned numbers.
The most important concept is that you, the programmer, choose whether
or not a number is to be considered a signed number (for a single byte,
in the decimal range — 128 to +127) or an unsigned integer (single-
byte range O to 255).

It makes no difference to the computer. If you consider a number signed,
you may wish to test the sign using the N flag. If not, you won’t do such
a test.

- Big Numbers: Multiple Bytes

You may use more than one byte to hold a number. Again, it's your
decision. If you think the numbers may go up to a million, you might allocate
three bytes (or more or fewer). If you are doing arithmetic on multi-byte

~ numbers, the computer will help you by signaling in the carry flag that
there’s something to be carried across from a lower byte to a higher one.
But it's up to you to write the code to handle the extra bytes.

You may size numbers by using the following table:

Unsigned: Signed:
1 byte 0 to 255 -128 to +127
2 bytes 0 to 65,535 —32768 to +32767
3 bytes 0to 16,777,215 —8,388,608 to + 8,388,607
4 bytes to over 4 billion —2 billion to +2 billion

It's possible to work with binary fractions, but that is beyond the scope of
this book. Many applications “scale” numbers, so that dollar-and-cents
amounts are held as integer quantities of pennies. Thus, two bytes un-
signed would hold values up to $655.35, and three bytes up to
' $1b7,772.165.

When signed numbers are held in multiple bytes, the sign is the highest
bit of the highest byte only.

We will concentrate on single-byte arithmetic principles here, touching on
multiple-byte numbers as a generalization of the same ideas.

Addition

Principles of addition are similar to those we use in decimal arithmetic;
for decimal “columns,” you may substitute “bytes.” Let's look at a simple
decimal addition:
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142856
+ 389217

Rule 1: We start at the right-hand column (the low-order byte).

Rule 2: We add the two values, plus any carry from the previous column. A new
carry may be generated; it can never be greater than one. (ADC includes any
carry from a previous activity, and may generate a new carry bit, which is either
Dorl.)

Rule 3: When we start at the right-hand column, there is no carry for the first
addition. (We must clear the carry with CLC before starting a new addition.)

Rule 4: When we have finished the whole addition, if we have a carry and no
column to put it in, we say the answer “won't fit.” (If an addition sequence of
unsigned numbers ends up with the carry flag set, it's an overflow condition.)

HIGH BYTE LOW BYTE
START:
00101011 10111001 NO CARRY
4+ 00001010 11100101
10011110
CARRY
00110110

Figure 4.1

How do we translate these rules into machine language addition?

1. Before we start an addition sequence, clear the carry with CLC.

2. If the numbers are more than one byte in size, start at the low byte and work
up to the high ones. Addition will take place in the R register only; you may
add the contents of an address or an immediate value. The carry flag will
take care of any carries.

3. When the addition sequence is complete, check for overflow:
a) if the numbers are unsigned, a set C flag indicates overflow;
b) if the numbers are signed, a set V flag indicates overflow.

Thus, to add two unsigned numbers located at addresses $0380 and
$0381 and to place the result at $0382, we might code
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CLC

LDA $03a0
ADC $0381%
STA $038¢2

We might also BCS to an error routine, if desired.

To add a two-byte number located at $03A0 (low) and $03A1 (high)
to another two-byte number located at $03B0O (low) and $03B1 (high),
placing the result at $03C0/1, we might code

CLC

LDA $03A0
ADC $03BO
STA $03CO
LDA $03A1
ADC $03B1
STA $03CL

Again, we might BCS to an overflow error routine.

If we had two-byte signed numbers in the same locations, we’'d add them
exactly the same way, using the same code as above. In this case, how-
ever, we'd check for overflow by adding the instruction BV S, which would
branch to an error routine. The carry flag would have no meaning at the
end of the addition sequence.

Subtraction

Subtraction might be defined as “upside down” addition. The carry flag
again serves to link the parts of a multibyte subtraction, but its role is
reversed. The carry flag is sometimes called an “inverted borrow” when
used in subtraction. Before performing a subtraction, we must set the C
flag with SEC. If we are worried about unsigned overflow, we look to
confirm that the carry is set at the completion of the subtraction operation.
If the carry is clear, there’s a problem.

Thus, to perform a subtraction, we follow these rules:

1. Before we start a subtraction sequence, set the carry with SEC.

2. If the numbers are more than one byte in size, start at the low byte and work
up to the high ones. Subtraction will take place in the A register only; you
may subtract the contents of an address or an immediate value. The C flag
will take care of any “borrows.” -

3. When the subtraction sequence is complete, check for overflow:
a) if the numbers are unsigned, a clear C flag indicates overflow;
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b) if the numbers are signed, a set V flag indicates overflow.

Thus, to subtract two unsigned numbers located at addresses $0380
and $0381 and to place the result at $0382, we might code

SEC

LDA $0380
SBC $03481
STA $03a¢

A BCC could go to an error routine.

Comparing Numbers

If we have two unsigned numbers and wish to know which one is larger,
we can use the appropriate compare instruction—CMP, CPX, or CPY—
and then check the carry flag. We've done this before. If the numbers are
more than one byte long, however, it's not quite so easy. We must then
use a new technique.

The easiest way to go about such a comparison is to subtract one number
from the other. You need not keep the result; all you care about is the
carry flag when the subtraction is complete. If the C flag is set, the first
number (the one you are subtracting from) is greater than or equal to the
second number. Why? Because carry set indicated that the unsigned
subtraction was legal; we have subtracted the two numbers and have
obtained a positive (unsigned) result. On the other hand, if the C flag ends
up clear, this would mean that the first number is less than the second.
The subtraction couldn’t take place correctly since the result—a negative
number—can’t be represented in unsigned arithmetic.

Left Shift: Multiplication by Two

If we write the decimal numbers 100 and 200 in binary, we see an
interesting pattern:

100: %01100100
c00: %11001000

To double the number, each bit has moved one position to the left. This
makes sense, since each bit has twice the numeric “weight” of the bit to
its right.

The command to multiply a byte by two is ASL (arithmetic shift left). A
zero bit is pushed into the low (or “right”) side of the byte; all bits move
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left one position; and the bit that “falls out” of the byte—in this case, a
zero bit—moves into the carry. It can be diagrammed like this:

CARRY -<'-<'-<'-<'.<'-<'-<'-<|_¢
(C FLAG) | ] | 1 | | |
ASL
IN AN ASL (ARITHMETIC SHIFT LEFT), EACH BIT
MOVES ONE POSITION LEFT. A ZERO MOVES INTO THE
LOW-ORDER BIT.

Figure 4.2

That's good for doubling the value of a single byte. If a “one” bit falls into
the carry flag, we can treat that as an overflow. What about multiple bytes?

It would be ideal if we had another instruction that would work just like
ASL. Instead of pushing a zero bit into the right hand side of the byte,
however, it would push the carry bit, that is, the bit that “fell out” of the
last operation. We have such an instruction: ROL.

ROL (rotate left) works exactly like ASL except that the carry bit is pushed
into the next byte. We can diagram it as follows:

CARRY

| | I I | 1 | 1 I
- - - - .- .-
] | | | | | |

CARRY

IN A ROL (ROTATE LEFT), THE CARRY MOVES INTO
THE LOW ORDER BIT; EACH BIT MOVES LEFT; AND THE
HIGH ORDER BIT BECOMES THE NEW CARRY.

Figure 4.3

Thus, we can hook two or more bytes together. If they hold a single
multibyte number, we can double that number by starting at the low-order
end. We ASL the first value and ROL the remainder. As the bits fall out
of each byte, they will be picked up in the next.

Multiplication

Multiplying by two may not seem too powerful. We can build on this starting
point, however, and arrange to multiply by any number we choose.
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ASL J
ROL f—l - - -
ROL V’_I ~ —— — 4-C LOW ORDERBYTE

HIGH ORDER BYTE

TO MULTIPLY A THREE-BYTE NUMBER BY TWO, WE
SHIFT THE LOW ORDER BYTE WITH ASL; THEN WE USE
ROL TO ALLOW THE C FLAG TO “‘LINK’* FROM ONE
BYTE TO THE NEXT.

Figure 4.4

We won't deal with a generalized multiplication routine here, but a couple
of specific examples can be shown.

How can we multiply by four? Multiply by two, twice. How can we multiply
by eight? Multiply by two, three times.

Here’s an important one. We often want to multiply by ten. For example,
if a decimal number is being typed in at the keyboard, the number will
arrive one digit at a time. The user might type 217, for example. The
program must then input the two and put it away; when the one arrives,
the two must be multiplied by ten, giving twenty, and the one added; when
the seven is typed, the twenty-one must be multiplied by ten before the
seven is added. Result: 217 in binary. But we must first know how to
multiply by ten.

To multiply by ten, you first multiply by two; then multiply by two again.
At this point, we have the original number times four. Now, add the original
number, giving the original number times five. Multiply by two one last
time and you've got it. We'll see an example of this in Chapter 7.

Right Shift and Rotate: Dividing by Two

If we can multiply by two by shifting (and rotating) left, we can divide by
two by moving the bits the other way. If we have a multibyte number, we
must start at the high end.

L SR (logical shift right) puts a zero into the left (high-order) bit, moves all
the bits over to the right, and drops the leftover bit into the carry. ROR
(rotate right) puts the carry bit into the left bit, moves everything right, and
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b - - - L = L L]
L1 | L1

C FLAG

IN AN LSR, ZERO MOVES INTO THE HIGH BIT, AND ALL
BITS MOVE RIGHT ONE POSITION; THE LOWEST BITS
BECOME THE CARRY.

C T T T T T T T
M e > e e e > =
L | | | | | ] | [ v

IN A ROR, THE CARRY MOVES INTO THE HIGH BIT AND
ALL BITS MOVE RIGHT ONE POSITION; THE LOWEST
BIT BECOMES THE NEW CARRY.

0
= ROR

C—+ —_——
=

o

TO DIVIDE A THREE-BYTE NUMBER BY TWO, WE SHIFT
THE HIGH-ORDER BYTE WITH LSR; THEN WE USE ROR
TO ALLOW THE C FLAG TO “LINK'* FROM BYTE TO
BYTE.

Figure 4.5
drops the leftover bit into the carry once again. At the end of a right-shifting

sequence, the final carry bit might be considered a remainder after dividing
by two.

Comments on Shift and Rotate

As you might expect of arithmetic instructions, the shift and rotate instruc-
tions normally operate in the A register. But there’s an extra bonus: these
instructions also can operate directly on memory. In other words, the
computer can go to any address in memory and shift the bits at that address
directly, without loading the data into a register.

For this reason, you'll often see the instructions coded with the identity of
the A register coded in the address part of the instruction. We would code
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LSR A so as to distinguish from LSR $1234, where the contents of
memory is being shifted.

When a rotate or shift is performed directly on a memory location, the Z,
N, and C flags are affected according to the contents of memory. Z will
be set if the contents of the location ends up as zero; N if the high bit is
set; and C performs its standard role of catching the leftover bit.

Some programmers wonder about the terms logical and arithmetic, used
as part of the definition. The distinction is related to the way that signed
numbers are treated. “Logical” means that the sign of a number will prob-
ably be lost if the number was intended to be signed. “Arithmetic” means
that the sign will probably be preserved. It's purely a terminology question:
the bits themselves move exactly as you would expect them to do.

Subroutines

We have written programs that are subroutines called by BASIC. We have
written subroutine calls to built-in operations such as $FFD2 or $FFEA4.
Can we also write our own subroutine and arrange to call it?

Of course we can. RTS (return from subroutine) does not mean “return
to BASIC.” It means “return to whoever called this routine.” If BASIC.
called up the machine language routine, RT S takes you back to BASIC.
If another machine language program called up the subroutine, RTS will
return to the calling point. : '

We wrote a useful subroutine in the last chapter. Its purpose was to accept
only numeric keys, echo them to the screen, and convert the ASCII value
to binary. Now we'll use this subroutine to build a more powerful program.
Here it is. Be sure it's entered in your computer.

.A 033C JSR $FFEL
.A 033F BEQ $0351
.A 0341 JSR $FFE4
.A 0344 CMP #$30
.A 0346 BCC $033C
.A 0348 CMP #$3A
.A 034A BCS $033C
.A 034C JSR $FFDC
.A D34F AND #$0F
.A 0351 RTS
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The Project

Here is our mission: using the above subroutine, we wish to build a simple
addition program. Here’s how we want it to work. The user will touch a
numeric key, say "3". Immediately, "3+ " will appear on the screen.
Now the user will touch another key, say "4", and the program will
complete the addition so that the screen shows "3 +4=7". We will
assume that the total is in the range O to 9 so that we don’t have to worry
about printing a two-digit answer—don't try 545 or you'll get a wrong
answer.

Here we go. We must start our coding at address $035¢2 so as not to
disturb our subroutine. We'll need to give SYS 850 to make this one go.

.A 0352 JSR $033C

We call our prewritten subroutine, which waits for a numeric key, echos
it to the screen, and converts the value to binary in the A register.

Our next action is to print the plus sign. We know how to do this, once
we look up the ASCII code for this character. Appendix D tells us that it's
$2B, sowe'll need to LDA #%$2B and JSR $FFD2. But wait a minute!
Our binary value is in the B register, and we don’t want to lose it. Let's
store the value somewhere:

.A 0355 STA $03CO
.A 0358 LDA #%$cB
.A035RA JSR $FFDe
.A 035D JSR $033C

We picked $03C0, since nobody seems to be using it, and put the binary
number safely away there. Now we print the plus sign, and go back to
ask for another digit.

When the subroutine returns, it has a new binary value in the A register;
the digit has been neatly printed on the screen behind the plus sign. Now
we need to print the equal sign. But again, wait! We must put our binary
value away first.

We could place the value into memory—perhaps $03C1 would do—but
there’s another way. We don't seem to be using X or Y for anything at
the moment, so let’s slip the value across into one or the other. We have
four “transfer” commands that will move information between A and either
index register:
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TAX—Transfer A to X TAY—Transfer Ato Y
TXR—Transfer X to A TYA—Transfer Y to A

Like the load series of commands, these instructions make a copy of the
information. Thus, after TAX, whatever information was in A is now also
in X. Again like the load commands, the Z and N status flags are affected
by the information transferred. It doesn’t matter whether we use X or Y.
Let’s pick X:

.A 0360 TAX
.A 0361 LDA #$3D
.A 0363 JSR $FFD2

We have put our second value into X and printed the equal sign ($3D).
Now we can bring the value back and do our addition. The next two
instructions can come in any order:

.A 0366 TXA
.A 0367 CLC
.A 0368 ADC $03CO

We have our total in the A register. It's almost ready to pnnt except for
one thing: it's in binary. We want it in ASCII.

Assuming the total is in the range O to 9, we can convert it directly to a
single ASCII digit with an ORA operation. (If it's greater than nine, you're
cheating and the answer won't make sense.)

.A036B ORA #%$30
.A 036D JSR $FFDE

Are you basically a neat person? Then you'll want to print a RETURN to
start a new line:

.A 0370 LDA #%$0D
.A 0372 JSR $FFDC
.A 0375 RTS

Check it with a disassembly. If you disassemble starting with the subrou-
tine, you'll need more than one screen full of instructions to see it all. No
problem. When the cursor flashes at the bottom of the screen, press the
letter D and RETURN and you'll see a continuation of the listing.

Back to BASIC. This time we do not give SYS &2 8—that’s the subroutine
and we want the main<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>