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Programming is an essential engineering skill. To almost any engineer, it is
as important as circuit design to an electrical engineer, as statistics to a civil
engineer, and as heat transfer to a chemical engineer. The engineer has to
program in high-level languages to solve problems. He or she also should
be able to read assembly-language programs to understand what a high-level
language does. Finally, he or she should understand the capabilities of a
microcontroller because they are components in many systems designed,
marketed, and maintained by engineers. The first goal of this book then is to
teach engineers how a computer executes instructions. The second goal is to
teach the engineer how a high-level language statement converts to assem-
bler language. A final goal is to teach the engineer what can be done on a
small computer and how the microcomputer is interfaced to the outside
world. Even the nonprogramming engineer should understand these issues.
Although this book is written for engineers, it will serve equally well for
anyone, even hobbyists, interested in these goals.

The reader is taught the principles of assembly-language programming
by being shown how to program a particular microcomputer, the Motorola
6812. The important thing about the 6812 is that it has a straightforward and
clean, yet powerful, instruction set, midway between smaller and more 
powerful microcontrollers. From it the reader can adjust to these smaller or
more powerful microcontrollers. The best way to learn these principles is to
write a lot of programs, debug them, and see them work on a real micro-
controller. This hands-on experience can be inexpensively obtained on the
6812. A recently introduced target board, the M68DKIT812C32, costs only
about $25 (see the front cover). Of course, this price doesn’t include the per-
sonal computer that hosts the 6812 target system.

This book is designed for a sophomore course that teaches how a micro-
controller works from the “bottom up.” The reader learns how the binary
adder is used in the add instruction and in index addressing, and then how
instructions and addressing modes can be efficiently used to implement
assembler language programs. This leads to a functional and practical under-
standing of how to compile a C or C++ program by hand to generate effi-
cient assembler language programs. It also leads to a thorough understanding
of how microcontrollers can be programmed to interact with the outside

xi
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world. Students who have taken the course using this textbook have testified
to my department chairman, several years after graduation, that they have
learned more about microcontrollers, and more about engineering design,
from this course than from any of the other courses they took at our highly
rated University! “Bottom-up” really works.

The following discussion outlines the book and explains several deci-
sions that were made when we wrote the book. Optional chapters are avail-
able for readers having various interests. The main skills taught in each
chapter are summarized.

Chapters 1 to 3 discuss programming using hand-translated machine code
and the implementation of machine instructions in a simplified microcon-
troller. The assembler is not introduced until Chapter 4. This gives the engi-
neering student a fine feeling for the machine and how it works and helps
him or her resolve problems encountered later with timing in input/output
programming or with the use of addressing modes in managing data struc-
tures. It removes the “magic” from computer programming. Chapter 1
explains how a microprocessor interacts with the memory and how it exe-
cutes the instruction cycle. The explanation focuses on a microcomputer and
is simplified to provide just enough background for the remainder of the text.
Simple instructions and elementary programs are introduced next. Pointing
out that there is no best program to solve a problem, Chapter 1 observes what
makes a good program and encourages the reader to appreciate good pro-
gramming style. A discussion of the available organizations of 6812 micro-
controllers concludes this chapter.

In Chapter 2, the main concept is the alternative forms of the same kind
of instruction on the 6812. Rather than listing the instructions alphabetically,
as is desirable in a reference book, we group together instructions that
perform the same type of function. Our groups are the classic ones, namely,
the move, arithmetic, logical, edit, control, and input/output groups.
Although other groupings are also useful, this one seems to encourage the
student to try alternative instructions as a way of looking for the best instruc-
tion for his or her purpose. The 6812 has an extensive set of addressing
modes that can be used with most instructions; these are covered in Chapter
3. The different addressing modes are introduced with a goal of explaining
why these modes are useful as well as how they work. Examples at the end
of the chapter illustrate the use of these modes with the instructions intro-
duced in Chapter 2.

The end of Chapter 3 shows the use of program-relative addressing 
for position independence and the use of stack addressing for recursion and
reentrancy.

Chapters 4 to 6 show how a program can be more easily written in assem-
bler and the high-level C language and translated into machine code by an
assembler. Chapter 4 introduces the assembler, explains assembler directives
and symbolic addresses, and introduces limitations of forward referencing in
a two-pass assembler. It actually explains a primitive assembler program,
which helps the student understand how a symbol table works, as well as

xii Preface
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how character strings are manipulated in any microcontroller program.
Chapter 5, which may be omitted if the reader is not going to write assem-
bler language programs, provides insights needed by programmers who write
large assembler language programs. A general discussion of related pro-
grams, including macro, conditional, and relocatable assemblers and linkers,
is given.

Chapter 6 develops assembler language subroutines. It illustrates tech-
niques used in assembler language at an implementation level (such as
storing local variables on the stack, or passing arguments in registers or on
the stack). The trap instruction, a kind of subroutine, is discussed, which
serves to introduce hardware interrupts in Chapter 11.

Chapter 7 covers arithmetic routines. An implementation is shown for
unsigned and signed multiplication and division. This is important back-
ground for our later course on Computer Architecture. It also gives the stu-
dents some taste for what is done when programming digital signal
processors. Conversion between different bases is discussed and examples
are given illustrating conversion from ASCII decimal to binary and vice
versa. Stack operation and Polish notation are shown to be useful in realiz-
ing arithmetic routines of any complexity. Multiple-precision integer arith-
metic is discussed by means of examples of 32-bit operations including
multiplication and division. Floating-point representations are introduced,
and the mechanics of common floating-point operations are discussed.
Finally, a 6812-oriented introduction of fuzzy logic is presented.

Chapter 8, which may be omitted if the reader is already familiar with
C, discusses compilers and interpreters and briefly introduces C program-
ming to provide a background for later chapters.

Chapter 9 introduces the implementation of C procedures. Several con-
structs in C, such as switch statements, are shown implemented in assembler
language. The techniques C uses to hold local variables and to pass argu-
ments to a subroutine on the stack are shown implemented in assembler lan-
guage. This chapter really brings home the meaning of C expressions and
statements and helps the student understand what he or she is doing in any
machine, not just a microcontroller, including programming of servers, work-
stations, and parallel computers. It also makes less magical programming in
other languages than C or C++. In my opinion, it is for this reason that this
course has become required of all Electrical and Computer Engineering stu-
dents in our department, not just those who intend to design embedded
systems.

Chapter 10 covers elementary data structures. The simplest, including the
character string used in earlier chapters, and the more involved deque and
linked list structures are related to the addressing modes available in the
6812. The main theme of this chapter is that the correct storage of data can
significantly improve the efficiency of a program. This chapter also provides
essential background for the discussion of interpreters in Appendix 2.

Chapter 11 introduces input/output programming. Input and output
devices are characterized. Then the 6812’s parallel ports are described. Input
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and output software is illustrated with some examples. We then show 6812
synchronization hardware, to introduce gadfly and interrupt synchronization.
Finally we show how D-to-A and A-to-D conversion is done, and how the
6812 uses the SCI to send and receive serial data.

Chapter 12 shows how the assembly language of a different microcon-
troller might be learned once that of the 6812 has been learned. Although we
would like to discuss other popular microcontrollers, we believe that we
could fill another book doing that. To illustrate the idea, we look at the near
relatives less costly than the 6812, in particular, the 6805, 6808, and 6811.
We also discuss briefly more powerful microcontrollers such as the 683xx,
coldfire, 500, and M.CORE series. The main theme is that once you under-
stand the instruction set of one microcontroller, you can quickly learn to
program efficiently on other microcontrollers.

Appendix 1 gives background in number systems that should be covered
by prerequisite courses. Appendix 2 covers sequential machine and other
interpreters. It is needed in our curriculum, and there is no better place to
cover it than in the course that uses this textbook, but it might not be suit-
able for other programs. Thus it is included as an appendix that can be
skipped if it is not needed. Appendix 3 covers techniques that can be used
with the Metrowerks software on the enclosed CD-ROM.

This book systematically develops the concepts of programming of a
microcontroller in high-level language and assembly language. It also covers
the principles of good programming practice through top-down design and
the use of data structures. It is suitable as an introductory text for a core
course in an engineering curriculum on assembly language programming or
as the first course on microcomputers that demonstrates what a small com-
puter can do. It may also be used by those who want to delve more deeply
into assembly language principles and practices. You should find, as we have,
that programming is a skill that magnifies the knowledge and control of the
programmer, and you should find that programming, though very much an
important engineering skill, is fun and challenging. This book is dedicated
to showing you that.

Problems are a major part of a good textbook. We have developed more
than twenty problems for each chapter, and for each topic we generally have
at least two problems, one that can be assigned for homework, while the
other can be used in a quiz or exam. Some of these problems are “brain
teasers” that are designed to teach the student that even simple programs
should be tested, generally at their extreme values, to be sure they work.
Often the obvious and simple solutions succumb to truncation or overflow
errors. Also, problems in Chapter 11, including the keyless entry design and
the experiment that plays “The Eyes of Texas” on a pair of earphones, are
absolutely great motivators for sophomores who get them to work on a real
microcontroller board. They help students see how exciting computer engi-
neering is. This has a good effect on retention. An instructor’s manual, avail-
able from the publisher, includes solutions to all the problems given at the
end of each chapter. We also provide worksheets that really drill the students
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on the topic of hand-compiling C or C++ into efficient assembler language
programs. These can be passed out in class and their problems solved as the
examples in Chapter 9 are discussed. The instructor presents an example
from the textbook, the students work the associated problem in the work-
sheet, and the solutions are discussed. After we introduced this teaching tech-
nique, the student’s exam grades shot up 15%! Homework problems, lab
exercises, and worksheet problems force students to teach themselves. Once
the student learns how to teach himself or herself, he or she is prepared to
tackle any new technology that might appear in the course of his or her pro-
fessional life with assurance that he or she can handle it. This book does a
lot to develop those essential skills that will make the student a successful
Computer Engineer.

The introduction of the very inexpensive M68DKIT812C32 development
board raises some challenges to the development of this second edition of
the textbook. On one hand, we clearly see the advantages of this board. Stu-
dents can buy it and work at home, where they get a much better apprecia-
tion of embedded systems than they do in the laboratory. We plan to use this
board in a series of four courses to make it attractive to students. On the
other hand, we have tons of Adapt812 development boards, and over a
hundred M68HC12B32EVB development boards on our inventory that we
have a hard time discarding because of state laws. We suspect that other Uni-
versities and Colleges have exactly the same problem. So this book in
general, and Chapter 11 and Appendix 2 in particular, are written to be used
primarily with the M68DKIT812C32 development board, but have sufficient
details to adapt the examples to Adapt812 and M68HC12B32EVB develop-
ment boards. These details can be easily skipped over by students who use
the new M68DKIT812C32 development board.

This book was developed largely from a book by the author and T. J.
Wagner on the 6809. The author expresses his gratitude for the contributions
made by Dr. Wagner through his writing of much of the earlier book.
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Computers, and microcomputers in particular, are among the most useful
tools that humans have developed. They are not the news media’s mysteri-
ous half-human forces implied by “The computer will decide . . .” or “It was
a computer error!” No, computers are actually like levers; as a lever ampli-
fies what the human arm can do, so the computer amplifies what the human
brain can do. Good commands are amplified, and the computer is a great
tool, but bad commands are likewise amplified, and good commands incor-
rectly programmed are also amplified. “To err is human, but to really foul
things up, you need a computer.” You have to study and exercise this tool to
make it useful; that is the purpose of this book. The computer also has to be
used with insight and consideration for its effects on society, but that will
not be studied in this book.

We shall study the computer as an engineer studies any tool—we begin
by finding out just how it ticks. We make our discussion concrete using the
superior Motorola 6812 microcomputer designed by Motorola, as a means
of teaching the operations of computers in general. In this chapter we intro-
duce basic computer structure. We discuss memory, how memory words are
read to tell the microcomputer what to do, and how these words are written
and read to save the microcomputer’s data. Finally, we describe a small but
useful subset of 6812 instructions to show how a computer reads and carries
out an instruction and a program, to introduce the idea of programming.

After reading this chapter, you should be able to approach a typical
instruction, to be introduced in the next two chapters, with an understanding
about what the mnemonic, the machine code, and a sequence of memory
reads and writes may mean for that instruction. This chapter then provides
background for the discussion of instructions that we will present in the next
two chapters.

Basic Computer Structure
What is a microcomputer, and how does it execute the instructions that a
programmer writes for it? This question is explored now at a level of abstrac-
tion that will be adequate for this text. We do know that many readers will
object to one aspect of the following discussion, and we want to answer that
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objection a priori, so that those readers will not miss the point. We will 
introduce a seemingly large number of terms. Don’t miss the objective: We
are really introducing concepts. The reader should think about the concepts
rather than memorize definitions. Like your physics text, this text has to use
terms in a fairly precise way to avoid ambiguity. Your physics text, you may
recall, used the word “work” in a very precise way, as the product of force
times distance, which is a bit different from the conversational use of the
word “work” as used in the expression, “He’s doing a lot of work.” We will
use terms such as “read” and “fetch” in a similar way. When defined, they
will be written in italics and will be listed in the index. We ask you to learn
the term and its meaning even though you do not have to memorize the
wording of the definition. But take heart, because although we do have a few
concepts that have to be learned, and we have to learn the terms for those
concepts, we do not have many formulas or equations to deal with. Accept
our challenge to understand these terms; then you will enjoy the latter 
discussions even more than if you muddle through this section without 
thinking about the terminology.

You probably know what microcomputers and computers are, to some
degree, but let us discuss the term “computer” so that if you get into an 
argument about whether a hand calculator is a computer, you can respond
knowledgeably.

A microcomputer is a kind of computer or, more accurately, a kind of
von Neumann computer, named after the scientific giant of our century who
invented it. All von Neumann computers have four components: memory,
controller, data operator (sometimes called an arithmetic-logic unit), and
input-output (I/O), which are connected by an address and data bus. A sim-
plified diagram of a computer is shown in Figure 1.1. Briefly, the memory
stores both the data and the program, and the input-output provides the com-
munication with the outside world. In a conventional personal computer
system input-output is done through peripherals such as CRTs, keyboards,
scanners, printers, modems, and so on. In typical microcontroller applica-
tions the input-output system provides the necessary connections, or inter-
facing, to the device, of which the microcontroller is a component, such as
an automobile, kitchen appliance, toy, or laboratory instrument. The data
operator performs arithmetic and logical operations on data, such as addi-
tion, ANDing, and so on. The controller controls the flow of information
between the components by means of control lines (which are not shown in
Figure 1.1), directing what computation is to be done. The input/output, con-
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Memory

Controller

I/O

Data Operator 

Address & Data Bus 

FIGURE 1.1. Simplified Computer Structure
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troller, and data operator may themselves contain a small amount of memory
in registers.

A microcomputer is a computer that is implemented using low-cost inte-
grated circuits (ICs) and is therefore cheap enough to be used in an incred-
ible range of applications for which a large computer would be infeasible.
For the purposes of this book, if the data operator and the controller are
together on a single IC, but other ICs are needed to complete the computer,
that IC is called a microprocessor; the computer that uses a microprocessor
is called a microcomputer; and, if a complete computer is on a single inte-
grated circuit, that integrated circuit is called a single-chip microcontroller.

Some aspects of microcomputers apply to all computers. We will often
discuss an aspect of the computer and, of course, that aspect applies to 
microcontrollers, on which we are concentrating. The microcomputer’s, or
microcontroller’s, controller and data operator is abbreviated MPU
(microprocessor unit). The abbreviation CPU (central processor unit) is often
used to denote the controller and data operator, but that term leads subtly to
the idea that the CPU is central and most important, but this is misleading,
especially when a computer system has many MPUs, none of which is
“central.”

We now look more closely at the memory and the MPU. We can think
of the memory as a large number of cells, each able to store a 0 or a 1—that
is, a binary digit or 1 bit of memory. The bits are grouped together in units
called bytes, which consist of 8 bits. Within a particular byte the bits are
labeled B7, . . . , B0 as shown.

Section 1.1 Basic Computer Structure 3

Byte

B7 B6 B5 B4 B3 B2 B1 B0

The right-hand bits are called lower-order or least significant, and the
left-hand bits are called higher-order or most significant. There is nothing
sacred about this labeling, and, in fact, many computer manufacturers reverse
it. A word in memory is the number of bits that are typically read or written
as a whole. In small microcomputers, a word is 1 byte, so that the terms
“word” and “byte” are often used interchangeably. In this text, the 6812 can
read an 8-bit or a 16-bit word, which is 2 bytes. In a 16-bit word, bits are
numbered from 15 (on the left) to 0 (on the right). In the memory, each byte
has an address between 0 and 2N - 1, where N is the total number of address
bits. In the 6812, N is essentially 16, so each address between 0 and 65,535
is described by its 16-bit binary representation (see Appendix 1), although
some 6812 versions can extend this range.

The MPU controls the memory by means of a clock and a read/write 
line and communicates to it by an address bus and a data bus, shown in
Figure 1.1. A line or wire carries 1 bit of information at each instance of time
by the level of voltage on it. Each line can carry a true (1) or a false (0)
value. A bus is a collection of lines that can move a word or an address in
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parallel, so that 1 bit of a word or address is on one line of the bus. The data
bus moves an 8-bit or 16-bit word to or from memory and from or to the
MPU, and the address bus moves a 16-bit address from the MPU to the
memory. A clock is a signal that is alternately a 0 and 1 (a square wave). A
clock cycle is the time interval from when the clock just becomes 0 until the
next time it just becomes 0, and the clock rate, or clock frequency, is the
reciprocal of the clock cycle time. Contemporary 6812 microcontrollers
essentially use a 24 MHz clock.

In one clock cycle, the MPU can read a word from the memory by putting
an address on the address bus and making the read/write line 1 for the cycle
and then picking up the word on the data bus at the end of the cycle. It can
also write a word into the memory in one clock cycle by putting the address
on the address bus and putting the word on the data bus and making the
read/write line 0 for the cycle. A read or a write to memory is also called an
access to memory.

We can enlarge our description of how the memory works. Assume that
we want to get the contents of a particular word or byte from memory, that
is, read a word from memory. The MPU first puts a 1 for read on the
read/write line and then puts the address of the desired word or byte on the
address bus throughout the duration of a clock cycle. The memory is
designed so that, at the end of the clock cycle, the desired word is put on the
data bus. The MPU then places a copy of the contents of the word or byte
on the data bus into some register inside the MPU as required by the instruc-
tion that it is executing. This is done without changing the contents in
memory of the word or byte addressed.

To write a word into memory, the address of the word is put on the
address bus, the word is put on the data bus, and the read/write line has 0
(to indicate a write) for a full clock cycle. The memory is designed to store
the word at that address at the end of the clock cycle. After the word is stored
at the given address, the MPU may still retain in one of its registers a copy
of the word that has just been written.

The MPU can read or write an 8-bit or a 16-bit word in memory in 
one clock cycle. Such a memory is usually called random access memory
(RAM) because each byte is equally accessible or can be selected at random
without changing the time of the access. With microcomputer applications,
it is not unusual to have part of the memory bytes in read only memory
(ROM). A ROM is capable of a read operation but not a write operation; its
words are written when it is made at the factory and are retained even when
the power is turned off. If the data in a RAM are lost when power is turned
off, the RAM is termed volatile; otherwise, it is termed nonvolatile. RAM
memories are essentially volatile. The term RAM is also used almost uni-
versally to imply memories that you can read and write in, even though ROM
memories can be randomly accessed with a read operation. The part of
memory that is in ROM is typically used to store a program for a micro-
computer that only executes one program. For example, the microcontroller
used in an automobile would be running the same program every time it is
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used, so that the part of the memory that is used for storing the program is
in ROM.

The Instruction
We now examine the notion of an instruction, which is an indivisible oper-
ation performed by the MPU. It can be described statically as a collection of
bits stored in memory or as a line of a program, or dynamically as a sequence
of actions by the controller. In this discussion we begin with a simplified
dynamic view of the instruction and then develop a static view. Examples
are offered to combine these views to explain the static aspects of the oper-
ation code, addressing mode, machine code, and mnemonics. We conclude
with an expanded view of the dynamic aspects of the instruction cycle.

The controller will send commands to memory to read or write and will
send commands to all other parts of the computer to effectively carry out the
intentions of the programmer. The specification of what the control unit is
to do is contained in a program, a sequence of instructions stored, for the
most part, in consecutive bytes of memory. To execute the program, the MPU
controller repeatedly executes the instruction cycle (or fetch/execute cycle):

1. Fetch (read) the next instruction from memory.

2. Execute the instruction.

As we shall see with the 6812 MPU, reading an instruction from memory
will require that 1 or more bytes be read from memory. To execute the
instruction, some bytes may also be read or written. These two activities,
read and execute, seem to be read or write operations with the memory but
are quite different to the MPU, and we use different terms for them. To fetch
means to read a word from memory to be used as an instruction in the 
controller. The first step in the cycle shown previously is the fetch phase. To
recall means to read a word into the MPU that is not part of the instruction.
The recall and write operations are done in the second step of the instruc-
tion, which is called the execute phase. Thus, when we talk about fetching
a word, you can be sure that we are talking about reading the instruction or
part of the instruction.

The 6812’s registers are shown in Figure 1.2, where the top five regis-
ters hold 16 bits and the condition code register holds 8 bits. The 16-bit D
register is composed of two 8-bit registers A and B; D, A, and B are called
accumulators because arithmetic operations can be done with their contents
with the results placed back in the registers to accumulate the result. This
accumulating aspect of registers D, A, and B will be assumed to be under-
stood so that we often refer to (register) “D,” “A,” or “B” rather than “accu-
mulator D,” “accumulator A,” or “accumulator B.” The registers A and B are
always the left and right halves of register D; if you put $12 in register A
and $34 in register B then read register D, it has $1234. Similarly, if you put
$5678 in register D, then reading register A gives $56 and reading register
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B gives $78. Registers X and Y are index registers, and SP is a stack pointer;
they are used in address calculations. The program counter, PC, is used to
fetch the instruction. It is called a counter because it normally increments
each time it is used. The condition code register (CC) has bits that are used
to indicate results of tests that can be used in conditional branch instructions.

At the beginning of the instruction cycle it is assumed that the program
counter contains the address of the first byte of the instruction. As each byte
of the instruction is fetched, the PC is incremented by 1, so that the PC
always has the address of the next byte of the instruction to be read from
memory. When the instruction cycle is completed, the PC then automatically
contains the address of the first byte of the next instruction.

We now look at the instruction statically as 1 or more memory bytes or
as a line of a program. This discussion will introduce new concepts, but we
have tried to keep the number down so that the examples can be discussed
without your having too many terms to deal with. The examples will help to
clarify the concepts that we introduce below.

Each instruction in a microcomputer carries out an operation. The types
of operations provided by a von Neumann computer can be categorized as
follows:

1. Move.

2. Arithmetic.

3. Logical.
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(16 bits)

X Index Register

SP Stack Pointer

PC Program Counter

D Accumulator

a. The Machine State

Y Index Register

Condition Code Register (8 bits)

Accumulator A Accumulator B

Accumulator D
b. Breakdown of the D Register

(16 bits)

(8 bits) (8 bits)

FIGURE 1.2. Registers in the 6812
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4. Edit.

5. Control.

6. Input/output.

At this time, we are interested in how instructions are stored in memory as
part of a program and how they are executed by the 6812.

After the instruction is fetched, the execute phase of the fetch/execute
cycle will often use an address in memory for the input data of the opera-
tion or for the location of the result of the operation. This location is called
the effective address. The 6812, like most microcomputers, is a one-address
computer because each instruction can specify at most one effective address
in memory. For instance, if an instruction were to move a word from 
location 100 in memory into register A, then 100 is the effective address.
This effective address is generally determined by some bits in the instruc-
tion. The addressing mode specifies how the effective address is to be deter-
mined, and there are binary numbers in the instruction that are used to
determine the address. The effective address is calculated at the beginning
of the execute phase, just after the instruction is fetched and before any of
the operations to execute the instruction actually take place.

An instruction in the 6812 is stored in memory as 1 or more bytes. The
first, and possibly only, byte of the instruction is generally the operation code
byte. The operation code byte contains the operation code (opcode, for
short), which specifies the operation to be carried out and the specification
of the addressing mode. The remaining bytes of the instruction, if any,
specify the effective address according to the given addressing mode. The
bytes representing the instruction can be represented as a sequence of ones
and zeros, that is, a binary number. The trouble with this is that it is hard to
remember and to check an 8-bit or longer string of ones and zeros. To make
it easier, we can represent the bit pattern as a hexadecimal number. A hexa-
decimal number will be prefixed by a dollar sign ($) to distinguish it from a
decimal number. (For example, 193 = $C1. If you are unfamiliar with hexa-
decimal numbers, see Appendix 1.) When the opcode, addressing modes, and
constants used to determine the address are represented either as binary or
hexadecimal numbers, we call this representation the machine code because
it is the actual format used to store the instruction in the machine (micro-
computer), and this format is used by the machine to determine what is to
be done.

Machine code is quite useful for making small changes in a program that
is being run and corrected or debugged. However, writing even a moderately
long program in machine code is a punishment that should be reserved for
the fifth level of Dante’s inferno. In Chapter 4, we discuss how text produced
by an editor is converted by an assembler to the machine code stored in the
computer’s memory. The text input to the assembler is called source code.
In a line of source code, to make remembering the instructions easier, a three-
to five-character mnemonic is used to describe the operation, and its address-
ing information may be given as a hexadecimal or a decimal number. A line
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of source code, consisting of mnemonics and addressing information, can be
converted by hand into the hexadecimal machine code equivalents using
Motorola’s CPU12 Reference Guide (you can order it from Motorola by
using reference number CPU12RG/D). In the first three chapters, we want
to avoid using the assembler, so we can see clearly just how the computer
ticks. We will hand-convert mnemonics and addressing information to hexa-
decimal machine code and work with hexadecimal machine code.

We now look at a load immediate instruction in detail, to introduce 
concepts about instructions in general. The load instruction will move a byte
into an accumulator, either A or B. Its simplest addressing mode is called
immediate. For instance, to put a specific number, say $2F, in accumulator
A, execute the instruction whose source code line is

LDAA #$2F

where the symbol “#” denotes immediate addressing and the symbol “$” is
used to indicate that the number that follows is in hexadecimal. This instruc-
tion is stored in memory as the 2 consecutive bytes:
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$86
$2F

(Look in CPU12 Reference Guide, Instruction Set Summary, for the
mnemonic LDAA, and, under it, find $86 under the Machine Coding column,
in the row beginning LDAA #opr8i, which also has the addressing mode
IMM for 8-bit immediate addressing.)

Looking dynamically at an instruction, an operation (e.g., add, subtract,
load, clear, etc.) may be carried out with inputs (or operands) and may
produce a result. The instruction is executed in the instruction cycle as
follows.

1. Fetch the first byte of the instruction from memory.

2. Increment the PC by one.

3. Decode the opcode that was fetched in step 1.

4. Repeat steps 1 and 2 to fetch all bytes of the instruction.

5. Calculate the effective address to access memory, if needed.

6. Recall the operand from memory, if needed.

7. Execute the instruction, which may include writing the result into
memory.

The controller fetches the first byte, $86. The program counter is incre-
mented. The controller decodes $86. The controller fetches the second byte,
$2F, putting it into accumulator A. The program counter is incremented. After
this instruction is executed, another instruction is fetched and executed.
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A Few Instructions and Some Simple Programs
Now that we have examined the instruction from static and dynamic points
of view, we will look at some simple programs. The machine code for these
programs will be described explicitly so that you can try out these programs
on a real 6812 and see how they work or at least so that you can clearly visu-
alize this experience. The art of determining which instructions have to be
put where is introduced together with a discussion of the bits in the condi-
tion code register. We will discuss what we consider to be a good program
versus a bad program, and we will discuss what information is going to be
covered in Chapters 2 and 3. We will also introduce an alternative to the
immediate addressing mode using the load instruction. Then we bring in 
the store, add, software interrupt, and add with carry instructions to make
the programs more interesting as we explain the notions of programming in
general.

We first consider some variations of the load instruction to illustrate dif-
ferent addressing modes and representations of instructions. We may want
to put another number into register A. Had we wanted to put $3E into A
rather than $2F, only the second byte of the instruction would be changed,
with $3E replacing $2F. The same instruction as

LDAA #$3E

could also be written using a decimal number as the immediate operand: for
example,

LDAA #62

Either line of source code would be converted to machine code as follows:

Section 1.3 A Few Instructions and Some Simple Programs 9

$86
$3E

We can load register B using a different opcode byte. Had we wanted to
put $2F into accumulator B, the first byte would be changed from $86 to
$C6 and the instruction mnemonic would be written as

LDAB #$2F

We now introduce the direct addressing mode. Although the immediate 
mode is useful for initializing registers when a program is started, the imme-
diate mode would not be able to do much work by itself. We would like to
load words that are at a known location but whose actual value is not known
at the time the program is written. One could load accumulator B with 
the contents of memory location $3840. This is called direct addressing, as
opposed to immediate addressing. The addressing mode, direct, uses no
pound sign “#” and a 2-byte address value as the effective address; it loads
the word at this address into the accumulator. The instruction mnemonic for
this is
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Accumulator A

Accumulator B

Word 0

Word 1

Word 2

Word 3
Decoder

Controller

Data
Bus

Address
Bus

MemoryData Operator 

FIGURE 1.3. Registers and Memory

Notice that the “#” is missing in this mnemonic because we are using direct
addressing instead of immediate addressing. Also, the second 2 bytes of the
instruction give the address of the operand, with the high byte of the address
first.

The store instruction is like the load instruction described earlier except
that it works in the reverse manner (and a STAA or STAB with the immedi-
ate addressing mode is neither sensible nor available). It moves a word from
a register in the MPU to a memory location specified by the effective address.
The mnemonic, for store from A, is STAA; the instruction

STAA 14378

will store the byte in A into location 14378 (decimal). Its machine code is

$B6
$38
$40
  

$7A
$38
$2A
  

where the number 14378 is stored in hexadecimal as $382A. With direct
addressing, 2 bytes are always used to specify the address even though the
first byte may be zero.

Figure 1.3 illustrates the implementation of the load and store instruction
in a simplified computer, which has two accumulators and four words of

LDAA $3840

and the instruction appears in memory as the 3 consecutive bytes.
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The addition of a number on the bus to an accumulator such as accumu-
lator A is illustrated by a simplified computer having a data bus and an accu-
mulator (Figure 1.4). The data operator performs arithmetic operations using
an adder (see Figure 1.4). Each 1-bit adder, shown as a square in Figure 1.4b,
implements the truth table shown in Figure 1.4a. Registers A, B, and S may
be any of the registers shown in Figure 1.2 or instead may be data from a
bus. The two words to be added are put in registers A and B, Cin is 0, and
the adder computes the sum, which is stored in register S. Figure 1.4c shows
the symbol for an adder. Figure 1.4d illustrates the addition of a memory
word to accumulator A. The word from accumulator A is input to the adder
while the word on the data bus is fed into the other input. The adder’s output
is written into accumulator A.

When executing a program, we need an instruction to end it. When 
using the true-time debugger with state-of-the-art hardware, background
(mnemonic: BGND) halts the microcontroller, when using the debugger
DBUG_12 or MonitorHCS12 with less-expensive hardware, software
interrupt (mnemonic: SWI) serves as a halt instruction. In either case, the
BRA instruction discussed in the next chapter can be used to stop. When 
you see the instruction BRA *, which means “branch to yourself,” in a
program, think “halt the program.” This last instruction will be explained 
in Chapter 2.

Figure 1.5 shows four instructions in locations $380D through $3817, to
be executed in the simulator only (see Appendix 3); it adds two numbers in
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memory. The data operator has accumulators A and B, and a memory has
four words and a decoder. For the instruction LDAA 2, which loads accu-
mulator A with the contents of memory word 2, the controller sends the
address 2 on the address bus to the memory decoder; this decoder enables
word 2 to be read onto the data bus, and the controller asserts a control signal
to accumulator A to store the data on the data bus. The data in word 2 are
not lost or destroyed. For the instruction STAB 1, which stores accumula-
tor B into the memory word 1, the controller asserts a control signal to accu-
mulator B to output its data on the data bus, and the controller sends the
address 1 on the address bus to the memory decoder; this decoder enables
word 1 to store the data on the data bus. The data in accumulator B are not
lost or destroyed.

The ADD instruction is used to add a number from memory to the number
in an accumulator, putting the result into the same accumulator. To add the
contents of memory location $0BAC to accumulator A, the instruction

ADDA $3BAC

appears in memory as

$BB
$3B
$AC
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locations $3840 and $3841, putting the result into location $3842, and stops
with a “branch-to-yourself.”

We will now look at condition code bits in general and the carry bit in
particular. The carry bit is really rather obvious. When you add by hand, you
may write the carry bits above the bits that you are adding so that you will
remember to add it to the next bit. When the microcomputer has to add more
than 8 bits, it has to save the carry output from one byte to the next, which
is Cout in Figure 1.4b, just as you remembered the carry bits in adding by
hand. This carry bit is stored in bit C of the condition code register shown
in Figure 1.6. The microcomputer can input this bit into the next addition as
Cin in Figure 1.4b. For example, when adding the 2-byte numbers $349E
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380D B6 LDAA $3840 ; get 1st operand 
380E 38   
380F 40   
3810 BB ADDA $3841 ; add 2nd operand 
3811 38   
3812 41   
3813 7A STAA $3842 ; store sum 
3814 38   
3815 42   
3816 20 BRA *  ; stop  
3817 FE 

FIGURE 1.5. Program for 8-Bit Addition

A B C'  S C" 

0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1 
1 1 1 1 1

input register A

input register B

output register S 

... CinCout
  S 
C"  C'
A   B 

 S 
C"  C'
A   B 

 S 
C"  C'
A   B 

a. Truth Table b. Parallel Adder 

Data Operator 

Accumulator A 
Parallel
Adder

Data Bus input input

output

c. Symbol for an Adder d. Adder in a Data Operator

FIGURE 1.4. Data Operator Arithmetic
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and $2570, we can add $9E and $70 to get $0E, the low byte of the result,
and then add $34, $25, and the carry bit to get $5A, the high byte of the
result (Figure 1.7). In this figure, C is the carry bit obtained from adding the
contents of locations $3811 and $3813; (m) is used to denote the contents of
memory location m, where m may be $3811, etc. The carry bit (or carry for
short) in the condition code register (Figure 1.6) is used in exactly this way.

The carry bit is also an error indicator after the addition of the most sig-
nificant bytes is completed. As such, it may be tested by conditional branch
instructions, to be introduced later. Other characteristics of the result are 
similarly saved in the controller’s condition code register. These are, in addi-
tion to the carry bit C, N (negative or sign bit), Z (zero bit), V (two’s-
complement overflow bit or signed overflow bit), and H (half-carry bit) (see
Figure 1.6). How 6812 instructions affect each of these bits is shown in the
CPU12 Reference Guide, Instruction Set Summary, in the rightmost columns.

We now look at a simple example that uses the carry bit C. Figures 1.8
and 1.9 list two equally good programs to show that there is no way to have
exactly one correct answer to a programming problem. After the example,
we consider some ways to know if one program is better than another.
Suppose that we want to add the two 16-bit numbers in locations $3810,
$3811 and $3812, $3813, putting the sum in locations $3814, $3815. For all
numbers, the higher-order byte will be in the smaller-numbered location. One
possibility for doing this is the instruction sequence in Figure 1.8 that can
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     half-carry ^      sign ^               ^ carry
                         zero bit ^   ^ overflow 

S X H I N Z V C

FIGURE 1.6. Bits in the Condition Code Register

<- C 
($3810) ($3811)
($3812) ($3813)
($3814) ($3815)

FIGURE 1.7. Addition of 2-Byte Numbers

3820 F6 08 11 LDAB $3811 ; get low byte of 1st 
3823 B6 38 10 LDAA $3810 ; get high byte of 1st 
3826 FB 38 13 ADDB $3813 ; add low byte of 2nd 
3829 B9 38 12 ADCA $3812 ; add high byte of 2nd 
382C 7B 38 15 STAB $3815 ; store low sum byte 
382F 7A 38 14 STAA $3814 ; store high sum byte 
3832 20 FE       BRA *  ; halt

FIGURE 1.8. Program for 16-Bit Addition
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be executed in the simulator, where, for compactness, we give only the
memory location of the first byte of the instruction.

In the program segment in Figure 1.8, which runs on the simulator, the
instruction ADCA $3812 adds the contents of A with the contents of loca-
tion $3812 and the C condition code bit, putting the result in A. At that point
in the sequence, this instruction adds the two higher-order bytes of the two
numbers together with the carry generated from adding the two lower-order
bytes previously. This is, of course, exactly what we would do, as seen in
Figure 1.7. Note that we can put this sequence in any 19 consecutive bytes
of memory as long as the 19 bytes do not overlap with data locations $3810
through $3815.

We could also have used just one accumulator with the instruction
sequence shown in Figure 1.9, which executes in the simulator. In this new
sequence, the load and store instructions do not affect the carry bit C. (See
the CPU12 Reference Guide, Instruction Set Summary. We will understand
why instructions do not affect C as we look at more examples.) Thus, when
the instruction ADCA $3812 is performed, C has been determined by the
ADDB $3813 instruction.

The two programs in Figures 1.8 and 1.9 were equally acceptable.
However, we want to discuss guidelines to writing good programs early in
the book, so that you can be aware of them to know what we are expecting
for answers to problems and so that you can develop a good programming
style. A good program is shorter and faster and is generally clearer than a
bad program that solves the same problem. Unfortunately, the fastest
program is almost never the shortest or the clearest. The measure of a
program has to be made on one of the qualities or on one of the qualities
based on reasonable limits on the other qualities, according to the applica-
tion. Also, the quality of clarity is difficult to measure but is often the most
important quality of a good program. Nevertheless, we discuss the shortness,
speed, and clarity of programs to help you develop good programming style.

The number of bytes in a program (its length) and its execution time are
something we can measure. A short program is desired in applications for
which program size affects the cost of the end product. Consider two man-
ufacturers of computer games. These products feature high sales volume and
low cost, of which the microcomputer and its memory are a significant part.
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3820 B6 38 11 LDAA  $3811 ; get low byte of 1st 
3823 BB 38 13 ADDA  $3813 ; add low byte of 2nd 
3826 7A 38 15 STAA  $3815 ; store low sum byte 
3829 B6 38 10 LDAA  $3810 ; get high byte of 1st 
382C B9 38 12 ADCA  $3812 ; add high byte of 2nd 
382F 7A 38 14 STAA  $3814 ; store high sum byte 
3832 20 FE       BRA *   ; halt  

FIGURE 1.9. Alternative Program for 16-Bit Addition
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If one company uses the shorter program, its product may need fewer ROMs
to store the program, may be substantially cheaper, and so may sell in larger
volume. A good program in this environment is a short program. Among all
programs doing a specific computation will be one that is the shortest. The
quality of one of these programs is the ratio of the number of bytes of the
shortest program to the number of bytes in the particular program. Although
we never compute this static efficiency of a program, we will say that one
program is more statically efficient than another to emphasize that it takes
fewer bytes than the other program.

The CPU12 Reference Guide, Instruction Set Summary, gives the length
of each instruction by showing its format. For instance, the LDAA #$2F
instruction is shown alphabetically under LDAA in the line IMM. The pattern
86 ii, means that the opcode is $86 and there is a 1-byte immediate operand
ii, so the instruction is 2 bytes long.

The speed or execution time of a program is prized in applications for
which the microcomputer has to keep up with a fast environment, such as in
some communication switching systems, or for which income is related to
how much computing can be done. A faster computer can do more comput-
ing and thus make more money. However, speed is often overemphasized:
“My computer is faster than your computer.” To show you that this may be
irrelevant, we like to tell this story about a computer manufacturer. This is
a true story, but we will not use the manufacturer’s real name for obvious
reasons. How do you make a faster version of a computer that executes the
same instruction? The proper answer is that you run a lot of programs and
find instructions that are used most often. Then you find ways to speed up
the execution of those often-used instructions. Our company did just that. It
found one instruction that was used very, very often and then found a way
to really speed up that instruction. The machine should have been quite a bit
faster, but it was not! The most common instruction was used in a routine
that waited for input-output devices to finish their work. The new machine
just waited faster than the old machine that it was to replace. The moral of
the story is that many computers spend a lot of time waiting for input-output
work to be done. A faster computer will just wait more. Sometimes speed is
not as much a measure of quality as it is thought to be, but then in other
environments, it is the most realistic measure of a program. As we shall see
in later chapters, the speed of a particular program can depend on the input
data to the program. Among all the programs doing the same computation
with specific input data, there will be a program that takes the fewest number
of clock cycles. The ratio of this number of clock cycles to the number of
clock cycles in any other program doing the same computation with the same
input data is called the dynamic efficiency of that program. Notice that
dynamic efficiency does depend on the input data but not on the clock rate
of the microprocessor. Although we never calculate dynamic efficiency
explicitly, we do say that one program is more dynamically efficient than
another to indicate that the first program performs the same computation
more quickly than the other one over some range of input data.
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The CPU12 Reference Guide, Instruction Set Summary, gives the instruc-
tion timing. For instance, the LDAA #$2F instruction is shown alphabeti-
cally under LDAA for the mode IMM. The Access Detail column indicates
that this instruction takes one memory cycle of type p, which is a program
word fetch. Generally, a memory cycle is 1–24 ms.

The clarity of a program is hard to evaluate but has the greatest signifi-
cance in large programs that have to be written by many programmers and
that have to be corrected and maintained for a long period. Clarity is
improved if you use good documentation techniques, such as comments on
each instruction that explain what you want it to do, and flowcharts and
precise definitions of the inputs, outputs, and the state of each program, as
explained in texts on software engineering. Some of these issues are dis-
cussed in Chapter 5. Clarity is also improved if you know the instruction set
thoroughly and use the correct instruction, as developed in the next two 
chapters.

Although there are often two or more equally good programs, the instruc-
tion set may provide significantly better ways to execute the same operation,
as illustrated by Figure 1.10. The 6812 has an instruction LDD to load accu-
mulator D, an instruction ADDD to add to accumulator D, and an instruction
STD to store accumulator D, which for accumulator D are analogous to the
instructions LDAA, ADDA, and STAA for accumulator A. The program in
Figure 1.10 performs the same operations as the programs given earlier but
is much more dynamically and statically efficient and is clearer.

If you wish to write programs in assembly language, full knowledge of
the computer’s instruction set is needed to write the most efficient, or the
clearest, program. The normal way to introduce an instruction set is to
discuss operations first and then addressing modes. We will devote Chapter
2 to the discussion of instructions and Chapter 3 to the survey of addressing
modes.

In summary, you should aim to write good programs. As we saw with
the examples, there are equally good programs, and generally there are no
best programs. Short, fast, clear programs are better than the opposite kind.
However, the shortest program is rarely the fastest or the clearest. The deci-
sion as to which quality to optimize depends on the application. Whichever
quality you choose, you should have as a goal the writing of clear, efficient
programs. You should avoid the tendency to write sloppy programs that just
barely work or that work for one combination of inputs but fail for others.
Therefore, we will arbitrarily pick one of these qualities to optimize in the
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3820 FC 38 10 LDD $3810 ; get 1st 16-bit word 
3823 F3 38 12 ADDD $3812 ; add 2nd 16-bit word 
3826 7C 38 14 STD $3814 ; store 16-bit word 
3832 20 FE       BRA *  ; halt 

FIGURE 1.10. Most Efficient Program for 16-Bit Addition
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problems at the end of the chapters. We want you to optimize static efficiency
in your solutions, unless we state otherwise in the problem. Learning to work
toward a goal should help you write better programs for any application when
you train yourself to try to understand what goal you are working toward.

6812 Microcontroller Organizations
The 6812 is currently available in about two dozen implementations. Three
of these are designated the MC68HC812A4 (abbreviated the ’A4), the
MC68HC912B32 (abbreviated the ’B32), and the MC9S12C32 (abbreviated
the ’C32). These are discussed herein.

The ’A4 can operate in the single-chip mode or the expanded bus mode.
In the single-chip mode, the ’A4 can be the only chip in a system, for it is
self-sufficient. The processor, memory, controller, and I/O are all in the chip
(Figure 1.11). The memory consists of 1K words of RAM and 4K words of
electrically erasable programmable memory (EEPROM). The I/O devices
include a dozen parallel I/O ports, a serial peripheral interface (SPI), a serial
communication interface (SCI), a timer, and an A/D converter.

The ’A4’s expanded bus mode removes three or four of the parallel ports,
using their pins to send the address and data buses to other chips. RAM,
ROM, erasable programmable read-only memory (EPROM), and program-
mable read-only memory (PROM) can be added to an expanded bus. In a
narrow expanded mode, ports A and B are removed for address lines, and
port C is an 8-bit data bus. Port D is available for parallel I/O. In a wide
expanded mode (Figure 1.12), port D is also unavailable for parallel I/O. In
both modes, ports E, F, and G are available for bus control, chip selects, and
memory control, or else for parallel I/O. Each parallel port, A, B, etc., is
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CONTROLLER
and
DATA OPERATOR 

PORT A PORT J PORT GPORT EPORT C  PORT T 

PORT B PORT S PORT HPORT FPORT D  PORT AD

1K bytes of RAM 

MC68HC812A4

4K bytes of
EEPROM SCI

SPI

TIMER
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FIGURE 1.11. Single-Chip Mode of the MC68HC812A4
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