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ABSTRACT

This document describes the different PC software layers and the archi-
tecture of the 8088 and 80286 processors.

The contents of this book is also designed as additional course material
for teachers and attendants of a PC Internals Workshop.

WS (192 pages)
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PREFACE

Over the years the IBM Personal Computer has become an industry-wide
standard in personal computing. For this and other reasons it is essential
that PC support people have in-depth technical expertise on the internals
of members of the Personal Computer family. The objective of the PC
Internals Fundamentals is to provide you with a solid framework for
understanding the technical concepts of Personal Computers, and to enable
you to give quality technical and marketing assistance for PC products.
This course may be considered a prerequisite for more in-depth courses
on existing and future PC hardware, operating systems and software.
Anyone in a support position for Personal Computers will find this course
an asset.

The Introduction contains information on course prerequisites, but is
also an integral part of the course. If you choose not to read the in-
troduction you will discover that you have missed a good many valuable
technical details. If you plan to teach the course, you should also read
the Note to Instructors.

Because the Introduction incorporates most details usually covered by
abstracts and overviews, we have not included separate sections for these
topics. When you are ready to begin the course, please turn to the In-
troduction.

- ——— i -
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RELATED PUBLICATIONS

The following publications can be useful as complements to the information
contained in this bulletin:

U] Macro Assembler Manual Version 2.0
. DOS Manual Version 3.1

. DOS Technical Reference Manual

. PC Technical Reference Manual

U Intel! jAPX 88 Book With An Introduction To The iAPX 188, Order Number
210200-002 '

. Intel! §APX286 Programmer's Reference Manual, Order Number 2106983-001

. Intel! iAPX286 Operating Systems Writer's Guide, Order Number
121960-001

1 Intel is a registered trademark of Intel Corporation, 3065 Bowers

Avenue, Santa Clara, California 95051.
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1.0 NOTE TO INSTRUCTORS

This guide, and the accompanying course materials, were developed at the
International Technical Support Center of IBM Corp. in order to teach a

PC Internals Fundamentals Course. The immediate objective of the devel-

opment was to allow us, the course developers, to prepare our own class

versions of the course; a more global objective was to provide a set of

materials which would enable anvone with a strong knouwledge of PC Inter-
nals, or anyone having graduated from the original course, to teach the

course after minimal preparation and research, using the teaching mate-

rials provided.

Three sets of deliverables are required to teach this course. The first
is this guidebook, which covers each of the topics of the course in con-
siderable detail. The guide contains all of the technical information
which the original lectures were designed to contain (except for some of
the bad jokes), as well as some additional details for instructors and
for graduates of the course who may wish to enhance their PC Internals
knowledge.

The second deliverable consists of a set of PC Storyboard presentations.
The presentations step through each lecture in approximately the same
order as does the guide. We have used the animation features of PC
Storyboard in order to illustrate more concretely some of the difficult
concepts of PC internals. We have also attempted to make the presentations
visually stimulating and interesting. No matter how well a course on PC
internals is taught, there will be students who will simply not understand
some of the materials presented, and the verbal and visual asides will
at least keep these students awake so that they don't miss those aspects
of PC internals which they are able to grasp.

The third deliverable consists of a set of student handouts. These hand-
outs are essentially black-and-white copies of the more important
Storyboard displays. We have attempted to reduce the volume of the hand-
outs by not including more than one or two pages' worth for each animated
sequence, and by excluding some of those displays which were designed to
keep the students awake.

If you plan to teach this course you should obtain all the materials well
in advance. You will obtain these deliverables by attending the course.
You may have to print your own student handouts from diskette files the
ITSC provides, and this takes time; you should also print out overhead-
projection transparencies ("foils"™) if you do not wish to use a video
projector for the course, or for contingency purposes should the video
projector fail.

When preparing to teach the course, you should go through each Storyboard
lecture carefully, note the sequence of screens, practice explaining the
information on each screen, and become familiar with how screens blend
into one another. You should try to use the information provided in the
guide to orally complement the information on the displays. We have not
provided a detailed script of the Storyboard presentations for two rea-
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sons. One is that we wish to provide instructors with the freedom to
present the materials their own way, with any changes, additions or de-
letions they see fit to make. The second, related reason is that, as any
student of such a course can testify, a lecture in which the instructor
merely reads or recites the script is much less engaging and no more ef-
fective than providing the script directly to the student.

We have provided three lab exercises to reinforce students' understanding
of some of the materials. The lab scripts should be distributed to the
students; students should do the labs in groups of two or three people
per PC. As instructors you will be responsible for installing the Resident
Debug Tool on the machines, for providing the sample programs to the
students, and for providing guidance and assistance in the course of the
lab. One implication of this is that you should become fully acquainted
with RDT, and should know intuitively how to do every step of the labs.

The only other general guidance we can provide is that, if you do choose
to teach the course using a video projector and the Storyboard presenta-
tions, you may want to do some of the lecturing using overhead transpar-
encies instead of PC Storyboard. Students will find it difficult to sit
through 24 hours of lectures presented in a single medium. By having
back-up transparencies of the Storyboard presentations, you will be able
to switch between video and foil presentations according to the mood of
vour audience.

After preparing or teaching the PC Internals Fundamentals course, if you
have criticisms or suggestions for improvement of the course or the
teaching materials, by all means submit yvour comments to the address on
the reader comment form at the back of this guide. We will attempt to
implement your suggestions in future releases of this course.

2 IBM PC Internals



2.0 INTRODUCTION

Imagine the perfect personal computer: one which has an integrated range
of complex applications built right into its hardware, that has a very
high-level interface so that even the least computer-literate user can
quickly learn to operate it; a computer which has all conceivable I/0
resources built right into it, all the memory vou would ever want. A
personal computer with an architecture so thoroughly thought out, and with
applications so bug-free and easy to use, that no one would ever need to
program it.

While the above description seems to have some attractive characteristics
on first reading -- an integrated set of applications, I/0 devices as
standard rather than optional, lots of memory, and so on -- it places
serious limitations on the eventual owner of such a computer. The most
obvious is that the customer will pay for every component of the computer,
whether s/he needs that component or not. Another limitation is that the
applications, or even the hardware, may not exactly meet the customer's
requirements. Every bell and whistle has been incorporated into the in-
tegrated text processing package, but you may only want to use the program
to write letters to vour grandmother -- you don't need the ability to
create 9,999 page documents, or to see underscore and italics on the
screen. Conversely, you may decide that you need a program to calculate
the spawning patterns of Pacific Salmon; vou won't find this in the in-
tegrated software built into the system's hardware.

What we learn from the above is that a closed-architecture personal com-
puter with a single set of fancy hardware and software components may
address the needs of a small number of users, but that as soon as a re-
quirement arises which isn't addressed by the computer, the computer be-
comes rather useless; conversely, as soon as a feature of the computer
is not actually needed by a user, the customer is wasting money on un-
needed components.

When IBM designed their Personal Computer the developers firmly believed
that an open architecture was essential to the success of the machine;
that the more hardware manufacturers and software developers knew about
the PC, and the more flexibility users had in choosing what hardware and
software configurations they needed, the more widely the PC would pro-
liferate. The belief paid off -- there are more programs and O0EM harduware
available for the IBM PC than for any other architecture of personal
computer, and the PC family is one of the most successful ventures IBM
has undertaken. But there were negative aspects to the open architecture
as well, as far as IBM was concerned -- it took little time for
IBM-compatible PC's to appear on the market, because the open architecture
was well-known and easy to copy -- and 0EM adapters and I/0 resources for
the Personal Computer are as widely sold as IBM adapters and 1/0.

Because of the PC's open architecture, and because of the resulting

abundance of software and peripherals available for the PC, it is crucial
that workstation support professionals, within IBM and elsewhere, under-
stand the inner workings of that architecture and know its strengths and
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weaknesses. The course on which this guide is based was designed for IBM
workstation specialists who have minimal knowledge of the Personal Com-
puter, with the intent of taking them step by step through the physical,
electronic and software components of the PC internals. If a workstation
specialist is to find viable solutions to an individual's or company's
personal computing needs and to provide support, the specialist must know
how to diagnose any problems the customer may encounter. The key to de-
termining the cause and possible remedy of IBM PC problems is to know the
PC architecture.

2.1 PREREQUISITES

The course was designed for people who have little prior training on the
IBM PC, but who are familiar with programming and computing concepts. It
is important that you understand, before participating in this course,
concepts such as hexadecimal and binary arithmetic, the difference be-
tween processor storage, main storage and secondary storage, and other
fundamental computer concepts. You should also have some programming ex-
perience in any programming language. If you do not have at least a
passing acquaintance with at least one language, we suggest you spend a
day or two learning IBM PC "C" or Pascal or BASIC before you begin the
course.

You should also have worked with IBM PC's before. You should know how to
use DOS commands and services such as Copy, Dir, Debug etc., and have
worked with applications on the PC. You should know what a diskette drive
looks like, and how to power on the PC.

The course was hot designed for people who know PC Assembler, who under-
stand the operation of the 8088, and who know how the internals of BIOS
and D0OS work. The course will add little to the expertise of people in
this category. PC gurus should be teaching this course, not studying in
it. However, if vou have only playved around with Assembler or DOS/BI0S
internals, PC Internals Fundamentals will broaden your PC knowledge.

2.2 TEACHING THE COURSE

These course notes are designed to address three different audiences.
Students who have successfully completed the in-class version of this
course can use these materials for later reference and to clear up any
aspects of a lecture which they did not understand. Students who wish to
study PC Internals Fundamentals on their own can also do so, using the
International Technical Support Center Red Guide version of the course.
And successful graduates of the course who wish to teach it to others can
use the notes as a teaching guide. The course is designed in such a way
that it can be taught by anyone who has participated in it, after minimal
additional research and preparation. If you do plan to teach it, you
should read the Note to Instructors before this introduction; it will
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provid e you Wwith information on how to obtain the diskettes used for
teaching, and on how to prepare the course. Nevertheless this text is
designed primarily for study and reference.

2.2.1 Sample "C™ Program

Before we plunge into the individual components of the PC internals, and
before we even identify what those components are, we will examine a
simple program written in the "C" language, and follow one of its steps
through different layvers of the Personal Computer. Over the remainder of
the course, we will examine the details of many of these layers, so that
vou have a basic understanding of the fundamentals of PC Internals. The
"C" program is written to run on an IBM PC. We have removed two lines from
the example listed below because they are not relevant to understanding
the program itself; however, if you wish to compile the program in order
to test it or demonstrate it to students, you can refer to the complete
source code listing in Appendix A. The sample program follows:

int count; int keystroke; main()

{

while (count <20)
{
keystroke=getch();
putch(toupper(keystroke));
count++
}

}

We will explain the program line by line, before seeing how the various
aspects of the PC are used to accomplish some of its work.

1. Int count and int keystroke: The "int" statement declares the variable
which follows it as an integer variable. "Int count" means "declare the
variable 'count' as an integer". These two statements are required so
that later references to the 'count' and 'keystroke' variables can be
understood by the compiler.

2. Main(): Every "C" program must have a "main™ routine. This is the
routine with which execution of the program begins. Notice the empty
brackets which follow the "main" statement. In "C" it is normal to declare
a function or routine by following it with brackets. The brackets contain
any parameters (also called arguments) which are passed to the routine
by routines invoking it. As the "main" routine does not receive any pa-
rameters, the brackets are left empty.

Notice also the braces on the fourth and last lines. These braces delin-
eate the beginning and end of the "main" routine.

3. While (count ¢ 20): You should know the meaning of the "While"”
statement if you have met the language prerequisites for this course. The
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"While™ statement performs the operation or series of operations it pre-
cedes until the condition in the "While™ statement is valid. So, "While
(count < 20)" repeatedly executes the three statements in the inner set
of braces until the value in "count™ exceeds 20. Each time these three
statements are executed, the "while"™ loop returns to the condition in the
"while" statement and tests that condition. If it is true, the loop is
executed again. If not, processing will continue with the step following
the end of the "while™ loop. In this program that step would be the final
brace of the "main()" routine, which ends the program.

%. keystroke=getch(): This statement assigns the value in "getch" to the
variable "keystroke"™ which we declared earlier. What is the value in
"getch()"? Well, "getch()" is, as the brackets which follow it suggest,
a routine or function, just like "main()" was a routine. "Getch()™, which
stands for "get character", is in fact a function built into "C" whose
purpose is to retrieve a keystroke from the keyboard. So this statement
assigns the value of the key pressed at the keyboard to the variable
"keystroke".

5. Putch(toupper(keystrokel);: We will examine this line in two stages.
First, the function "toupper(keystroke)™. "Toupper(string)” is a "C"
function which converts any lowercase characters in the string contained
in its brackets to uppercase. So "toupper(keystroke)" converts the key-
stroke to uppercase if it is lowercase; otherwise "keystroke" remains
unchanged.

The statement surrounding the "toupper(keystroke)™ function is the
"putch”™ function, which stands for "put character™. "Putch()™ is a "C"
function which displays a character on the screen. The parameter normally
used with "putch()" is the character to display; in this case, we actually
use the value returned by another function ["toupper(keystroke)"] as the
parameter for the "putch()" function. This is an example of nesting
functions, where the parameter used in one function is actually a value
returned by another function. If we were to write this line of source code
out in English, it might read:

Display the character (returned by converting to uppercase the character
(keystroke)).

If we wanted anyone to understand it, we would say "This line converts
the character "keystroke" to uppercase, then displays it on the screen.”

6. Count++: This line adds 1 to the value in the variable "count™. In
terms of the result it produces, it is equivalent to the statement
"count=count+1l™ in BASIC. By adding 1 to "count" each time the "while"
loop is executed, the condition tested at the beginning of the loop
["while (count < 20)"] will cause an exit from the loop after the loop
has executed 20 times. If we did not increment "count™ or change it in
any way, the "while" loop would continue executing until we aborted the
program.
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2.3 WHAT DOES THIS PROGRAM DO?

Look the program over again, and try to determine exactly what the purpose
of the program is. It is not a particularly useful program, but if you
can figure out what it does, you will find the rest of this course rela-
tively easy to understand. If you can understand the program after some
study or after having it explained by someone who knows the "C" language,
vou Wwill be able to follow this course but will find it challenging. If
you cannot understand the program at all, yvou should stop taking the
course until you have really met the requirement of understanding pro-
gramming concepts and knowing how to program in at least one language.

We'll list the program again below for your reference. We have included
comments, marked by "/%"™ at the beginning and "¥/" at the end. Because
the comments are marked off with these symbols, the "C" compiler will not
pay any attention to them.

int count; s/¥initialize "count™ and */
int keystroke; /%¥"keystroke”™ as integers ¥/
main() /7¥this is the main routine x/
{ /¥delineated by the outer braces x/
while (count <20) 7¥do the following routine while X/
/¥the "count"™ variable is smaller X/

/7¥than 20 ¥/

{ 7¥the "while™ routine is delineatedx/

/*¥by these inner braces ¥/

keystroke=getch(); /¥place a keystroke in "keystroke® ¥/

putch(toupper(keystroke)); /*display the uppercase version of ¥/
/7¥the keystroke on the screen ¥/

count++ /¥add 1 to the variable "count™ X/

If you can't figure out what the program is doing, we will tell you. It
retrieves a character from the keyboard, converts it to uppercase, and
displays it on the screen. It does this set of actions twenty times (for
twenty different keystrokes), and then exits. Now that you know what the
program does, you should be able to understand every line of the source
code.
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2.3.1 How does it all work?

We will look at some of the levels the "C" program has to pass through
in order to do its work. Rather than examine every step of the program,
we will focus on a single step: the retrieval of a keystroke from the

keyboard. This step is contained in the statement "keystroke=getch()".

For those with some knowledge of the PC and certain compilers, the in-

formation below may seem inaccurate or overly simplified. However it is
important for students to grasp the fundamentals of this process before
we examine individual aspects of the process. We would prefer to teach

the rules before the exceptions.

1. source code: In order to run the program, someone must first write
it. The source code can be written out by hand, or typed directly; even-
tually it must be entered into the computer as an ASCII file.

2. Compilation: The computer is only capable of executing machine in-
structions; it does not understand English or the mnemonics of our "C"
program. Therefore, we go through a compilation process, which in simple
terms converts our source code to an executable machine language program.
Don't worry about all the stages involved in compilation, we'll look at
them in a later module.

3. Get character: The "getch™ routine actually calls a function which
was contained in a "C" routine library and which was merged with the
program during compilation. Language compilers generally have a set of
routine libraries, and individual statements within a program often call
a routine taken from one of these libraries. This is one way of allowing
high-level programming steps to be translated into low-level machine in-
structions.

4. "C" library: The "C" library routine for "getch™ does not physically
retrieve the keystroke itself; instead it issues a call to the PC Disk
Operating System (D0S) which will take care of retrieving a character from
the keyboard.

5. DOs: DOS manages system resources for applications; it contains a
high-level machine-language interface which allows programs easy access
to input and output. However, in many situations D0OS itself merely acts
as a messenger between the application and the low-level I/70 routines.
When our "C" program requests a keystroke from D0S, D0OS actually invokes

the BIOS routine for keyboard input instead of processing the request
itself.

6. BIOS: The BIOS (Basic Input/Output System) is the low-level interface
to I/0 devices on the PC. It includes a routine which will return a
keystroke from the keyboard to whoever requests it. Assuming no key had
been pressed when the BIOS call was made, BIOS will simply wait for a key
to be struck. In all the time BIOS waits, our program does nothing, and
D05 does nothing. In some situations an 170 routine may allow processing
to continue while the I/0 event is pending, but for simplicity's sake
let's assume that nothing else happens in our example.
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7. A key is pressed: The act of pressing a key can occur while the system
is sitting and waiting for a keystroke, or while other work is proceeding.
Normally, if a program is calculating an equation, for example, that
calculation will be interrupted whenever a key is pressed, so that the
input may be processed. The calculation will then resume. In our case
however, we assumed that the program just stopped while waiting for the
keystroke. So now the keystroke must be processed.

8. The keystroke is received: When the key is pressed, a BIOS routine
is automatically invoked which receives the keystroke into the system.
This is not the same BIOS routine as the one which is waiting for a key-
stroke; we will see the difference between the two later in the course.
Once the BIOS routine which the keyboard invoked has received the input
into the system, the BI0OS routine which D0S invoked retrieves the key-
stroke from the system, and passes it up to DOS.

9. DOS returns the character to the program: The "C" routine which called
the DOS routine for keyboard input now receives the keystroke from DO0S,
and regains control so that program processing may continue.

10. The "C" program receives the keystroke: The "C" routine which was
called by our program now returns the character to our program. This
character is stored in the variable "keystroke™ which we declared. How-
ever, as far as the compiled program is concerned, "keystroke" does not
exist -- the keystroke is simply stored in a location in memory. Once the
keystroke is received into the program, processing continues with the next
program step.

2.3.1.1 HWho did all the work?

Throughout all of this, the 8088 microprocessor, which is the heart of
the IBM Personal Computer, performed every single instruction of the "C"
user program, the "getch" function, the D0OS input request, the BIOS input
request and the BIOS input handling from the keyboard, and the return of
the value all the way up the chain. We say that "the BIOS does this™ or
"D0S does that™ but in fact what is happening is that instructions in the
BIOS or DOS are executed by the 8088, and allow the 8088 to retrieve the
I»r0. BIOS, DOS, the "C" function, the program, are merely steps or in-
structions the 8088 must follow.

If we review the order in which events occurred, we obtain the following
sequence:

1. I/0 request
Program

DOS

BIOS
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In all this, the 8088 performed every instruction.

2. I/0 return
Program
A
DOS
A
BIOS
A
System board
A
Keyboard

In all this as well, the 8088 performed every instruction except the
signal from the keyboard which told the system board a keystroke was
ready.

If we modify some of the steps in this list, and re-order them from the
lowest level to the highest, we obtain the major topics we will discuss
in the course. They are:

8088 Processor

Personal Computer Architecture (system board and I/0 devices)
Assembly language

BIOS

DOS

In addition we have included one other topic: The 80286 Processor.

We will study all of the above topics, in the order they appear.

A schedule of the in-class version of the course is provided in Appendix
B for your reference. Prospective teachers will find this of use in

planning their own version of the course; independent students may use
it to gauge their own progress through the reading materials.

2.6 OBJECTIVES

Upon completion or this course, the student should understand the fol-
lowing topics:
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% 8088 architecture

- History

- Structure of 8088-based microcomputers

- 8088 registers and flags

- Memory addressing

= Instruction format

- Input/output

= Transfer of control

- Impact of 8088 architecture on PC architecture

¥ PC architecture

- Implementations of PC architecture
- Hardware architecture

- Software architecture

- Hardware details

¥ 8088 Assembly language

- Origin of assemblers

- Format of instructions

= Instruction types

- Example instructions

- How data are coded

- Other programming languages

¥ IBM PC BIOS interface

- Origin and purpose of BIOS

- Power-on self-test

- Major I/0 routines of BIOS

- Optional BIOS modules

- How and why programs bypass BIOS

¥ IBM PC DOS functions
- compact
- Purpose and components of DO0S
- IPL of DOS
- Entering a command
- Disk format
- Memory allocation
- Program interface
- Types of program
- Program linking and loading
- Error handling
- Device management

¥ IBM PC DOS extensions
- Device drivers

- Multitasking
- PC Network
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¥ Bas

ics and applications of the 80286

Real vs. protected/virtual address mode
Tvpes of protection

Task and state transitions

Input/output

Interrupts and extensions

2.5 LABS

During
to help
through
reading
suggest
various

BS

the class version of this course, several labs will be conducted
students gain a well-rounded understanding of the PC internals
hands-on experience. If you are taking the course only through
this guide and do not intend to take the course in a class, we
that you attempt to carry out the lab exercises described in the
sections. They will aid your understanding of particularly com-

plex subjects such as 8088 Assembly language, the BIOS, and D0OS functions.

Now we
micropr

will proceed to our first technical module, and discuss the 8088
ocessor, which is the heart of the IBM PC.
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3.0 THE INTEL 8088 MICROPROCESSOR CHIP

The Intel 8088 microprocessor is the heart of the IBM Personal Computer.
This 16-bit processor is a sophisticated general-purpose CPU, and also
has support for a wide range of peripherals. In order to understand any
of the other aspects of PC internals it is essential that you understand
the technical details of the 8088, and the reasons for which IBM chose
the 8088 in its design of the IBM PC. This module will introduce you to
the history of the 8088, its architecture and the format of its in-
structions. By the end of the lecture you should be able to meet all of
the following objectives:

. Discuss the development of the Intel 8088, its ancestors and succes-
sors

. Describe the internal structure of the 8088

. List all the registers of the 8088 and describe their uses

. Explain the memory addressing scheme of the 8088

. Discuss the format of machine instructions for the 8088

. Understand the significance of I/0 port addressing in the 8088
° Discuss the various means of transferring control in the 8088

We will discuss the various topics in the same order as they are listed
in the objectives.

3.1 HISTORY

Intel was one of the earliest companies to develop a single chip
processor. Prior to this all CPUs consisted of multiple chips, even
multiple boards. Intel's first single chip processor was the 4004, a
4-bit processor, used mainly in desk calculators. It was followed by the
8008, an early 8-bit chip which was used in a few programmable peripher-
als. The 8008 design needed considerable work, and so the 8080 was born.
The 8080 was an extremely popular chip, and formed the basis for a number
of derivative chips, both from Intel (the 8085 being the best known), and
from other companies, the most famous of which is Zilog's Z80. It was with
the 8080 generation of microprocessors that the single user computer re-
ally began. Previous chips tended to be used simply as programmable
components of embedded systems, rather than as computers in their oun
right. The 8080 generation are still regarded as the epitomal 8-bit ma-
chines, and a whole range of peripherals (memory, diskette drives,
printers, cassette recorders) was developed to support them.
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Intel saw a market for a more powerful microprocessor, and invested con-
siderable research and development into the area. The new processor
should manipulate 16-bit quantities as easily as it handled 8-bit bytes.
This would enable it to perform arithmetic on numbers of a useful size,
for often 8 bits is insufficient (8 bits give us absoclute values from 0
to 255; 16 bits give us values from 0 to 65536). A family of 16-bit pe-
ripherals would be developed to support this new processor, but these
peripherals would be somewhat more expensive than the older 8-bit offer-
ings, so Intel designed two variants of its 16-bit processor - the 8086,
which expected to use a 16-bit bus, and the 8088, which was designed to
use an 8-bit bus, allowing it to take advantage of the pre-existing and
cheaper 8-bit peripherals. The 8086 was introduced in 1978.

In 1980, when IBM Entry Systems Division was looking for a processor chip
on which to base the new "personal computer” the Intel 8088 and 8086 were
proven chips -- the 8086 had even been used in the IBM Displaywriter.
Moreover, Intel had continued development, and new, faster, and more so-
phisticated Intel processors were in progress, offering an upgrade path
from the 8088, should this ever prove necessary. The 8088 was chosen for
a number of reasons: it was available cheaply and in quantity, it was
capable of supporting a wide range of inexpensive 8-bit peripherals, and
it was noticeably more powerful than the 8-bit processors used in virtu-
ally every other large-selling microcomputer system. The 8088 is the
processor used in the IBM PC, the XT, the Portable PC, the PCjr, the PCjx,
and on the Professional Graphics Controller.

Intel followed the 8088 and 8086 with the 80188 and 80186. These were
fundamentally the same processors, but with a number of the usual support
chips integrated into the processor chip, allowing the design of micro-
computers with far fewer support chips. These processors were aimed at
portable computer manufacturers, and at computer-on-an-adapter con-
struction (the PC Network adapter uses an 80188). Similarly the 80C88
-- a low-power version of the normal 8088 -- allows the function of an
8088 in a low-power environment, such as for laptop computers. None of
these new chips was an advance in processor architecture, just an im-
provement in chip design.

The 80286 is different. The 80286 is a considerably more powerful and
versatile processor than the 8088. It is capable of emulating the 8088

almost exactly at many times the speed -- this emulation is called "real
address mode"™. It is also capable of running in its native mode -- called
"protected mode™ -- where it realizes its true power. The 80286 has a

few additional instructions over the 8088, but its instruction set is
otherwise the same, which means that, in real mode, programs can run
equally well on the 8088 and 80286, discounting timing differences.
Theoretically, a program which does not interfere with the segment reg-
isters should be able to run in 80286 protected mode as easily as on an
8088, but in practical terms the segment registers are too integral to
most programs. The 80286 is used in the PC AT, running in real-address
mode for PC DOS, and in protected mode for Xenix. Because of its in-
creasing importance in the evolution of the PC family, a separate module
is devoted to the 80286 at the end of this course.
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Intel recently released the specifications for the latest in this family
of processors -—- the 80386. The 80386 is a 32-bit processor, with some
amazing capabilities. One of its most powerful features is its ability
to support multiple "virtual processors"™, where these may be either 80838
or 80286 based, as well as native 80386. This facility, together with
its significantly higher speed (approximately five times that of the
80286) make it a processor to watch for the future. Production of the
80386 is planned to start about June 1986.

3.2 STRUCTURE OF 8088-BASED MICROCOMPUTERS

The 8088 microprocessor consists of three major elements:
. Execution Unit

. Bus Interface Unit

. Registers

The Bus Interface Unit provides the interface between the microprocessor
and the outside world. The BIU fetches values from memory whenever in-
structed to do so by the Execution Unit. When the BIU is not fetching
operands for the Execution Unit it fetches instructions and places them
in the instruction queue for the Execution Unit. This allows the overlap
of instruction fetching and execution in the 8088. The instruction queue
in the 8088 is four bytes in length.

The Execution Unit is divided into two parts -- the Control Unit and the
Arithmetic/Logic Unit. The Control Unit decodes instructions, and con-

trols their execution. The Arithmetic/Logic Unit provides the facility

for performing 8-bit and 16-bit calculations on many of the registers of
the 8088.

The structure of the 8088 is not important to an understanding of the
function of the 8088. It is useful to understand, however, to appreciate
the way in which the 8088 achieves notably better performance than its
8-bit equivalents. The overlap of instruction fetching and execution is
one of the more important aspects of this performance improvement. Others
involve the advantages of built-in 16-bit operations compared with simu-
lated 16-bit operations in an 8-bit microprocessor, and the more sophis-
ticated instruction set.

3.3 8088 REGISTERS AND FLAGS
The architecture of the 8088 is designed around a number of registers,
many of which are devoted to special purposes. There are:

. four general purpose registers
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- AX (Accumulator)

- BX (Base)
- CX (Count)
- DX (Data)
. two index registers

- SI (Source Index)
- DI (Destination Index)

. two base registers

- BP (Base Pointer)
- BX (Base Register -- this is also a general purpose register)

. two special pointer registers

- SP (Stack Pointer)
- IP (Instruction Pointer)

. four segment registers

- CS5 (Code Segment)
- DS (Data Segment)
- ES (Extra Segment)
- 5SS (Stack Segment)

. a flags register, with nine flag bits in a 16-bit register

- CF (Carry Flag)

- PF (Parity Flag)

- AF (Auxiliary Carry Flag)
- ZF (Zero Flag)

- SF (Sign Flag)

- TF (Trace Flag)

- IF (Interrupt Flag)

- DF (Direction Flag)

- OF (Overflow Flag)

All of the above registers are 16 bits in length. Each of the general
purpose registers can also be addressed as two 8-bit registers. Both the
high (more significant byte) and low (less significant byte) can be ad-
dressed separately. The 8-bit registers have the same initial letter as
the 16-bit register they come from, with H or L indicating high or louw.
That is, AH is the high byte of AX, and CL is the low byte of CX. Certain
of these 8-bit registers have special uses, in particular AH, AL, and CL.

Arithmetic and logical operations may only be performed on eight of the
16-bit registers, and on the 8-bit registers. The 16-bit registers that
can be manipulated are the general purpose registers, the index registers,
and BP and SP. CS and IP can only be affected by control instructions
(jumps, calls and interrupts), and the other segment registers can only
be changed by moving a new value into them.
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It is important to note that each of the registers is different from its
fellows. Certain 8088 machine instructions require their operands to be
in specific registers. Some of these instructions are:

MUL : assumes data in AX (16-bit) or AL (8-bit)
XLAT : assumes translation table address in BX
LooP :  assumes count is held in CX

IN : assumes port number in DX

POP : assumes top of stack address in SP

SCAS : assumes address in DI

LODS : assumes address in SI

(These instructions are provided here as examples of assumed register
usage only. You don't need to memorize them or their register assumptions.
Those assembly instructions which are important to this course will be
reviewed in the 8088 Assembly Language module.)

The BP register is not assumed for any operation in the 8088 architecture,
but is invariably used by high level languages for addressing a thing
called a stack frame pointer. (We will learn more about the Stack as we
go through this course. For now, think of the Stack as a location in
memory, in which the contents of registers can be stored for future re-
loading into the registers.) This stack frame pointing is so important
that the 80286 adds two instructions (ENTER and LEAVE) which use the BP
as the stack frame pointer, and implement the actions a high level lan-
guage goes through on entering and leaving a procedure.

This specialized usage of registers may seem somewhat foreign to someone
acquainted with other processor architectures, like the System/370. Even
in the 57370, however, some registers had special uses, like registers
14 and 15 in a BALR instruction, and many others had conventional uses,
like registers 0 and 1 in calls to subroutines. The 8088 has taken this
much further, implementing special uses for all the registers in the
processor hardware.

Every one of these registers is contained inside the 8088 chip. Memory
is located off the chip, and a value held in memory has to be fetched into
the chip before it can be manipulated in any way. Registers are much
faster to deal with because they are on the chip.

3.4 MEMORY ADDRESSING

The 8088 can address one megabyte of memory. As there are 2 ¥¥ 20 bytes
in a megabyte this means that the 8088 uses a 20-bit address. To obtain
a 20-bit address using 16-bit values it uses a combination of two values.
It shifts one of these values left four bits —- this is called the Segment
value, and is held in a segment register. The segment value, being

shifted four bits left, cannot address individual bytes -- it can only
address groups of 16 consecutive bytes (called paragraphs). To resolve
the address to the byte level, a second 16-bit value is used -- called

the O0ffset value. The Offset is added to the Segment without being
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shifted, meaning that the Offset can address anywhere within 64K bytes
above the Segment. For greater versatility, the 0ffset value may be a
single value, or it may be the sum of up to three 16-bit values.

The segment value of an address must be held in a segment register -- CS,
DS, ES, or SS.

The offset value may be:

the sum of (choose one to three values):
- a literal value
- a base register (BP or BX)
- an index register (DI or S5I)

The conventional way in which a segment and offset address are written
is with a colon between them, segment first. For example "S$5:S5P", or
"DS:[DI + BXI". A literal segment address cannot be used by the 8088,
but it can be written: 0040:0078. Conventionally, all addresses used
by the 8088 are written in hexadecimal; this makes for easy computation
of the 20-bit address, as the 4-bit shift of the segment is a single
hexadecimal digit:

0040:0078 0040 shifted 4 bits (1 digit) plus 0078
00400 plus 0078
00478 (a 20-bit address, represented as five digits)

" o u

Because of the way 8088 addresses are made up, the same location may be
addressed in a number of different ways, depending on the segment and
offset values used. For example, the address used above (00478) can be
represented by a segment value of 0040 and an offset of 0078, or as a
segment value of 0000 and an offset of 0478, or by a segment value of 0020
with an offset of 0278.

In 8088 instructions addresses are represented in a number of ways. Some
instructions do not use addresses —- they deal exclusively with registers.
Some instructions use special addresses -- stack instructions always use
55:5P. The instructions which do address memory use an addressing byte
to indicate what form of address to use. This byte specifies the offset
address to use, but does not mention the segment. There is a default
segment register to use with each form of address, which need not be
specified. This default segment register can be overridden using a seg-
ment override prefix instruction.

The default segment register depends on the type of instruction. Each
of the segment registers may be thought of as addressing a separate sec-
tion of memory, containing different kinds of information. The 55 (Stack
Segment) register points to a stack area -- any instruction using SP
(Stack Pointer) will use SS (this cannot be overridden). The BP register,
when used alone or with a literal displacement, addresses the stack seg-
ment. Typically BP might be used to address some temporary variables and
procedure parameters on the stack, while the 5P always points to the top
of the stack. (These temporary variables and procedure parameters are
known as the stack frame)
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The €S (Code Segment) register points to the current program area. The
IP (Instruction Pointer) points to the next instruction to be executed.
When an instruction is fetched from memory IP is moved to point to the
byte following the memory location of the current instruction. Unless
the current instruction modifies IP, its contents are interpreted as the
next instruction.

The DS (Data Segment) register points to the current data area. Any ad-
dress involving BX, SI, or a sum of registers, with or without a literal
displacement, is assumed to lie in the data segment.

The ES (Extra Segment) register can be used wherever an extra segment
register is required to address data. The only offset which defaults to
the extra segment is DI, with or without a literal displacement. ES is
particularly important when using string instructions.

There are two ways to address data which lies outside of this model:
either alter a segment register, or use a segment override. For example,
to address a location which lies in the code segment, at an offset of
0222, you may load the segment value of CS into DS and use an offset of
0222 (defaulting to the DS register), or you may use a segment override
of "CS:" to specify that the location may be addressed by the code segment
rather than by the data segment.

It is worth mentioning here that 16-bit values are stored in memory wuith
the less significant (ie. low) byte first. This allows the less signif-
icant byte to be fetched before it is known whether the value is 16-bit

or 8-bit. It does not affect the use of 16-bit values, just the appear-
ance of memory when examined using a debugging tool of some kind -- the

two bytes of a 16-bit value will appear transposed.

3.5 8088 INSTRUCTION FORMAT

The format of 8088 instructions is:
opcode [addressing bytel [displacement] [immediate operandl
1 byte 1 byte 1 or 2 bytes 1 or 2 bytes

An instruction can be anywhere from one byte to six bytes long, depending
on its opcode and addressing byte (where present). The opcode specifies
what the instruction is, be it a movement of data or an I/0 operation.
Instructions may involve registers and/or memory; this is specified by
the addressing byte. An address which involves the addition of a literal
value will involve a displacement. An instruction which uses a constant
value will have an immediate operand.

With the exception of the string instructions no instruction can operate
on two memory values; if two operands are involved one of them must be a
register or immediate value. Two register operands can be used. One of
the operands is termed the source, the other the destination. The oper-
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ation is performed on the source and destination values, and the result
is placed in the destination location, be it register or memory location.

The following paragraphs provide details on a bit-by-bit basis for how
machine language instructions on the 8088 are constructed. Students need
not memorize the usage of the bits of an instruction if they do not wish
to; it is not required for an understanding of later topics. The important
point to retain from this is that various bits in the instruction deter-
mine the operand types (register or memory), the addressing techniques,
and the operand lengths (byte or word).

Where an instruction may apply to either 16-bit or 8-bit values the choice
is indicated by the lowest bit of the opcode (1 = 16-bit, 0 = 8-bit). This
is called the w-bit.

Where an instruction can operate in either direction, that is, where ei-
ther of the two operands may be the destination (not applicable with im-
mediate operands, for example), then the destination is indicated by the
second-lowest bit of the opcode. This is called the d-bit.

Where an instruction involves immediate data, the second lowest bit in-
dicates whether the immediate value is a 16-bit value, or an 8-bit value
which should be sign-extended to produce a 16-bit value. This is called
the s-bit, and is located in the same spot as the d-bit. It is ignored
if the w-bit indicates an 8-bit operation.
The addressing byte is split up into three pieces:

Mode Reg R/7M

2 bits 3 bits 3 bits
The mode value indicates how to interpret the R/M value. The reg value
indicates which register is one of the operands. The R/M value indicates
which register or combination of registers is the address of the other
operand.
The mode value can take on four values:

00 = no displacement is added to the R/M value

01 = a one byte displacement (-128 to +127) is sign extended and
added to R/M

10 a two byte displacement is added to R/M

11 register addressing —— R/M is a register, not a memory operand

The reg value can take on eight values, indicating one of eight registers.
The w-bit determines from which set of registers the choice is made:
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Reg w-bit = 1 w-bit = 0

(16-bit) (8-bit)
000 AX AL
001 cX cL
010 DX DL
011 BX BL
100 SP AH
101 BP CH
110 SI DH
111 DI BH

The R/M value can take on eight values, indicating a choice of addressing
modes modified by the mode value. The effect is:

R/M Mode = 00 Mode = 01 Mode = 10 Mode = 11
000 BX+S1 BX+SI+dl BX+SI+d2 AX or AL
001 BX+DI BX+DI+dl BX+DI+d2 CX or CL
010 BP+S1 BP+SI+dl BP+S1+d2 DX or DL
011 BP+DI BP+DI+dl BP+DI+d2 BX or BL
100 SI SI + dl SI + d2 SP or AH
101 DI DI + di DI + d2 BP or CH
110 direct x BP + di BP + d2 SI or DH
111 BX BX + dl BX + d2 DI or BH

¥ : "direct"™ is a literal address within the DS segment. There is no
offset register used, just the displacement.

dl: a single byte displacement sign-extended to two bytes before adding.

d2: a two byte displacement.

choice of AX or AL (when mode = 11) is controlled by the w-bit.

Note that the same offset registers are used for a given value of R/M for
each of the mode values 00, 01, 10. With a mode value of 11, the R/M value
indicates registers in the same way as the reg value.

The w-bit does not affect the memory addresses (mode values 00, 01, 10),
it simply affects the number of bytes taken from memory at the resulting
address.

The 8088 instruction set has a few irregularities. A number of operations
can be coded with shorter instructions if the accumulator (AX if 1l6-bit,
AL if 8-bit) is used rather than another register. Certain operations
are limited to specific registers (multiplication and division,
input/Zoutput, string operations, and some data translation operations).
These limitations were imposed to provide a powerful instruction set
without incurring overly complex chip design problems. These irregular-
ities simply increase the challenge of programming the 8088.

A few of the 8088 instructions do not execute immediately. They alter
the instruction which follows them, and so are called prefix instructions.
One of them has been mentioned already -- the segment override prefix.
A segment override prefix alters the segment register to be used in the
memory address of the next instruction. Another prefix instruction is
the LOCK prefix == it locks the bus during the execution of the next in-
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struction, and is usually use in a multiprocessor environment. The most
powerful prefix instruction of all is the REP prefix. This specifies that
the following instruction be executed until the CX register is zero --
it decrements CX before testing it each time. The REP prefix is not
particularly useful for most instructions, because reexecuting most in-
structions is a waste of time. String instructions, however, combine very
nicely with the REP prefix to produce extremely powerful results.

The instruction format in the 8088 is "tight", packing a lot of function

into its opcodes. At the same time, it is a rich machine language, with
all manner of powerful and useful instructions.

3.6 INPUT/0UTPUT

The 8088 microprocessor supports 65,536 1/0 port addresses. 1/0 ports
resemble ordinary memory in that they can be read and written, but oth-
erwise they are quite different. An I/0 port is used to control or use
an external device. MWriting to an I/0 port that is part of an asynchro-
nous communications adapter may cause the data written to be transmitted
to a modem. Reading from an I/0 port that is part of a diskette adapter
may read consecutive bytes from a diskette sector. Unlike memory, con-
secutive reads from the same I/0 port are quite likely to read different
data.

The 170 ports of the 8088 are completely separate from memory. They re-
quire special instructions to read and write them (IN and OUT respec-
tively). Data may be read or written either one or two bytes at a time,
although few devices support two-byte transfers. An IN instruction reads
from an I/0 port and places the data in the accumulator (AL for one bvte,
AX for two). An OUT instruction takes data from the accumulator and
writes it to the specified I/0 port. The I/0 port address may be speci-
fied either literally (if the port is from 0 to FF), or by placing the
address in the DX register (port address from 0 to FFFF).

I/0 ports are only one of the ways in which the outside world can commu-
nicate with the 8088. Two other ways are memory mapping, and DMA.

Memory-mapped 1/0 devices look exactly like memory to the 8088. The most
commoh is a memory-mapped display. The display accesses the memory to
produce a screen image. Whenever the 8088 alters the contents of the
screen memory, the display reflects the change. This provides a fast and
effective screen interface, but is not particularly useful for other pe-
ripherals. We will examine it in more detail in the PC Architecture mod-
ule.

DMA (Direct Memory Access) allows devices other than the processor to read
and write memory directly. The DMA device writes to memory by locking

the 8088 out for a few cycles -- this technique is referred to as cycle
stealing. DMA can be used to transfer large amounts of data without
processor intervention -- once the processor has set up the parameters

within the DAM controller, the DMA will take care of the I/0 itself. DMA
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is a more expensive I/0 method to implement than using I/0 ports, but it
offers considerably more power. It is used by fixed disks.

3.7 TRANSFER OF CONTROL

The 8088 supports three different ways of transferring control from one
piece of a program to another. These three control transfers are termed
Jump, Call and Interrupt. Each of these is applicable in a different
context, and a typical program will probably use all three. The way in
which they all effect the transfer of control is by altering where the
CS:IP combination points, that is, by altering the pointer to the next
instruction. The jump may be any of three different "distances”, where
"distance™ refers to the relative address range within which the jump can
occur. The three possible distances are Short, Near and Far. Short
transfers can transfer control within 128 bytes from the current in-
struction, up or down; Near transfers can move within the current code
segment, and Far transfers can move anywhere in memory.

The call may be either of two distances, Near or Far; an interrupt is
always Far. The different distances require different lengths of in-
structions -- for example, a near jump requires three bytes of instruc-
tion, while a far direct jump requires five.

Jump: A jump simply alters IP, the instruction pointer, and sometimes
CS, the code segment, as well. There is no record of where the jump came
from. The three jump distances are described below:

. Short -- a short jump alters IP by adding a signed 8-bit value to it.
Thus a short jump may move IP by -128 to +127.

. Near -- a near jump loads a new value for IP. Thus a near jump may
move IP to anywhere in the current code segment.

. Far -~ a far jump loads a new IP and a new CS5 value. Thus a far
jump may move CS:IP to anvwhere in memory.

Call: A call saves the current instruction pointer on the stack before
altering IP, and sometimes CS. This enables the program to return to the
current spot after executing the called code. The return is effected by
a RET instruction, which must match the CALL. There are two different
forms of call:

. Near =-- a near call stacks only the current IP value, and loads a
new value into IP. A near call must be matched with a near return,
which restores the IP value from the stack. A near call works within
the current code segment.

o Far -— a far call stacks both CS and IP, then loads new values for
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