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PREFACE

This fifth edition is written for students who require a thorough knowledge of programming and interfacing
of the Intel family of microprocessors. It is a very practical reference for anyone interested in all program-
ming and interfacing aspects of this important microprocessor family. Today, anyone involved in a field of
study that uses computers rust understand assembly language programming and interfacing. Intel micro-
processors have gained wide applications in many areas of electronics, communications, and control sys-
tems, particularly in desktop computer systems. Major additions to the textbock show how to interface
C/C++ with assembly language, the USB interface, MMX technology extension, and the Pentium II. Also
included are many updated sections detailing new events in the field of microprocessors and micropro-
cessor interfacing.

ORGANIZATION AND COVERAGE

In order to cultivate a comprehensive approach to learning, each chapter begins with a set of objectives that
briefly define its contents. Many programming applications that illustrate the main topics are then pre-
sented. A numerical summary, which doubles as a study guide, reviews the information presented. Finally,
questions and problems are provided to promote practice and mental exercise with the concepts presented
in the chapter.

Many examples using the Microsoft MACRO Assembler program provide an opportunity to learn
how to program the Intel family of microprocessors. Operation of the programming environment includes
the linker, library, macros, DOS function, BIOS functions, and C/C++ program development. The in-line
assembler (C/C++) is illustrated for both the 16- and 32-bit programming environments.

Thorough descriptions of each family member, memory systems, and various /O systems that include
disk memory, ADC and DAC, 16550 UART, PIAs, timers, keyboard/display controllers, arithmetic coproces-
sors, and video display systems are also provided. Also discussed are the personal computer system buses
(AGP, ISA, PCI, VESA, and USB). Through these systems, a practical approach to microprocessor interfacing

is learned.

APPROACH

Because the Intel family of microprocessors is quite diverse, this text initially concentrates on real-mode
programming, which is compatible with all versions of the Intel family of microprocessors. Instructions for
each family member, which includes the 80386, 80486, Pentium, Pentium Pro, and Pentium II, are compared
and contrasted with the 8086/8088 microprocessors. This entire series of microprocessors is very similar,
which allows more advanced versions to be learned once the basic 8086/8088 is understood. Please note that
the 8086/8088 microprocessors are still used in controllers along with their updated counterparts, the 80186/
80188 and 80386EX embedded controllers.

This text also explains the programming and operation of the numeric coprocessor (8087/80287/
80387/80486/80487/ Pentium/Pentium Pro/Pentium II, which functions in a system to provide access to
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floating-point calculations that are important in control systems, video graphics, and computer-aided design
(CAD) applications. The numeric coprocessor allows a program to access complex arithmetic operations
that are otherwise difficult to achieve with normal microprocessor programming.

Also described are the pin-outs and functions of the 8086—80486 and Pentium/Pentium Pro/Pentium
II microprocessors. Interfacing is first developed by using the 8086/8088 with some of the more common
peripheral components. After learning the basics, a more advanced emphasis is placed on the 80186/80188,
80386, 80486, Pentium, Pentium Pro, and Pentium II microprocessors. Because of its similarity to the 8086
and 80386, coverage of the 80286 is minimized so that the 80386, 80486, Pentium, Pentium Pro, and Pen-
tium I can be covered in complete detail.

By studying the operation and programming of the microprocessor and numeric coprocessors, as
well as interfacing all family members, you will have a working and practical background on the Intel
family of microprocessors. Upon completing a course based on this text, you should be able to:

 Develop control software to control an application interface to the 8086/8088, 80186/80188, 80286,

80386, 80486, Pentium, Pentium Pro, and Pentium II microprocessors. Generally, the software devel-

oped will also function on all versions of the microprocessor and also includes DOS-based applications.

Program by using DOS function calls to control the keyboard, video display system, and disk memory

in assembly language.

* Use the BIOS functions to control the keyboard, display, and various other components in the computer
system.

» Develop software that uses macro sequences, procedures, conditional assembly, and flow control as-
sembler directives.

 Develop software that uses interrupt hooks and hot-keys to gain access to terminate-and-stay-resident
software.

* Develop programs that use both C/C++ and assembly language.

+ Program the numeric coprocessor (80287/80387/80486/80487/Pentium/Pentium Pro/Pentium II) to
solve complex equations.

¢ Detail the use of the MMX technology extension to the Pentium and Pentium II microprocessors.

« Explain the differences between the family members and highlight the features of each member.

* Describe and use real and protected mode operation of the 80286, 80386, 80486, Pentium, Pentium Pro,
and Pentium II microprocessors.

* Interface memory and I/O systems to the microprocessor.

* Provide a detailed and comprehensive comparison of all family members, their software, and their hard-

ware interface.

Explain the operation of disk and video systems.

Interface small systems to the ISA, VESA local, PCI bus, and USB in a personal computer system.

CONTENT OVERVIEW

Chapter 1 introduces the Intel family of microprocessors, with an empbhasis on the microprocessor-based com-
puter system. This chapter introduces the microprocessor, its history, its operation, and the methods used
to store data in a microprocessor-based system. Chapter 2 explores the programming model of the micro-
processor and system architecture. Both real- and protected-mode operation are explained in this chapter.

Chapters 3 though 6 explain how each instruction functions with the Intel family of microprocessors.
As instructions are explained, simple applications are presented to illustrate the operation of the instructions
and to develop basic programming concepts.

After the basis for programming is developed, Chapter 7 provides applications using the assembler
program. These applications include programming using DOS and BIOS function calls, and the mouse
function calls. Disk files are explained, as well as keyboard and video operation on a personal computer
system. This chapter provides the tools required to develop virtually any program on a personal computer
system, It also introduces the concept of interrupt hooks and hot-keys.

Chapter 8, new to this edition, shows how to incorporate assembly language procedures with C/C++.
It also details the use of the in-line assembler program available in some versions of C/C++. Chapter 9 in-
troduces the 8086/8088 family as a basis for learning the basic memory and I/O interfacing concepts that
follow in later chapters. This chapter shows the buffered system and system timing.
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Chapter 10 provides complete detail on memory interface, using both integrated decoders and pro-
grammable logic devices. Parity is illustrated, as well as dynamic memory systems. The 8-, 16-, 32-, and
64-bit memory systems are provided so that the 808680486 and Pentium/Pentium Pro/Pentium II micro-
processors can be interfaced to memory.

Chapter 11 provides a detailed look at basic [/O interfacing by discussing PIAs, timers,
keyboard/display interfaces, 16550 UART, and ADC/DAC. It also describes the interface of both DC and
stepper motors. After these basic /O components and their interface to the microprocessor are presented,
Chapters 12 and 13 provide details on advanced 1/O techniques that include interrupts and direct memory
access (DMA). Applications include a printer interface, real-time clock, disk memory, and video systems.

Chapter 14 details the operation and programming for the 8087—Pentium II family of arithmetic co-
processors. Today few applications function efficiently without the power of the arithmetic coprocessor.
Remember that all Intel microprocessors since the 80486 contain a coprocessor. The MMX technology ex-
tension, is also detailed, which is new to this edition.

Chapter 15 shows how to interface small systems to the personal computer through the use of the
ISA, VESA, PCI bus, and USB interfaces. This chapter provides a launching point for the many cards being
designed for use in the personal computer embedded in control systems in the industry.

Chapters 16 and 17 provide details on the advanced 80186/80188-80486 microprocessors. These
chapters explore the differences between these microprocesors and the 8086/8088, as well as their enhance-
ments and features. Cache, interleaved, and burst memory are described with the 80386 and 80486 micro-
processors. Also described are memory management and memory paging.

Chapters 18 and 19 detail the Pentium, Pentium Pro, and Pentium II microprocessors. These micro-

processors are based upon the original 8086/8088.
Four appendixes are included to enhance the application of the text:

1. Appendix A includes a complete listing of the DOS INT 21H function calls. This appendix also details
the use of the assembler program and many of the BIOS function calls including BIOS function call

INT 10H.
2. Appendix B includes a complete list of all 8086—Pentium II instructions, including many example in-

structions and machine coding in hexadecimal, as well as clock timing information.
3. Appendix C provides a compact list of all the instructions that change the flag bits.
4. Appendix D provides answers for the even-numbered questions and problems from the text.
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CHAPTER 1

Introduction to the
Microprocessor and Computer

INTRODUCTION

This chapter provides an overview of the Intel family of microprocessors. Included is a discus-
sion of the history of computers and the function of the microprocessor in the microprocessot-
based computer system. Also introduced are terms and jargon used in the computer field, so
computerese is understood and applied when discussing microprocessors and
computers.

The block diagram and a description of the function of each block detail the operation of
a computer system. The chapter also shows how the memory and input/output (I/0) system of
the personal computer function. Finally, the way that data are stored in the memory is provided,
so that each data type can be used as software is developed. Numeric data are stored as integers,
floating-point, and binary-coded decimal (BCD); alphanumeric data are stored by using the
ASCII (American Standard Code for Information Interchange) code.

CHAPTER OBJECTIVES

Upon completion of this chapter, you will be able to:

1. Converse by using appropriate computer terminology such as bit, byte, data, real memory
system, expanded memory system (EMS), extended memory system (XMS), DOS, BIOS,
I/0, and so forth.

Briefly detail the history of the computer and list applications performed by computer
systems.

Provide an overview of the various 80X86 and Pentium—Pentium II family members.
Draw the block diagram of a computer system and explain the purpose of each block.
Describe the function of the microprocessor and detail its basic operation.

Define the contents of the memory system in the personal computer.

Convert between binary, decimal, and hexadecimal numbers.

Differentiate and represent numeric and alphabetic information as integers, floating-point,

BCD, and ASCII data.
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CHAPTER 1 INTRODUCTION TO THE MICROPROCESSOR AND COMPUTER

1-1

A HISTORICAL BACKGROUND

This first section outlines the historical events leading to the development of the microprocessor
and, specifically, the extremely powerful and current 80X86,! Pentium, Pentium Pro,? and Pen-
tium IT microprocessors. Although a study of history is not essential to understand the micro-
processor, it furnishes interesting reading and provides a historical perspective of the fast-paced
evolution of the computer.

The Mechanical Age

The idea of a computing system is not new—it has been around long before modern electrical
and electronic devices were developed. The idea of calculating with a machine dates to 500 B.C.
when the Babylonians invented the abacus, the first mechanical calculator. The abacus, which
used strings of beads to perform calculations, was used by the ancient Babylonian priests to keep
track of their vast storehouses of grain. The abacus, which was used extensively and is still in use
today, was not improved until 1642, when mathematician Blaise Pascal invented a calculator
that was constructed of gears and wheels. Each gear contained 10 teeth that, when moved one
complete revolution, advanced a second gear one place. This is the same principal that is used in
the automobile’s odometer mechanism and is the basis of all mechanical calculators. Inciden-
tally, the PASCAL programming language is named in honor of Blaise Pascal for his pioneering
work in mathematics and with the mechanical calculator.

The arrival of the first practical geared, mechanical machines used to automatically compute in-
formation dates to the early 1800s. This is before humans invented the light bulb or before much was
known about electricity. In this dawn of the computer age, humans dreamed of mechanical machines
that could compute numerical facts with a program—not merely calculating facts, as with a calculator.

In 1937 it was discovered through plans and journals that one early pioneer of mechanical
computing machinery was Charles Babbage, aided by Augusta Ada Byron, the Countess of
Lovelace. Babbage was commissioned in 1823 by the Royal Astronomical Society of Great
Britain to produce a programmable calculating machine. This machine was to generate naviga-
tional tables for the Royal Navy. He accepted the challenge and began to create what he called
his Analytical Engine. This engine was a mechanical computer that stored 1000 20-digit dec-
imal numbers and a variable program that could modify the function of the machine to perform
various calculating tasks. Input to his engine was through punched cards, much as computers in
the 1950s and 1960s used punched cards. It is assumed that he obtained the idea of using
punched cards from Joseph Jacquard, a Frenchman who used punched cards as input to a
weaving machine he invented in 1801, which is today called Jacquard’s loom. Jacquard’s loom
used punched cards to select intricate weaving patterns in the cloth that it produced. The punched
cards programmed the [oom.

After many years of work, Babbage’s dream began to fade when he realized that the ma-
chinists of his day were unable to create the mechanical parts needed to complete his work. The
Analytical Engine required more than 50,000 machined parts, which could not be made with
enough precision to allow his engine to function reliably.

The Electrical Age

The 1800s saw the advent of the electric motor (conceived by Michael Faraday); with it came a
multitude of motor-driven adding machines, all based on the mechanical calculator developed by

180X86 is shorthand notation that embodies the 8086. 8088. 80188. 80286, 80386, and 80486 microprocessors.
2Pentium, Pentium Pro. and Pentium 11 are registered trademarks of Inte] Corporation.
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Blaise Pascal. These electrically driven mechanical calculators were common pieces of office
equipment until well into the early 1970s, when the small hand-held electronic calculator, first
introduced by Bomar, appeared. Monroe was also a leading pioneer of electronic calculators, but
its machines were desktop, four-function models the size of cash registers.

In 1889, Herman Hollerith developed the punched card for storing data. Like Babbage, he
too apparently borrowed the idea of a punched card from Jacquard. He also developed a me-
chanical machine—driven by one of the new electric motors—that counted, sorted, and collated
information stored on punched cards. The idea of calculating by machinery intrigued the United
States government so much that Hollerith was commissioned to use his punched-card system to
store and tabulate information for the 1890 census.

In 1896, Hollerith formed a company called the Tabulating Machine Company, which de-
veloped a line of machines that used punched cards for tabulation. After a number 9f mergers,
the Tabulating Machine Company was formed into the International Business Machines Corpo-
ration, now referred to more commonly as IBM, Inc. The punched cards used in computer sys-
tems are often called Hollerith cards, in honor of Herman Hollerith. The 12-bit code used on a
punched card is called the Hollerith code.

Mechanical machines driven by electric motors continued to dominate the information
processing world until the construction of the first electronic calculating machine in 1941 by a
German inventor named Konrad Zuse. His calculating computer, the Z3, was used in aircraft and
missile design during World War II for the German war effort. Had Zuse been given adequate
funding by the German government, he most likely would have developed a much more pow-
erful computer system. Zuse is today finally receiving some belated honor for his pioneering
work in the area of digital electronics which began in the 1930s and for his Z3 computer system.

It has recently been discovered (through the declassification of British military documents)
that the first electronic computer was placed into operation in 1943 to break secret German military
codes. This first electronic computing system, which used vacuum tubes, was invented by Alan
Turing. Turing called his machine Colossus, probably because of its size. A problem with Colossus
was that although its design allowed it to break secret German military codes generated by the me-
chanical Enigma machine, it could not solve other problems. Colossus was not programmable—it
was a fixed-program computer system, which today is often called a special-purpese computer.

The first general-purpose, programmable electronic computer system was developed in
1946 at the University of Pennsylvania. This first modern computer was called the ENIAC (Elec-
tronics Numerical Integrator and Calculator). The ENIAC was a huge machine, containing
over 17,000 vacuum tubes and over 500 miles of wires. This massive machine weighted over 30
tons, yet performed only about 100,000 operations per second. The ENIAC thrust the world into
the age of electronic computers. The ENIAC was programmed by rewiring its circuits—a process
that took many workers several days to accomplish. The workers changed the electrical connec-
tions on plug-boards that looked like early telephone switchboards. Another problem with the
ENIAC was the life of the vacuum tube components, which required frequent maintenance.

Breakthroughs that followed were the development of the transistor in 1948 at Bell Labs,
followed by the 1958 invention of the integrated circuit by Jack Kilby of Texas Instruments.
The integrated circuit led to the development of digital integrated circuits (RTL, or resistor-to-
transistor logic) in the 1960s and the first microprocessor at Intel Corporation in 1971. At that time,
Intel and one of its engineers, Marcian E. Hoff, developed the 4004 microprocessor—the device
that started the microprocessor revolution that continues today at an ever-accelerating pace.

Programming Advancements

Now that programmable machines were developed, programs and programming languages began
to appear. As mentioned earlier, the first programmable electronic computer system was pro-
grammed by rewiring its circuits. Because this proved too cumbersome for practical application,
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early in the evolution of computer systems, computer languages began to appear in order to con-
trol the computer. The first such language, machine language, was constructed of ones and
zeros using binary codes that were stored in the computer memory system as groups of instruc-
tions called programs. This was more efficient than rewiring a machine to program it, but it was
still extremely time-consuming to develop a program because of the sheer number of codes that
were required. Mathematician John von Neumann was the first person to develop a system that
accepted instructions and stored them in memory. Computers are often called von Neumann
machines in honor of John von Neumann. (Remember that Babbage also had developed the con-
cept long before von Neumann.)

Once computer systems such as the UNIVAC became available in the early 1950s, as-
sembly language was used to simplify the chore of entering binary code into a computer as its
instructions. The assembler allowed the programmer to use mnemonic codes, such as ADD for
addition, in place of a binary number such as 01000111. Although assembly language was an aid
to programming, it wasn’t until 1957, when Grace Hopper developed the first high-level pro-
gramming language called FLOW-MATIC, that computers became easier to program. In the
same year, IBM developed FORTRAN (FORMula TRANslator) for its computer systems. The
FORTRAN language allowed programmers to develop programs that used formulas to solve
mathematical problems. Note that FORTRAN is still used by some scientists for computer pro-
gramming. Another similar language, introduced about a year after FORTRAN, was ALGOL
(ALGOrithmic Language).

The first truly successful and widespread programming language for business applications
was COBOL (COmputer Business Oriented Language). Although COBOL usage has dimin-
ished somewhat in recent years, it is still a major player in many large business systems. Another
once-popular business language is RPG (Report Program Generator), which allows program-
ming by specifying the form of the input, output, and calculations.

Since these early days of programming, additional languages have appeared. Some of the
more common are BASIC, C/C++, PASCAL, and ADA. The BASIC and PASCAL languages
were both designed as teaching languages, but have escaped the classroom and are used in many
computer systems. The BASIC language is probably the easiest of all to learn. Some estimates
indicate that the BASIC language is used in the personal computer for 80 percent of the pro-
grams written by users. Recently, a new version of BASIC, VISUAL BASIC, has made pro-
gramming in the WINDOWS environment easier. The VISUAL BASIC language may
eventually supplant C/C++ and PASCAL.

In the scientific community, C/C++ and (occasionally) PASCAL appear as control pro-
grams. Both languages, especially C/C++, allow the programmer almost complete control over
the programming environment and computer system. In many cases, C/C++ is replacing some of
the low-level, machine control software normally reserved for assembly language. Even so, as-
sembly language still plays an important role in programming. Most video games written for the
personal computer are written almost exclusively in assembly language. Assembly language is
also interspersed with C/C++ and PASCAL to perform machine control functions efficiently.

The ADA language is used heavily by the Department of Defense. The ADA language was
named in honor of Augusta Ada Byron, Countess of Lovelace. The Countess worked with
Charles Babbage in the early 1800s in the development of his Analytical Engine.

The Microprocessor Age

The world’s first microprocessor, the Intel 4004, was a 4-bit microprocessor—a programmable
controller on a chip. It addressed a mere 4096 4-bit wide memory locations. (A bit is a binary digit
with a value of one or zero. A 4-bit wide memory location is often called a nibble.) The 4004
instruction set contained only 45 instructions. It was fabricated with the then-current state-of-the-art
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P-channel MOSFET technology that only allowed it to execute instructions at the slow rate of
50 KIPs (kilo-instructions per second). This was slow when compared to the 100,000 instructions
executed per second by the 30-ton ENIAC computer in 1946. The main difference was that the
4004 weighed much less than an ounce.

At first, applications abounded for this device. The 4-bit microprocessor debuted in early
video game systems and small microprocessor-based control systems. One such early video
game, a shuffleboard game, was produced by Balley. The main problems with this early micro-
processor were its speed, word width, and memory size. The evolution of the 4-bit microprocessor
ended when Intel released the 4040, an updated version of the earlier 4004. The 4040 operated at
a higher speed, although it lacked improvements in word width and memory size. Other compa-
nies, particularly Texas Instruments (TMS-1000), also produced 4-bit microprocessors. The 4-bit
microprocessor still survives in low-end applications such as microwave ovens and small control
systems, and is still available from some microprocessor manufacturers. Most calculators are still
based on 4-bit microprocessors that process 4-bit BCD (binary-coded decimal) codes.

Later in 1971, realizing that the microprocessor was a commercially viable product, Intel
Corporation released the 8008——an extended 8-bit version of the 4004 microprocessor. The 8008
addressed an expanded memory size (16K bytes) and contained additional instructions (a total of
48) that provided an opportunity for its application in more advanced systems. (A byte is gener-
ally an 8-bit wide binary number and a K is 1024. Often, memory size is specified in K bytes.)

As engineers developed more demanding uses for the 8008 microprocessor, they discov-
ered that its somewhat small memory size, slow speed, and instruction set limited its usefulness.
Intel recognized these limitations and introduced the 8080 microprocessor in 1973—the first of
the modem 8-bit microprocessors. About six months after Intel released the 8080 microprocessor,
Motorola Corporation introduced jts MC6800 microprocessor. The floodgates opened and the
8080—and, to a lesser degree, the MC6800—ushered in the age of the microprocessor. Soon,
other companies began to introduce their own versions of the 8-bit microprocessor. Table 1-1
lists several of these early microprocessors and their manufacturers. Of these early micro-
processor producers, only Intel and Motorola continue successfully to create newer and im-
proved versions of the microprocessor. Zilog still manufactures microprocessors, but has
remained in the background, concentrating on microcontrollers and embedded controllers in-
stead of general-purpose microprocessors. Rockwell has all but abandoned microprocessor de-
velopment in favor of modem circuitry. Motorola has declined from having nearly 50 percent
share of the microprocessor market to a much smaller share.

What Was Special about the 8080? Not only could the 8080 address more memory and execute
additional instructions, but it executed them 10 times faster than the 8008. An addition that took
20 s (50,000 instructions per second) on an 8008-based system required only 2.0 ps (500,000 in-
structions per second) on an 8080-based system. Also, the 8080 was compatible with TTL (tran-
sistor-transistor logic), whereas the 8008 was not directly compatible. This made interfacing

TABLE 1-1 Early

8-bit microprocessors_ Manufacturer Part Number
Fairchild F-8
Intel 8080
MOS Technology 6502
Motorola MC6800
National Semiconductor IMP-8
Rackwell International PPS-8

Zilog Z-8




