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PREFACE

The rapid advancement of microprocessors into our everyday affairs has both simplified
and complicated our lives. Whether we use a computer in our everyday job, or come in
contact with one ‘elsewhere, most of us have used a computer at one time or another, Most
people know that a microprocessor is lurking somewhere inside the machinery, but what a
microprocessor is, and what it does, remains a mystery.

PURPOSES OF THE BOOK

This book is intended to help remove the mystery concerning the Intel 80x86 micro-
processor family through detailed coverage of its hardware and software and examples of
many different applications. Some of the more elaborate applications are visible to us. A
large collection of personal computers use 80x86-based architecture, as do some popular
commercial video games, electronic engravers, and speech recognition systems. Industry
and the government have adopted the 80x86 for many commercial and military applica-
tions as well.

The book is intended for 2- or 4-year electrical engineering, engineering technology,
and computer science students, Professional people, such as engineers and technicians, will
also find it a handy reference, The material is intended for a one-semester course in micro-
processors. Prior knowledge of digital electronics, including combinational and sequential
logic, decoders, memories, Boolean algebra, and operations on binary numbers, is helpful.
This presumes knowledge of standard computer-related terms, such as RAM, EPROM,
TTL, and so forth. Appendix B is included as a reference on binary numbers, and arith-
metic and logic functions for those students who would like a quick review.
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PREFACE

FROM THE 8088 UP

Keep in mind that many of the concepts developed for the 8088 apply to the entire 80x86*
family (via real-mode on the advanced processors). It is not the intention of this book to
show the reader how to design a 512 MB motherboard for a Pentium I CPU or write protected-
mode assembly language code. Instead, the theory and details of hardware interfacing are
presented, along with design techniques, for the 8088 and 8086 CPUs, with the techniques
easily extended to more advanced designs. For example, when designing a memory ad-
dress decoder, the same decoding methods that work with 256 MB memory systems also
work with smaller 512 KB memory systems. Because real-mode is available on every Intel
80x86 processor, the majority of the book is spent covering assembly language and soft-
ware applications.

The 8088 and 8086 CPUs are still widely available as 40-pin DIPs (and even as
FPGA software cores for programmable devices) and there continue to be existing and new
applications that can be handled by these processors, without the need for the power and
speed of the more advanced 32-bit architectures. The 16-bit 8088-based single-board com-
puter system presented in Chapter 12 is still a challenging exercise for the students and a
lot easier to construct than any 32-bit 386, 486, or Pentium system could be.

OUTLINE OF COVERAGE

For those individuals who have no prior knowledge of microprocessors, Chapter 1,
Microprocessor-Based Systems, is a goed introduction to the microprocessor, how it
functions internally, and how it is used in a small system. Chapter 1 is a study of the over-
all operation of a microprocessor-based system.

Chapter 2, An Introduction to the 80x86 Microprocessor Family, highlights the
main features of the 80x86. Data types, addressing modes, and instructions are surveyed.
All processors in the 80x86 family are examined as well,

Chapter 3, 80x86 Instructions, Part 1, and Chapter 4, 80x86 Instructions, Part 2,
introduce the entire real-mode instruction set of the 80x86. These instructions include
data transfer, string, arithmetic, logical, bit manipulation, program transfer, and processor
control instructions. Addressing modes, flags, and the structure of a source file are also cov-
ered. Over ninety examples are provided to help the student grasp the material. These two
chapters are not intended to be read from beginning to end, but instead given a detailed
scan. When new instructions are encountered in examples, Chapters 3 and 4 should be con-
sulted, and the sections containing the new instructions read carefully.

Chapter 5, Interrupt Pm;:essing, covers the basic sequence of an interrupt, as
well as multiple interrupts, special interrupts, and interrupt service routines. The instruc-
tor may choose to cover this chapter after Chapter 6 to get right to the programming
examples.

*The term “80x86" is used throughout the text to refer to the entire family of compatible Intel proces-
sors, the BOBS, 8086, 80286, 80386, 80486, and all the Pentium’s. Please think of “80x86" as a sin-
gle machine as well, one processer having many capabilities.
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Chapter 6, An Introduction to Programming the 80x86, contains the first real
programming efforts. Numerous programming examples show how the 80x86 performs
routine functions involving binary and BCD mathematics, string operations, data-table ma-
nipulation, and number conversions. .

Chapter 7, Advanced Programming Applications, introduces the student to many
advanced concepts, such as linking multiple object files, instruction execution time, inter-
rupt handling, memory management, math coprocessor programming, and macro usage.
Assembly language in the Windows and Linux environment is also examined. Fifteen more
programming applications are included to support the new concepts.

The hardware operation of the 8088 is covered in Chapter 8, Hardware Details of
the 8088. All CPU pins are discussed, as are timing diagrams, the difference between min-
mode and maxmode operation, the Personal Computer Bus Standards, and two chips that
are essential to 8088-based systems: the 8284 clock generator and the 8288 bus controller.

Chapter %, Memory System Design, covers the details needed to design an opera-
tional RAM and EPROM-based memory system for the 8088, Static and dynamic RAMs,
EPROMs, DMA, and full and partial address decoding are covered. :

The /O system is covered in Chapter 10, /O System Design. In this chapter the dif-
ference between the processor’s memory space and port space is covered, as are the tech-
niques needed to design port address decoders. Two 8085-based peripherals are covered:
the 8255™ parallel interface adapter and the 8251 UART™, with 8088 interfacing and
programming examples provided. '

Interfacing with the 80x86 is the subject of Chapter 11. In this chapter, three pe-
ripherals designed to interface with the 80x86 are examined. These peripherals implement
interval timing, interrupt control, and floating-point operations. Programming and interfac-
ing are discussed, with specific examples. Several examples are included that show how
interfacing is performed with the Personal Computer.

Many textbooks rarely cover hardware and software with an equal amount of detail.
This book was written to give equal treatment to both, culminating in a practical exercise:
building and programming your own single-board computer! Chapter 12, Building a
Working 8088 System, is included to give students a chance to design, build, and program
their own 8088-based computers. The system contains 8KB of EPROM, 8KB of RAM, a
serial I/O device, a parallel I/O device, and 8-bit D/A and A/D converters. Future memory
expansion is built in. The hardware is designed first, followed by design of the software
monitor program,

Some books choose to explain the operation of a commercial system, such as the
SDK-86™. This approach is certainly worthwhile, but does not give the student the added
advantage of knowing why certain designs were used. The hardware and software designs
in Chapter12 are sprinkled with many questions, which are used to guide the design toward
its final goal. =

The single-board computer presented in Chapter 12 can be easily wire-wrapped in a
short period of time (some students have constructed a working computer in seven days),
directly from the schematics provided in the chapter. It is reasonable to say that most stu-
deats can build a working system in one semester.

The hardware operation of the first Pentium CPU is covered in Chapter 13, Hard-.
ware Details of the Pentium. Descriptions of each CPU pin are included, as are explana-
tions of the various methods employed by the Pentium to access data over its buses. The
operation of the Pentium’s superscaler architecture, internal pipelining, branch prediction,
instruction and data caches, and floating-point unit are discussed.
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Chapter 14, Protected-Mode Operation, presents the details associated with protected-
mode operation. The virtual memory techniques made possible by the use of segments
and paging are explained. Important issues such as protection, exceptions, multitasking, and
input/output are also discussed. Virtual-8086 mode is also covered.

Finally, Chapter 15, The Pentium II and Beyond, takes a guided tour of the
architectural changes and improvements in the Pentium line, beginning with the Pentium
II, and ending with a look into Intel’s future plans for their microprocessor technology.
Mobile processors are also examined, with emphasis placed on their special need for low
power,

USES OF THE BOOK

Due to the information presented, some chapters are much longer than others. Even so, it
is possible to cover certain sections of selected chapters out of sequence, or to pick and
choose sections from various chapters. Chapters 3 and 4 could be covered in this way, with
emphasis placed on additional addressing modes or groups of instructions at a rate deemed
appropriate by the instructor. Some instructors may wish to cover hardware (Chapters 8
through 12) before programming (Chapters 3 through 7). There is no reason this cannot be
done.

To aid the instructor, answers to selected odd-numbered end-of-chapter study ques-
tions are included in the text and are also provided in a detailed solutions manual. The so-
lutions manual is designed in such a way that solutions to all odd-numbered questions are
grouped together, followed by solutions to all even-numbered questions. This allows the
instructor to release selected odd-only or even-only answers to students, while retaining
others for testing purposes.

In summary, over 250 illustrations and 70 different applications are used to give the
student sufficient exposure to the 80x86. The added benefit of Chapter 12, where a work-
ing system is developed, makes this book an ideal choice for a student wishing to learn
about microprocessors. The material in Chapters 13 through 15 lays the groundwork for
more advanced hardware and software development. Furthermore, even though this book
deals only with the 80x86 family, the serious microprocessor student should also be ex-
posed to other CPUs as well. But to try to cover two or more different microprocessors in
one text does not do either microprocessor justice. For this reason, all attention is paid to
the 80x86 family and not to other CPUs.

THE COMPANION CD

The CD included with the book contains all of the source files presented in the book. The
files are stored in separate directories related to their specific chapters. In addition, the ob-
Ject code library NUMOUT.LIB from Chapter 7 and the various binary and executable files
related to the single-board computer from Chapter 12 are also included. Many useful data
sheets and references are provided in PDF format, and there are also fifteen software labo-
ratory experiments to challenge the student,
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CHAPTER 1
Microprocessor-Based Systems

OBJECTIVES

In this chapter you will leam about:

. The block diagram of a microprocessor-based system and the function of each
section

. The processing cycle of a microprocessor

The way software is used to initialize hardware and peripherals

The history of the microprocessor and of the different generations of computers

The technique used to create software for the personal computer

Some typical errors encountered during program development

» - - L]

KEY TERMS

Assembler Interrupt Random access memory
Assembly language Machine language Read-only memory
Cache Math coprocessor Source file
Central processing unit Microcontrollers System bus
Direct memory access Motherboard Watchdog monitor
Expansion siots Nonvolatile memory

1.1 INTRODUCTION :

What is a microprocessor? You may have heard the term, or even looked inside your per-
sonal computer to locate it. A microprocessor is a digital machine capable of executing
many different software instructions and controlling a wide variety of electronic devices.
The invention of the microprocessor has had a profound impact on many aspects of
our lives. Today even the most mundane chores are being accomplished under its
supervision—which allows us more time for other productive endeavors. Even a short list
of the devices using the microprocessor shows how dependent on it we have become:

1. Pocket calculators
2. Digital watches (some with calculators built in)
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Automatic tellers (at banks and food stores)
Cell phones
CD and MP3 players
Home security and control devices
Realistic video games
Talking dolls and other toys
9. VCRs and DVD players
10. Personal computers
11. PDAs
12. Digital cameras

Ll

The purpose of this chapter is to show how a microprocessor is used in a small sys-
tem and to introduce the operation of the personal computer. We will see what types of
hardware may be connected to the microprocessor, and why each type is needed. We
will also see how software is used to control the hardware, and how that software can be
developed.

Section 1.2 shows how the microprocessor has evolved over time, from the initial
4-bit machines to today’s 32-bit processors. Section 1.3 covers the block diagram of a typ-
ical microprocessor-based system and explains each functional unit. Section 1.4 explains
the basic operation of a microprocessor. Section 1.5 discusses the hardware and software
requiremengs of a small microprocessor control system. Section 1.6 brings the material of
the first five sections together in a technical description of the personal computer. Sec-
tion 1.7 shows how software is developed for, and used by, the personal computer. Finally,
section 1.8 introduces the first of a series of troubleshooting techniques.

1.2 EVOLUTION OF MICROPROCESSORS

We have come a long way since the early days of computers, when ENIAC (Electronic
Numerical Integrator and Computer) was state of the art and occupied thousands of feet of
floor space. Constructed largely of vacuum tubes, it was slow, prone to breakdowns, and
performed a limited number of instructions. Even so, ENIAC ushered in what was known
as the first generation of electronic computers.

Today, thanks to advances in technology, we have complete computers that fit on a
piece of silicon no larger than your fingernail and that far outperform ENIAC,

With the invention of the transistor, computers shrank in size and increased in power,
leading to the second generation of computers. Third-generation computers came about
with the invention of the integrated circuit, which allowed hundreds of transistors to be
packed on a small piece of silicon. The transistors were connected to form logic elements,
the basic building blocks of digital computers. With third-generation computers, we again
saw a decrease in size and increase in computing power. Machines like the 4004™ and
8008™ by Intel® found some application in simple calculators, but they were limited in
computation power and memory addressing capability. When improvements in integrated
circuit technology enabled us to place thousands of transistors on the same piece of silicon,
computers really began to increase in power. This new technology, called large-scale inte-
gration (L.SI), was even faster than the previous medium- and small-scale integration (MSI
and SSI, respectively) technologies, which dealt with only tens or hundreds of transistors
on a chip. LSI technology created the fourth generation of computers. An advanced form
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of LSI technology, VLSI, meaning very large scale integration, is now being used to in-
crease processing power.

The first microprocessors that became available with third-generation computers had
limited instruction sets, slow execution speed, and limited memory addressing, and thus re-
stricted computing abilities. Although they were suitable for use in electronic calculators,
they simply did not have the power needed to operate more complex systems, such as guid-
ance systems or scientific applications. Even some of the early fourth-generation micro-
processors had limited capabilities because of the lack of addressing modes and instruction
types. Eight-bit machines like the 8080T™, Z80™, and 6800™ were indeed more advanced
than previous microprocessors, but they still did not possess multiply and divide
instructions. How frustrating and time consuming to have to write a program to do these
operations!

Within the last few decades, micreprocessor technology has improved tremendously.
Thirty-two-bit processors can now multiply and divide, operate on many different data
types (4-, 8-, 16-, 32-bit numbers), and address billions of bytes of information. Processors
of the 1970s were limited to 64KB of memory for programs and data, a small amount of
memory by today’s standards.

Each new microprocessor to hit the market boasts a fancier instruction set and faster
clock speed, and our need for faster and better processors keeps growing. Taking a differ-
ent approach, a technology called RISC (Reduced Instruction Set Computer) has gained
acceptance. This technology is based on the fact that most microprocessors use only a
small portion of their entire instruction set. By designing a machine that uses only the more
common types of instructions, processing speed can be increased without the need for a
significant advance in integrated circuit technology. The Pentium microprocessor, manu-
factured by Iniel, uses many of the architectural techniques employed by RISC machines.

Why the need for super-fast machines? Consider a microprocessor dedicated to dis-
playing three-dimensional color images on a video screen. Rotating the three-dimensional
image around an imaginary axis in real time (in only a few seconds or less) may require
millions or even billions of calculations. A slow microprocessor could not do the job.

Eventually we will see fifth-generation computers. The whole artificial intelligence
movement is pushing toward that goal, withthe desired cutcome being the production of a
machine that can think. Until then, we will have to make the best use of the technology we
have available.

1.3 SYSTEM BLOCK DIAGRAM

Any microprocessor-based system must, of necessity, have some standard elements such as
memory, timing, and input/output (1/0). Depending on the application, other exotic cir-
cuitry may be necessary as well. Analog-to-digital (A/D) converters and their counterparts,
digital-to-analog (D/A} converters, interval timers, math coprocessors, complex interrupt
circnitry, speech synthesizers, and video display controllers are just a few of the special
sections that may also be required. Figure 1.1 depicts a block diagram of a system contain-
ing some standard circuitry and the functions normally used.

As the figure shows, all components comrnunicate via the system bus. The system
bus is composed of the processor address, data, and control signals. The central process-
ing unit (CPU) is the heart of the system, the master controller of all operations that can be
performed. The terms CPU and microprocessor are interchangeable, The CPU executes
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System Bus

FIGURE 1.1 Standard block diagram of a microprocessor-based system

r

instructions that are stored in the memory section. For the sake of future expansion, the sys-
tem bus is commonly made available to the cutside world (through a special connector).
Devices can then be added easily as the need arises. Commercial systems have predefined
buses that accomplish this. All devices on the system bus must communicate with the
processor, usually within a tightly controlled period of time. The timing section governs all
system timing and thus is responsible for the proper operation of all system hardware. The
timing section usually consists of a crystal oscillator and timing circuitry {counters de-
signed to produce the desired frequencies) set up to operate the processor at its specified
clock rate. Using a high-frequency crystal oscillator and dividing it down to a lower fre-
quency provides for greater stability.

The CPU section consists of a microprocessor and the associated logic circuitry re-
quired to enable the CPU to communicate with the system bus. These logic elements may
consist of data and address bus drivers, a bus controller to generate the correct control sig-
nals, and possibly a math coprocessor. Math coprocessors are actually microprocessors
themselves; their instruction set consists mainly of simple instructions for transferring data,
and complex instructions for performing a large variety of mathematical operations. Co-
processors perform these operations at very high clock speeds with a great deal of precision
(80-bit results are common). In addition to the basic add/subtract/multiply/divide opera-
tions, coprocessors are capable of finding square roots, logarithms, a host of trigonometric
functions, and more.

The actual microprocessor used depends on the complexity of the task that will be
controlled or performed by the system. Simple tasks require nothing more complicated
than an 8-bit CPU, which operates on 8 bits of data at a time. A computerized cash register
would be a good example of this kind of system. Nothing more complicated than binary
coded decimal (BCD) arithmetic—and possibly some record keeping—is needed. But for
something as complex as a flight control computer for an aircraft or a digital guidance sys-
tem for a missile, a more powerful 16- or 32-bit microprocessor must be used.
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The memory section usually has two components; read-only memory (ROM) and
random access memory (RAM). Some systems may be able to work properly without
RAM, but all require at least a small amount of ROM. The ROM is included to provide the
system with its intelligence, which is ordinarily needed at start-up (power-on) to configure
or initialize the peripherals, and sometimes to help recover from a catastrophic system fail-
ure (such as an unexpected power failure). Some systems use the ROM program to down-
load the main program into RAM from a larger, external system, such as a personal com-
puter (PC) or a mainframe computer. In any event, provisions are usually made for adding
additional ROM as the need arises.

There are three types of RAM. For small systems that do not process a great deal of
data, the choice is static RAM. Static RAM is fast and easy to interface, but comes in small
sizes (as little as 16 bytes per chip). Larger memory requirements are usually met by using
dynamic RAM, a different form of memory that has high density (256K bits per chip or
more), but that, unfortunately, requires numerous refreshing cycles to retain the stored data.
Even so, dynamic RAM is the choice when large amounts of data must be stored, as in a
system gathering seismic data at a volcano or receiving digitized video images from a
satellite.

Both static and dynamic RAM lose their information when power is turned off,
which could cause a problem in certain situations. Previous solutions involved adding bat-
tery backup circuitry to the system to keep the RAMs supplied with power during an out-
age. But batteries can fail, so a better method was needed; thus the invention of monvolatile
memory (NVM), which is memory that retains its information even when power is turned
off. NVM comes in small sizes and therefore is used to store only the most important sys-
tem variables in the event of a power outage,

Another type of storage media is the floppy disk or hard disk. Both types of disks
provide the system with large amounts of storage for programs and data, although the data
are accessed at a much slower rate than that of RAM or ROM. Floppy disks and hard disks
also require complex hardware and software to operate and are not needed in many control
applications.

With a micreprocesser used in contrel applications, there will be times when the sys-
tem must respond to special extemal circumstances. For example, a power failure on a
computer-controlled assembly line requires immediate attention by the system, which must
contain software designed to handle the unexpected event. The event actually interrupts the
processor from its normal pregram execution to service the unexpected event. The system
software is designed to handle the power-fail interrupt in a certain way and then return to
the main program. An interrupt, then, is a useful way to grab the processor’s attention, get
it to perform a special task, and then résume execution from the point where it left off.

Not all types of interrupts are unexpected. Many are used to provide systems with
useful features, such as real-time clocks, multitasking capability, and fast 1/0 operations.

The interrupt circuitry needed from system to system will vary depending on the ap-
plication. A system used for keeping time has to use only a single interrupt line connected
to a timing source. A more complex system, such as an assembly line controller that may
need to monitor multiple sensors, switches, and other items, may require many different
prioritized interrupts and would therefore need more complex interrupt circuitry.

Some systems may require serial I/O for communication with an operator’s console
or with a host computer. In serial communication, data is transmitted one bit at a time
between devices. In Figure 1.2, we see how a small system might communicate with other
devices or systems via serial communication. Although this type of communication is
slower than parallel communication, it has the advantage of simplicity: only two wires (for
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FIGURE 1.2 Serlal communication possibilities in a small system

receive and transmit) plus a ground are needed. Serial communication is easily adapted for
use in fiber-optic cables. Parallel 1/Q, on the other hand, requires more lines (at least eight),
but has the advantage of being very fast. A special parallel operation called direct memory
access (DMA) is used to transfer data from a hard disk to a microcomputer’s memory.
Other uses for parallel I/O involve reading switch information, controlling indicator lights,
and transferring data to A/D and D/A converters and other types of parallel devices.

All of these sections have their uses in a microprocessor-based system. Whether they
are actoally used depends on the designer and the application.

1.4 MICROPROCESSOR OPERATION

No matter how complex microprocessors become, they will still follow the same pattern of
operations during program execution: endless fetch, decode, and execute cycles. During
the fetch cycle, the processor loads an instruction from memory into its internal instruction
register. Some advanced microprocessors load more than one instruction into a special
buffer to decrease program execution time. The idea is that while the microprocessor is
decoding the current instruction, other instructions can be read from memory into the in-
struction cache, a special type of internal high-speed memory. In this fashion, the micro-
processor performs two jobs at once, thus saving time.

During the decode cycle, the microprocessor determines what type of instruction has
been fetched. Information from this cycle is then passed to the execute cycle. To complete
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FIGURE 1.3 Microprocessor
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the instruction, the execute cycle may need to read more data from memory or write results
to memory. This process is illustrated in Figure 1.3.

While these cycles are proceeding, the microprocessor is also paying attention to
other details, If an interrupt signal arrives during execution of an instruction, the processor
latches onto the request, holding off on interrupt processing until the current instruction
finishes execution. The processor also monitors other signals such as WAIT, HOLD, or
READY inputs. These are vsually included in the architecture of the microprocessor so that
slow devices, such as memories, can communicate with the faster processor without loss of
data, _

Most microprocessors also include a set of control signals that allows external cir-
cuitry to take over the system bus. In a system where multiple processors share the same
memory and devices, these types of control signals are necessary to resolve bus contention
(two or more processors needing the system bus at the same time). Multiple-processor sys-
tems are becoming more popular now as we continue to strive toward faster execution of
our programs. Parallel processing is a term often used to describe multiple-processor sys-
terns and their associated software.

Special devices called microcontrollers are often used in simple control systems be-
cause of their many features. Microcontrollers are actually souped-up microprocessors
with built-in features such as RAM, ROM, interval timers, parallel I/O ports, and even A/D
converters. Microcontrollers are not used for large systems, however, because of their
small memory addressing capability and limited processing speed. Unfortunately, we have
yet to get everything we want on a single chip!
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1.5 HARDWARE/SOFTWARE REQUIREMENTS

We saw earlier that it is necessary to have at least some ROM in a system to take care of
peripheral initialization. What type of initialization is required by the peripherals? The se-
rial device must have its baud rate (communication speed), parity, and number of data and
stop bits programmed. Parallel devices must be configured because most of them allow the
direction (input or output) of their 1/O lines to be programmed in many different ways. It is
then necessary to set the direction of these I/0 lines when power is first applied. For a sys-
tem containing a D/A converter, it may be important to cutput an initial value required
by the external hardware. Because we can never assume that correct conditions exist at
power-on, the microprocessor is responsible for establishing them,

Suppose a certain system contains a video display controller. Start-up software must
select the proper screen format and initialize the video memory so that an intelligent pic-
ture (possibly a menu) is generated on the screen of the display. If the system uses light-
emitting diode (LED) displays or alphanumeric displays for output, they must be properly
set as well. High-reliability systems may require that memory be tested at power-on. While
this adds to the complexity of the start-up software and the time required for initialization,
it is a good practice to follow. Bad memory devices will certainly cause a great deal of trou-
ble if they are not identified.

Other systems may employ a special circuit called a watchdog monitor. The circuit
operates like this: during normal program execution, the watchdog monitor is disabled.
Should the program veer from its proper course, the monitor will automatically reset the
system, A simple way to make a watchdog monitor is to use a binary counter, clocked by a
known frequency. If the counter is allowed to increment up to a certain value, the proces-
sor is automatically reset. The software’s job, if it is working correctly, is to make sure that
the counter never reaches this count. A few simple logic gates can be used to clear the
counter under microprocessor control, possibly whenever the CPU examines a certain
memaory location.

For flexibility, the system may have been designed to download its main program
from a host system. If this is the case, the system software will be responsible for knowing
how to communicate with the host and place the new program into the proper memory lo-
cations, To guarantee that the correct program is loaded, the software should also perform
a running test on the incoming data, requesting the host to retransmit portions of the data
whenever it detects an error.

Sometimes preparing for a power-down is as important as doing the start-up initial-
ization, A power supply will quite often supply voltage in the correct operating range for a
few milliseconds after the loss of AC power. During these few milliseconds the processor
must execute the shutdown cotle, saving important system data in nonvolatile RAM or
doing whatever is necessary for a proper shutdown. If the system data can be preserved, it
may be possible to continue normal execution when power is restored.

For systems that will be expanded in the future, the system bus must be made avail-
able to the outside world. To protect the internal system hardware, all signals must be prop-
erly buffered. This involves using tri-state buffers or similar devices to isolate the internal
system bus from the bus available to the external devices. Sometimes optoisolators are
used to completely separate the internat system signals from the external ones. The only
connection in optoisolators is a beam of light, which makes them ideal when electrical iso-
lation is required.
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FIGURE 1.4 Expanded block diagram of a microprocessor-based system

Figure 1.4 sums up all of these concepts with an expanded block diagram of a
microprocessor-based control system. Notice once again that all devices in the system
communicate with the CPU via the system bus.

1.6 THE PERSONAL COMPUTER

All of the material in this chapter, up to this point, has dealt with general microprocessor-
based systems. In this section, we will see how a specific microprocessor-based system, the
PC, uses many of the hardware features already described. Although the PC has been
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around for many years and has evolved into a powerful machine containing very advanced
technology, it began as a much simpler machine constructed around the 8/16-bit Inte] 8088
microprocessor. The BO88 came out in the late 1970s and offered a higher level of comput-
ing power than the 8-bit processors of the time. When IBM® chose the 8088 for use in its
new PC, it paved the way for worldwide acceptance of the new processor. Many compa-
nies began copying the architecture of the PC and offered their own compatible 8088-based
computer systems. Thus began the PC market.

One reason the PC market grew as fast as it did was due to the usefulness of the fea-
tures the PC offered. The initial PC contained a keyboard for entering commands and data,
a monochrome video display for viewing text and simple graphics, one or two floppy disk
drives for storing information and running programs, and a memory large enough for many
nsefut applications. It also came equipped with a software program called DQOS, for Disk
Operating System, which made it possible to access files on the disk drives and run pro-
grams with the vuse of simple commands.

Most of the electronics within the PC were contained on a single printed circuit board
calied the motherboard. Memory chips, tirning circuitry, interrupt logic, the 8088 micro-
processor, and other hardware all resided on the motherboard. Included were a number of
expansion slots, plastic connectors with metal fingers into which other circuit boards could
be plugged. The PC's system bus was wired to each expansion slot, so any card plugged
into an expansion slot had the power of the entire machine available to it. Expansion cards
were used to add new features to the basic machine, such as a color video display, a hard
disk, or additional memory. Today, there are hundreds of different expansion cards avail-
able. A small sample of them shows the wide variety of hardware applications:

Modem/Fax

LAN controller

Data acquisition
Sound/speech synthesis
High-resolution color graphics
Image processing

CD-ROM drive

Hand-held and flatbed scanner
Serial/parallel I/O

Clearly, with the right number and type of expansion cards, the PC can be configured to do
just about anything. For our purposes, we will concentrate on the hardware that comes with
a base machine, with a few add-ons, namely the hard disk and color-display cards.

Let us now take a detailed look at the inside of the personal computer. Figure 1.5 is
the block diagram for a typical PC motherboard from the early days of the PC, As shown,
all communication is through the system bus. The microprocessor may be an 8088 (as
found on the original PC), or one of the newer 32-bit processors from Intel, such as the
80386™ or 80486™, A nice feature of the advanced Intel microprocessors is that they all
execute programs written for the 8088. So, even if your machine is new, all of the software
presented in this textbook will run on it,

If a motherboard contains an 8088 microprocessor, there is usually a socket provided
for an additional chip, the 8087 Floating-Point Coprocessor. This device is capable of per-
forming mathematical calculations much faster than the 8088 and is designed to work in
parallel with the processor. Motherboards based on the 80486 do not contain this socket
because the coprocessor is built into the processor itself,
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FIGURE 1.5 Block diagram of a typical PC motherboard, circa 1980s-1980s

For high-speed data wansfers involving memory, the motherboard contains an
8237T™ DM A Controller. This device can be easily programmed to move large chunks of
data without assistance from the processor.

The PC has many features that require the use of the interrupt system. An 8259™
Programmable Interrupt Controller is included to handle the interrupts generated by the
PC’s time-of-day clock, keyboard, serial and parallel I/O devices, and disk drives.

The motherboard contains a small amount of ROM as well. This ROM is referred to
as system ROM and is used to control the PC when it is turned on. The system ROM is re-
sponsible for checking and initializing all peripherals and devices on the motherboard and
for starting up the disk drive to load DOS.

As mentioned before, the PC maintains a time-of-day clock. This clock is a combi-
nation of software and hardware. A special timing device, the 8233™ Programmable
Interval Timer, is used to generate timing pulses at regular intervals. These pulses interact
with the interrupt logic and DOS to simulate the passage of time. The 8253 also controls
the PC’s speaker. With proper programming, it is possible to make the speaker beep and
generate other sounds.

A parallel I/0O device, the 8255 Programmable Peripheral Interface, is used to moni-
tor and read the PC’s keyboard and motherboard optien switches.

Finally, expansion logic is used to drive the system bus signals on the expansion slots.
This makes it possible for circuitry on an expansion card to access every device on the
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FIGURE 1.6 Chipset-based
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motherboard. As processors evolved, so did motherboard technology. Figure 1.6 shows the
block diagram of a typical motherboard used today. Each microprocessor now has an asso-
ciated chipset on the motherboard to interface it with the motherboard components. The
chipset consists of a pair of powerful integrated circuits that essentially act as communica-
tion hubs. The North Bridge controls high-speed data transfers between the CPU, memory,
and the graphics system. Slower 1/0 is accomplished through the South Bridge, an inte-
grated 1/O controller that provides all the motherboard I/0 needs in a single package.

We do not have to know a great deal about the hardware just described to write pro-
grams for the personal computer.

1.7 DEVELOPING SOFTWARE FOR THE PERSONAL COMPUTER

To get the most use out of the power of the PC, it is necessary to understand how to con-
trol and use the hardware on the motherboard and the software capabilities of the proces-
sor. We will explore the software architecture of the 80x86 family in great detail in the
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following chapters, first by examining the instruction set and then by looking at program-
ming examples. What we will see is that the 80x86 processors speak a different language
than we do. '

Machine Language vs. Assembly Language

Our language is one of words and phrases. The 80x86 language is a string of 1s and 0s. For
example, the instruction

ADD AX,BX

contains a word, ADD, that means something to us. Apparently, we are adding AX and BX
together, whatever they are. So, even though we might be unfamiliar with the 80x86 in-
struction set, the instruction ADD AX, BX means something to us.

If we were instead given the binary string

0000 0001 1101 1000
or the hexadecimal equivalent
01 D8 !

and asked its meaning, we might be hard-pressed to come up with anything. We associate
more meaning with ADD AX, BX than we do with 01 D8, which is the way the instruction
is actually represented. All programs for the 80x86 will simply be long strings of binary
nuinbers,

Because of the processor’s internal decoders, different binary patterns represent dif-
ferent instructions. Here are a few examples to illustrate this point:

01 D8 ADD A¥,BX ;add BX to AX, result in AX

29 D8 SUB AX,BX ;subtract BX from AX, result in 2AX
21 DB AND 2%, BX ;AX eguals AX AND BX

40 INC AX jadd 1 te AX

4B DEC BX isubtract 1 from BX

8B C3 MOV A¥,BX ;copy BX into AX

Can you guess the meaning of each instruction just by reading it? Do the hexadecimal
codes for each instruction mean anything to you? What we see here is the difference
between machine language and assembly language. The machine language for each in-
struction is represented by the hexadecimal codes. This is the binary language of the ma-
chine, The assembly language is repfesented by the word-like terms that mean something
to us. Putting groups of these word-like instructions together is how a program is con-
structed. In the next few sections, we will see how an assembly language program is writ-
ten, converted into machine language, and executed.

NUMOFF: Our First Machine Language Program

When the personal computer is first turned on, instructions in the start-up software turn the
NUM-LOCK indicator on. This indicator is located near the NUM-LOCK button on the
keyboard. Pushing NUM-LOCK manually every time the PC is turned on (or even re-
booted) is anmoying. Luckily, there is a single bit stored in a specific memory location used
by DOS that controls the state of the NUM-LOCK indicator. We are about to see that it is
possible to write an 80x86 program to manipulate the NUM-LOCK status bit,
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One Way to Create an Executable Program

One way to create a working program would invelve these steps:

Step 1: Using a PC-based word processor, enter the following text file exactly as you see
it. Save the file under the name of NUMOFF.ASM.

;NUMOFF.ASM: Turn NUM-LOCK indicator off.

.MODEL SMALL

.STACK
.CODE
. STARTUP
MOV AX, 40H ;set A% to 0040H
| MOV DS, AX . :load data segment with 0040H
MOV SI,17H ;load ST with 0017H
AND BYTE PTR [SI], ODFH ;clear NUM-LOCK bit
.EXIT
END

The twelve lines of code constitute a source file, the starting point of any 80x86-based
program. Thus, NUMOFF.ASM is a source file.

To convert NUMOFF.ASM into a group of hexadecimal bytes that represents the
corresponding machine language, we make use of two additional programs: ML and LINK.
ML is an assembler, a program that takes a source file as input and determines the machine
language for each source statement. ML creates two additional files. These are the fist and
object files. The list file contains all of the text from the source file, plus additional infor-
mation, as we will soon see. The object file contains only the machine language.

Step 2: To assemble NUMOFF.ASM, enter the following command at the DOS prompt:

ML /c /F1 NUMOFF.ASM <cr»

where <cr> indicates a catriage return. Note: This command does not work until you in-
stall the assembler software. This command instructs ML to assemble NUMOFF.ASM and
create NUMOFF.LST (the list file) and NUMOFFE.GBI (the object file). The list file created
by ML looks like this:

s NUMCFF.ASM: Turn NUM-LOCK indicator off.

.MODEL SMALL

. STACK
0000 .CODE
. STARTUP ,
0017 B8 0040 MOV AX,40H iset AX to (040H
001la BE D8 MOV Ds,aAx ;load data segment with 0040H
001C RE 0017 MOV SI,17H ;load 8I with 0017H
QO01F 80 24 DF AND BYTE PTR [SI], (ODFH ;clear NUM-LOCK bit
LEXIT
END

Here, it is obvious that ML has determined the machine language for each source state-
ment, The first column is the set of memory locations where the instructions are stored. The

second column is the group of machine language bytes that represent the actual 80x86
instructions.
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Step 3: To make the object file executable, we run the LINK program, which converts
NUMOFFE.OBJ into NUMOFF.EXE. The DOS command to do this is:

LINE NUMOFF;<Cr=>

Now we have our first working 80x86 program, NUMOFEEXE! To test it, press the NUM-
LOCK button on the PC’s keyboard until the NUM-LOCK light goes on. Then execute
NUMOFFE.EXE by entering:

NUMOFF . EXE<Cr>

at the DOS prompt. The NUM-LOCK light should go off. This is what NUMOFFEXE
does. This program may have no effect in Windows XP and other environments, due to in-
creased OS centrel over the hardware. However, it is an example of how a few simple in-
structions can do something useful,

Many of the programs in later chapters will be assembled and linked in this fashion.

Generating Machine Code with DEBUG

An alternate technique for generating and executing machine code is through the use of the

DEBUG program. Unlike the ML assembler program, DEBUG comes with the DOS and

Windows operating systerns. Let us briefly look at how DEBUG can be used to perform the

same task as the NUMOFF.EXE program. We’ll take a more detailed look at DEBUG later.
From the DOS prompt, start up DEBUG with:

DEBUG<cCr>

You will get a minus sign () as a prompt, which helps to distinguish the DEBUG envi-
ronment from the DOS environment.

Now enter all of the following text shown in bold. You will almost surely see differ-
ent addresses on your machine than those that appear here, but this will not affect what we
are trying to do.

—a<er>

7F2D: 0100 mov ax,40<cr>

TF2D: 0103 mov de,ax<cr>

7F2D:0105 mov 8i,17<cr>

7F2D: 0108 and byte ptr [esi],df<cr>
TF2D:010B <cor»>

The <cr> on the last line gets you out of the “a” mode. Because “'a” stands for assemble,
DEBUG has assembtled each statement entered by the user and placed the corresponding
machine code into memory. This is indicated by the way addresses are incrementing in the
address field (0100 to 0103 to 0105, etc.).

Now push the NUM-LOCK button on your keyboard so that the NUM-LOCK indi-
cator is on. To execute the program statement by statement, enter a single “t” at DEBUG's
prompt:

-t<or»

This is the #race command, and it is used to single-step through an 80x86 program. Each
time you enter “t,” DEBUG will execute one instruction of your program and display the
results,
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If you hit “t” three more times, you should see the NUM-LOCK indicator go off.
This completes the program. To exit from DEBUG back to DOS, enter:

-gears

This shows that DEBUG is also a useful way of executing machine language programs, We
will write and execute a number of programs this way and learn much more about how
DEBUG works. We will also look at ways to develop programs specifically for protected-
mode Windows and for Linux systems.

Programming Exercise 1.1: Can you think of a way to do the opposite of NUMOFE?
That is, can you change NUMOFF so that it turns NUM-LOCK on?
Hint: Use an OR operation.

Programming Exercise 1.2: Can you think of a way to toggle the NUM-LOCK indi-
cator? This would cause NUM-LOCK to alternate between on and off,
Hint: Use an XOR operation.

1.8 TROUBLESHOOTING TECHNIQUES

You may think it premature to begin discussing troubleshooting techniques, when we have
been exposed to so little of the 80x86 family architecture. Even so, we have already seen a
number of places where errors can occur, and it would be worthwhile to discuss them. For
example, the NUMOFF.ASM source file could have contained one or more rypographical
errors, such as a misspelled instruction (MVO versus MOV), or a missing comma, or a
comma where a semicolon was expected. Generally, when errors such as these are present
in a source file, the assembler will report them with a brief error message.

Even if the source file does not have any typographical errors, we could still run into
trouble. We could enter the command to invoke ML or DEBUG incorrectly, or not use the
correct options.

When the source file correctly assembles and links, and an executable program has
been created, there is still the possibility of a run-time error in the program. Run-time er-
rors are typically caused by incorrect sequences of instructions and incomplete or faulty
logical thinking,

To avoid a loss of time and effor, it is good to keep these common stumbling blocks
in mind. Paying attention to the details will really pay off, as you learn to create a working
program with a minimum of time and effort.

SUMMARY

In this chapter, we have examined the operation of microprocessor-based systems. We saw
that the complexity of the hardware, and thus of the software, is a function of the type of
application. Through the use of many different types of peripherals, such as paratlel and se-
rial devices, analog-to-digital converters, and others, a system can be tailored to perform
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almost any job. We also reviewed the basic fetch, decode, and execute cycle of a micro-
processor, and examined the other duties the CPU performs, one of which was interrupt
handling,

We also covered the initialization requirements of peripherals used in a
micreprocessor-based system, and why it is necessary to perform initialization in the first
place. Other types of hardware and software requirements were also examined, such as the
use of a watchdog monitor and a nonvolatile memory.

Four different generations of computers were presented and their differences high-
lighted. Current computing trends dealing with paralle] processing and artificial intelli-
gence were also introduced.

This was followed by an introduction to the motherboard hardware of a typical per-
sonal computer. Any compatible PC must use the same hardware, Because software is
needed to contrel the hardware, we finished with a quick look at two techniques for creat-
ing and executing machine language programs, The first technique used ML and LINK,
and the second technique used DEBUG. Both methods will be covered in detail in follow-
ing chapters.

STUDY QUESTIONS

) .

1. Make a list of ten additional preducts containing microprocessors that we use every day.

2. (a) The cycle time of a microprocessor is the time for one complete clock cycle. For
example, if the clock frequency of a miacroprocessor is 2 million cycles per sec-
ond (2 MHz), then each cycle takes 500 ns (500 billionths of a second). Compare
the cycle time of a microprecessor running at 2 MHz with one running at 50 MHz,
500 MHz, and 2 GHz.

(b} If a certain 80x86 instruction requires four clock cycles to execute, how long does
the instruction take to execute if the processor clock speed is 25 MHz? Repeat for
a clock speed of 800 MHz.

Speculate on the uses for timing signals in the serial 1/0, memory, and interrupt sections.

Why do math coprocessors enhance the capabilities of an ordinary CPU?

Draw a block diagram for a computerized cash register. The hardware should include

a numerical display, a keyboard, and a compact printer,

6. What kind of initialization software would be required for the cash register in Ques-
tion 57

7. What would be the difference in system RAM requirements for two different cash reg-
isters, one without record keeping and one with?

8. What type of information should be stored in NVM during a power failure in a system
designed to control navigation in. an aircraft?

9. What types of interrupts may be required in a control system designed to monitor all
doors, windows, and elevators in an office complex?

10. Name some advantages of downloading the main pregram into a microprocessor-
based system. Are there any disadvantages?

11. Suppose that a number of robots making up a portion of an automobile assembly line
are connected to a master factory computer. What kinds of information might be
passed between the factory computer and the microprocessors controlling each robot?

12. A certain hard disk transfers data at the rate of 8 million bits per second. Explain why
the CPU may not be able to perform the transfer itself, thus requiring the use of a DMA
controeller.

U ol
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13,
14.
15,
16.
17.
18,
19,

20.
21

22,
23
24,

25.

How does a plug-in card use motherboard hardware?

What additional kinds of plug-in cards can you think of?

Suppose that three microprocessors are used in the design of a new video game con-
taining color graphics and complex sounds. How might each microprocessor function?
Windows is one operating system that runs on Intel microprocessors. What are three
others?

List five different applications that might need the fast computing power of an RISC-
based machine,

Besides Intel, what other companies make microprocessors? Search the Web for an-
swers if you do not already know at least three.

A backward compatible microprocessor is one that can execute instructions from earlier
models. How would a designer of the new CPU implement backward compatibility?
Which of the statements in the NUMOFF.ASM source file actually generated code?
It takes a certain amount of time to execute each instruction in NUMOFF. Which in-
struction do you think takes the longest?

What are all the NUMOFF files created in Section 1,77

How are DEBUG statements different from statements in NUMOFF.ASM?

What advantages does a microcontroller have over a microprocessor? What disadvan-
tages does it have?

Why do typographical errors prevent a source file from being assembied?



CHAPTER 2

An Introduction to the 80x86
Microprocessor Family

OBJECTIVES

In this chapter you will learn about:

Real-mode and protected-mode operation

The register set of the 80x86 family ‘

The addressing capabilities and data types that may be used

The different addressing modes and instruction types available

The usefulness of interrupts

Some of the differences between the 8086 and the 80286, 80386, 80486, and
Pentium microprocessors

KEY TERMS

Address size prefix Double-word Page fault
Addressing mode Extended registers Physical address
Base pointer Extra segment Protected mode
Byte Flag register Real mode
Byte-swapping Gate descriptor RISC

Cache Gigabyte Segment

Cache hit Interrupt vector table Segment descriptor
Cache miss Instruction pointer Segment registers
CISC Little-endian Source index
Code segment Maximum mode Stack pointer
Control flags Megabyte Stack segment
Data segment Minimum mode Status flags
Define byte Multitasking Word

Define word Nonmaskable interrupt

Destination index Operand size prefix
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2.1

INTRODUCTION

Since its arrival on the computer scene, the 80x86 microprocessor family has guickly
taken the lead in the personal computer market. The 80x86 processor is used everywhere,
from dedicated control systems to superfast network file servers. Today, the Pentium
offers compatibility with all previous 80x86 machines, with many new architectural
improvements,

In this chapter, we will examine the features of the 80x86 microprocessor famnily.
Only basic material will be covered, leaving the hardware and software details for upcom-
ing chapters. From this chapter you will learn that the 80x86 is a machine with many
possibilities.

Section 2.2 discusses the differences between real-mode and protected-mode opera-
tion. Section 2.3 covers the software model of the 80x86 family. Section 2.4 introduces the
numerous registers contained within the processor, followed by a brief discussion of data
organization, instruction types, and addressing modes in Sections 2.5, 2.6, and 2.7, respec-
tively. Interrupts are the subject of Section 2.8. Sections 2.9 through 2.13 deal with the
upward-compatible architectures found in the 8086, 80286, 80386, 80486, and Pentium
microprocessors, respectively. Troubleshooting techniques are presented in Section 2.14.

r

2.2 REAL-MODE AND PROTECTED-MODE OPERATION

The first processor in the 80x86 family was the 16-bit 8086, which was capable of ad-
dressing IMB of memory, a significant improvement over the 8-bit machines available in
the late 1970s that typically addressed only 64KB of memory. Twenty address lines were
provided on the processor to access the IMB of memory (220 equals 1,048,576 bytes, or
IMB). The advanced processors that followed the 8086, beginning with the 80286, all con-
tained additional address lines. The 80386, 80486, and Pentium all contain 32 address
lines, giving them the ability to access 2% bytes, or 4096MB, of memory. This large ad-
dressing space allows the advanced Intel processors to perform many operating system
chores—such as multitasking (running more than one program at a time)—that are diffi-
cult, or even impossible, on the §086,

Beginning with the 80286, the advanced Intel processors all contained the ability to
operate in two different modes of operation, real mode and protected mode. In real mode,
the advanced processors, including the Pentium, simply operate like very fast 8086s, with
the associated IMB memory limit. Real-mode operation is automatically selected upon
power-up. So a Pentium-based PC that boots up into DOS is operating in real mode (DOS
is a real-mode operating system).

In protected mode, the full 4096MB (4 gigabytes) of memory is available to the
processor, as are special privileged instructions and many other architectural goodies, in-
cluding support for multitasking, virtual memory addressing, memory management and
protection, and control over the internal data and instruction cache. The Windows operat-
ing system runs in protected mode to take advantage of these improvements. Writing pro-
grams that run in protected mode requires special background knowledge of operating sys-
tems theory. For this reason, the majority of the examples presented in this book are

- developed for real-mode operation. We will, however, in Chapier 14, explore the details of

protected mode.
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2.3 THE SOFTWARE MODEL OF THE 80x86 FAMILY

The 8§0x86 family of microprocessors contains four data registers referred to as AX, BX,
CX, and DX. All are 16 bits wide and may be split up into two halves of 8 bits each. Fig-
ure 2.1 shows how each half is referred to by the programmer. Five other 16-bit registers
are available for use as pointer or index registers. These registers are the stack pointer
(SP), base pointer (BP), source index (SI), destination index (Di), and instruction
pointer (IP). None of the five may be divided up in a manner similar to the data registers.
AX, BX, CX, DX, BP, SI, and DI are referred to as general purpose registers.

FIGURE 2.1 Software model of the 31 16 15 87 0
80x86 microprocessor famlly 4 |
EAX AH AL Accumulator
AX
EBX BH I BL Base
BX
ECX CH | CL Count
CX
= EDX DH | DL Data
r 0 Dx
EBP Base Pointer
BP
ESI Source Index
S1
EDI Destination Index
. Bl
15 0
C§ Code Segment
DS Data Segment
S8 Stack Segment
ES Extra Segment
Extended
registers only F$
on 80386 and
higher CPUs in GS
protected mode
31 16 15 0
EIP Instruction Pointer
IP
ESP Stack Pointer
sp
EFLAGS
FLAGS
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Beginning with the 80386, the register sizes were extended to 32 bits. These new
extended registers are referred to as EAX, EBX, ECX, and EDX. All are 32 bits wide. The
lower 16 bits of each register are the original AX, BX, CX, and DX registers and may still
be split up into halves of 8 bits each. Pointer and index registers are also extended. Two ad-
ditional segment registers (FS$ and GS) were also added.

Normally the 32-bit registers are not fully available when the processor is operating
in real mode. To maintain compatibility with earlier 80x86 machines, only the 16-bit reg-
isters AX, BX, CX, DX, BP, SI, and DI are available for use. A special technique can be
used to utilize a 32-bit register (such as BAX) on an instruction-by-instruction basis. This
will be demonstrated in Section 2.5.

A major difference between the 80x86 and many other CPUs on the market has to
do with the next group of registers, the segment registers. The processor uses four seg-
ment registers to control all accesses to memory and I/0, and these registers must be
maintained by the programmer. The code segment (CS) is used during instruction fetches,
the data segment (DS) is most often used by default when reading or writing data, the
stack segment (SS) is used during stack operations such as subroutine calls and returns,
and the extra segment (ES) is used for anything the programmer wishes. All segment
registers are 16 bits long. Section 2.4 explains in more detail how the segment registers
are used. : .

Finally, a 32-bit flag register is used to indicate the results of arithmetic and logical
instructions. Included are zero, parity, sign, and carry flags, as well as flags that are only
used in protected mode, Together, these sixteen registers make an impressive set!

2.4 PROCESSOR REGISTERS

The 16-bit real-mode registers introduced in Section 2.3 are combined in an interesting
way to form the necessary 20-bit address required by memory, If you recall, there were no
20-bit registers shown in the software model. How then does the processor generate 20-bit
addresses in real mode?

Segment Registers

The six segment registers, CS, DS, S8, ES, FS, and GS are all 16-bit registers controlled by
the programmer. A real-mode segment, as defined by Intel, is a 64KB block of memory
starting on any 16-byte boundary. Thus, 00000, 00010, 60020, 20000, 8CE90, and E0840
are all examples of valid segment addresses. The information contained in a segment reg-
ister is combined with the address contained in another 16-bit register to form the required
20-bit address. Figure 2.2 shows how this is accomplished. In this example, the code seg-
ment register contains AGOO and the instruction pointer contains SFO0. The processor
forms the 20-bit address ASFO0 in the following way: first, the data in the code segment
register is shifted 4 bits to the left. This has the effect of turning AGO0 into AO00Q. Then the
contents of the instruction pointer are added, giving ASF00. All external addresses are
formed in a similar manner, with one of the segment registers used in each case. As we will
see in Chapter 3, each segment register has a default usage. The processor knows which
ségment register to use to form an address for a particular application (instruction fetch,
stack operation, and so on). The processor also allows the programmer to specify a differ-
ent segment register when generating some addresses.
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FIGURE 2.2 Generating a 20-bit [ 16 bits |
address in real mods
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In protected mode, the segment registers are used as selectors that point to predefined
segment descriptors, which are described in Chapter 14.

General Purpose Registers

The seven general purpose registers (AX, BX, CX, DX, BP, SI, and DI} available to the
programmer in real mode can be used in many different ways, and they also have some spe-
cific roles assigned to them, For instance, the accumulator {AX) is used automatically in
multiply and divide operations and also in instructions that access 1/0 ports. The count reg-
ister (CX) is used as a counter in certain loop instructions, providing up to 65,536 passes
through a loop before termination. The lower half of CX, the 8-bit CL register, is also used
as a counter in shift/rotate operations. Data register DX is used in multiply and divide op-
erations and also as a pointer when accessing 1/0 ports. The last two registers are the
source index and destination index (referred to as SI and DI, respectively). These registers
are used as pointers in string operations.

Even though these registers have specific uses, they may be used in many other ways
simply as general purpose registers, allowing for many different 16-bit operations.

Recall that the general purpose registers are actually 32 bits wide. However, when
the processor operates in real mode, it defaults to the original 16-bit 8086 register sizes. It
is possible to take advantage of the 32-bit extended registers while running in real mode. A
special 1-byte code called the operand size prefix is inserted before each instruction that
uses a 16-bit register, For these instructions, the processor will use the full 32-bit register
length. This 1-byte code has the value 66 hexadecimal. Let us examine an actual problem
to solve using the 32-bit registers.

B EXAMPLE 2.1

The distance from Earth to the sun is approximately 93 million miles. The speed of light is
roughly 186,000 miles per second. How can we determine the time required for a ray of
light to reach Earth?

Solution: First, convert the input numbers into hexadecimal:

$3,000,000 = 05881140
186,000 = 0002D650

Both numbers require more than 16 bits of storage and will not fit into any of the 16-bit
general purpose registers. If the operand size prefix code is used, both numbers are easily
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stored in the extended registers. We can use the DEBUG program to solve the problem.
Here are the contents of a short text file called SPEED.SCR:

a
db 66

sub dx,dx
db 66

mov ax,1140
dw 058b

db 66

mov bx,de30
dw 0002

db 66

div bx

r

t 4

q

The first line contains DEBUG's a (assemble) command. This command instructs DEBUG
to begin assembling real-mode instructions. The second line contains the db (define byte)
command and is used to supply the single-byte operand size prefix. Note the use of db 66
before each of the four instructions. The three lines

db 66
mav ax,1140
dw 05Bb

will execute as if they were written like this:
mov eax, (058bl140

The dw (define word) command is used to supply the upper 16 bits of the extended register
value. This is how the distance value is set up in register EAX, with the processor running
in real mode. A similar method is used to initialize the speed of light in register EBX,

The div bx instruction (with its prefix of 66) will divide EAX (the distance) by EBX
(the speed of light). The blank line after the DIV instruction is used to terminate the as-
semble command. The r (register) command on the next line causes DEBUG to display the
initial register values. Then comes the t (trace) command, which traces the execution of the
four instructions entered with the assemble command. The last line contains the q (quit)
command, to quit DEBUG and return to DOS,

All of these commands can be entered manually from the keyboard after starting
DEBUG. Because they are all contained in the SPEED.SCR file, redirecting the DOS input
device with the command:

»

C> DEBUG < SPEED.SCR

will cause DEBUG to read the commands from the SPEED.SCR file instead.
Either way, the final register display from DEBUG looks like this:

AX=01F4 BX=D6%0 CX=0000 DX=1140 SP=FFEE EP=0000 SI=000C DI=0000
DS=229B ES=225B B8S=225B (S5=229B IP=(0112 NV UP EI NG NZ NA PO NC
229B:0112 CHF70A MOV  BH,0a

When the DIV instruction executes, the value 05881140 is divided by 2D690, giving a final
result in AX of 01F4 (which indicates a time of 500 seconds, or 8 minutes and 20 seconds).

Try running DEBUG with the db 66 statements removed. The results are drastically
different. W
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14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

NT IOPL OF | DF | IF | TF SF | ZF - AF - PF - CF

FIGURE 2.3 | ower word of flag register

Flag Register

Figure 2.3 shows the eleven flag assignments within the lower 16 bits of the flag register.
The flags are divided into two groups: control flags and status flags. The control flags are
IF (interrupt enable fiag), DF (direction flag), and TF (trap flag). The status flags are CF
(carry flag), PF (parity flag), AF (auxiliary carry flag), ZF (zero flag), SF (sign flag), OF
(overflow flag), NT (nested task), and IOPL (input/output privilege level). Most of the in-
structions that require the use of the ALU affect the flags. Remember that the flags allow
ALU instructions to be followed by conditional instructions. Programs make decisions
based on the state of its flags. So the flags influence how code executes on the processor.

The content/operation of each flag is as follows:

CF: Contains carry out of MSB of result

PF: Indicates if result has even parity

AF: Contains carry out of bit 3 in AL

ZF: Indicates if result equals zero

SF: Indicates if result is negative

OF: Indicates that an overflow occurred in result

IF: Enables/Disables interrupts

DF: Controls pointer updates during string operations

TF: Provides single-step capability for debugging

IOPL: Priority level of current task

NT: Indicates if current task is nested

The upper 16 bits of the flag register are used for protected-mode operation. See
Chapter 14 for details,

2.5 DATA ORGANIZATION ;

The 80x86 has the capability of performing operations ou many different types of data, In
this section, we will examine what some of the more common data types are and how they
are represented and vsed by the processor.

Bits, Bytes, and Words

The precessor contains instructions that directly manipulate single bits and other instruc-
tions that use 8-, 16-, and even 32-bit integers. By common practice, 8-bit binary numbers
are referred to as bytes. Processor register halves AL, BH, and CL are examples of where
bytes might be stored and used.
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FIGURE 2.4 Storing different data types AH AL AH AL
in registers - -
Byte value 3F —_— AX AX
BH BL,
14 | 3E
Word value 143E — BX
DH DL AH AL
78 | 9A 34 | 5B
Double-word ~ 789A345B =w——» DX AX
ar
78 | 9A | 34 | 5B
—— EAX

Sixteen-bit numbers are known as words and require an entire real-mode (16-bit)
processor register for storage. Registers DX, BP, and SP are used to hold word data types.
In register DX, DH will contain the upper 8 bits of the number, and DL will hold the lower
8 bits.

Some instructions (particularly multiply and divide) require the use of 32-bit num-
bers. These data types are called double-words (or long-words). In this case, the 32-bit
number is stored in registers DX and AX, with DX holding the upper 16 bits of the num-
ber. Even though an extended register, such as EAX, may be used to store a 32-bit number,
it is difficult to work with extended registers in real mode. These data types are illustrated
in Figure 2.4.

1t is important to keep track of the data type being used in an instruction, because in-
correct or undefined types may lead to incorrect program assembly or execution.

One of the differences between the Intel line of microprocessors and those made by
other manufacturers is Intel’s way of storing 16-bit numbers in memory. A method that
began with the 8-bit 8080 and has been used on all upgrades from the 8085 to the Pentium
is a technique catled byte-swapping. This technique is sometimes confusing for those un-
familiar with it, but becomes clear after a little exposure. When a 16-bit number must be
written into the system’s byte-wide memory, the low-order 8 bits are written into the first
memory location and the high-order 8 bits are written into the second location. Figure 2.5
shows how the 2 bytes that make up the 16-bit hexadecimal number 2055 are written into
locations 18000 and 18001, with the low-order 8 bits (55) going into the first location
(18000). This is what is known as byte-swapping. The lower byte is always written first,
followed by the high byte. Byte-swapping is one of the most significant differences be-
tween Intel processors and other machines, such as Motorola’s 68000™ (which does not
swap bytes). Intel CPUs are also called ‘little-endian® computers, while Motorola proces-
sors are called “big-endian” computers,

Reading the 16-bit number out of memory is performed automaticatly by the proces-
sor with the aid of certain instructions. The processor knows that it is reading the lower
byte first and puts it in the correct place. Programmers who manipulate data in memaory
must remember to use the proper practice of byte-swapping, or they will discover that their
programs do not give the correct, or expected, results. It should be easy to remember the
mechanics of byte-swapping because the lower byte is always read/written to the lower
memory address.
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FIGURE 2.5 Intel byte-swapping
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Assembler Directives DB, DW, DUP, and EQU

Representing data types in a source file requires the use of special assembler directives de-
signed to create the required data and perform all appropriate memory allocation and data
formatting for little-endian values. Consider the following sample portion of a list file:

0000 .DATA

pgoo 03 NUM1 DB 3

0301 64 NUM2 DB 100

000z 00 NUM3 DB ?

0003 OF 30 C8 3A CE NUMS DB 15,48,200, 3aH, OCEH
0008 48 65 6&C &C 6&F 24 MSG DB ‘Hello&*
000E 000¢ WX W 6

001¢ O03ES WY Dw 1000

00l2 1234 ABCD W& DW 1234H, 0ABCDH
0016 0008 TEMP Dw 2

0018 g0oAa [00] SCORES DB 10 DUP({0O})
0022 0007 [0000] TIMES W 7 DUP{7}

= 000D TOP EQU 13

= 157C MORE EQU 5500

In this example, byte and word data types are defined through the use of the DB (define
byte) and DW (define word) assembler directives. As you can see, DB and DW both allow
one or more numbers in their data field or no numbers at all, as is the case with the ? in the
data field. DB and DW will convert any numbers in their data fields into hexadecimal and
store the numbers in the appropriate place within the object file. If an ASCII character
string is found in the data field (as in “Hello$™) the ASCII byte associated with each char-
acter is generated.

Because each DB or DW statement in the source file may generate different lengths
of data, the assembler keeps track of rélative memory locations using a program counter to
indicate the starting address of each data group. For example, the bytes for the fourth DB
statement begin at address 0003 within the data segment, and the word for the second DW
statement is located at address 0010 within the data segment. In many cases, we supply a
label with a particular DB or DW statement to use with instructions found elsewhere in the
source file. The labels are assigned the value of the starting address in each DB or DW
statement. Examine the sample data again. Do you see why the address associated with
MSG is 0008?

DB and DW statements can be used to simply reserve byte or word space by using ?
in the data field. When many reserved bytes or words are needed, the DUP (duplicate) as-
sembler directive is used. Although it is legal touse DB~ 2,7,2,2,7 in a source file, a simple
DB 5 DUP(?) should be used instead. This saves the programmer the effort of having to
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count the number of question marks entered. DUP has an additional advantage. Suppose
that 2000 reserved bytes are needed. The statement DB 2000 DUP(?) is clearly more
desirable than two hundred DB 2,2,7,2,7,7,7,2,2,7 statements. In our example, DUP is
used to create both byte (SCORES) and word (TIMES) data tables.

One last assembler directive is very useful because it defines a value that can be used
in other source statements but does not generate any code. This is the EQU (equate) direc-
tive, Notice how EQU is used to assign the value 13 to TOP and the value 5500 to MORE.
Any instruction in the source program that uses TOP and MORE will automaticalty use the
values 13 and 5500, respectively. From a practical viewpoint, suppose you have written a
5000-line source program that contains the instruction

MOV AL, 77

in mé,ny different places. If, for some reason, you had to change all the 77s to 88s, you
might be in for a long editing session. A simple solution would be to define the value 77
with an EQU statement, as in

VAL EQU 77
then use the EQU label in each instruction, like so
MOV AL, VAL

If it is necessary to change 77 to 88, only the EQU statement has to be edited.
This brief introduction to data types should help us when we examine the 80x86
instruction set.

2.6

INSTRUCTION TYPES

The 80x86 instruction set is composed of six main groups of instructions. A discussion of in-
struction specifics will be postponed until Chapters 3 and 4. Examining the instructions
briefly here, however, will give a good overall picture of the capabilities of the processor. All
instructions are part of the original 8086 instruction set, unless otherwise indicated.

Data Transfer Instructions

Data transfer instructions are used to move data among registers, memory, and the outside
world. Also, some instructions directly manipulate the stack (a special area in memory used
for temporary values), while others may be used to alter the flags.

The data transfer instructions are;

IN Input byte or word from 1/0 port
L.AHF Load AH from flags

LDS Load pointer using data segment
LEA Load effective address

LES Load pointer using extra segment

MOV Move to/from register/memory
ouT Output byte or word to I/O port
POP Pop word off stack

POPF Pop flags off stack

PUSH Push word onto stack
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PUSHF  Push flags onto stack
SAHF Store AH into flags
XCHG Exchange byte or word
XLAT Translate byte

Additionat 80286 instructions are:

INS Input string from port
OUTS Output string to port
POPA Pop all registers
PUSHA  Push all registers

Additional 80386 instructions are:

LFS Load pointer using F8
LGS Load pointer using GS
LSS Loead pointer using S8

MOVSX Move with sign extended
MOVZX Move with zero extended
POPAD , Pop all double (32-bit) registers
POPD Pop double register

POPFD  Pop double flag register
PUSHAD Push all double registers
PUSHD  Push double register

PUSHFD Push double flag register

Additional 80486 instruction is:
BSWAP  Byte swap
New Pentium instruction is:

MOV Move to/from control register

Arithmetic Instructions

3 These instructions make up the arithmetic group. Byte and word operations are available
on almost all instructions. A nice addition are the instructions that multiply and divide. Pre-
vious 8-bit microprocessors did not include these instructions, forcing the programmer to
write subroutines to perform multiplication and division when needed. Addition and sub-
traction of both binary and BCD operands are also allowed.

The arithmetic instructions are:

AAA ASCII adjust for addition

AAD ASCH adjust for division
AAM ASCII adjust for multiply
- AAS ASCII adjust for subtraction
ADC Add byte or word plus carry
ADD Add byte or word
CBW Convert byte or word
CMP Compare byte or word
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CwD Convert word to double-word
DAA Decimal adjust for addition
DAS Decimal adjust for subtraction ,;
DEC Decrement byte or word by one :
Drv Divide byte or word (unsigned)
IDIV Integer divide byte or word 3
IMUL Integer multiply byte or word
INC ~ Increment byte or word by one !
MUL Multiply byte or word (unsigned)
NEG Negate byte or word
SBB Subtract byte or word and carry J
SUB Subtract byte or word '

Additional 80386 instructions are:

CDQ Convert double-word to quadword
CWDE Convert word to double-word

Additional 80486 instructions are:

CMPXCHG . Compare and exchange
XADD Exchange and add

New Pentium instruction is:

i
3
:
CMPXCHGSEB Compare and exchange 8 bytes 1
|
i

Bit Manipulation Instructions

Instructions capable of performing logical, shift, and rotate operations are contained in this
group. Many common Boolean operations (AND, OR, NOT) are availabie in the logical in-
structions. These, as well as the shift and rotate instructions, operate on bytes or words.
Single-bit operations are available on processors from the 80386 and up.

The bit manipulation instructions are:

AND Logical AND of byte or word

NOT Logical NOT of byte or word

OR Logical OR of byte or word

RCL Rotate left through carry byte or word

RCR Rotate right thmugfl carry byte or word

ROL Rotate left byte or word

ROR Rotate right byte or word

SAL Arithmetic shift left byte or word

SAR Arithmetic shift right byte or word

SHL Logical shift eft byte or word

SHR Logical shift right byte or word

TEST Test byte or word

XOR Logical exclusive-OR of byte or word
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Additional 80386 instructions are:

BSF Bit scan forward

BSR Bit scan reverse

BT Bit test

BTC Bit test and complement
BTR Bit test and reset

BTS Bit test and set

SETcc Set byte on condition
SHLD Shift left double precision
SHRD Shift right double precision

String Instructions

String operations simplify programming whenever a program must interact with a user.
User commands and responses are usually saved as ASCII strings of characters, which may
be processed by the proper choice of string instruction.

The string Enstructions are:

CMPS Compare byte or word string
LODS Load byte or word string

MOVS Move byte or word string
MOVSB (MOVSW) Move byte string (word string)
REP Repeat

REPE (REPZ} Repeat while equal (zero)
REPNE (REPNZ) Repeat while not equal (not zero)
SCAS Scan byte or word string

STOS Store byte or word string

Program Transfer Instructions

This group of instructions contains all jumps, loops, and subroutine (called procedure) and
interrupt operations, The great majority of jumps are conditional, testing the processor
flags before execution.

The program transfer instructions are:

CALL Call procedure {subroutine)

INT Interrupt

INTO Interrupt if overfiow

IRET Return from interrupt

JA (INBE) Jump if above (not below or eéua.l)
JAE (JNB) Jump if above or equal (not below)
JB (INAE) Jump if below (not above or equal)
JBE (JNA) Jump if below or equal (not above)
IC Jump if carry set

JCXZ Jump if CX equals zero
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JE (JZ) Jump if equal (zero)

JG (JNLE) Jump if greater (not less or equal)
JGE (JNL) Jump if greater or equal (not less) -
JL (JNGE) Jump if less (not greater or equal)
JLE (JNG) Jump if less or equal (not greater)
IMP Unconditional jump

INC Jump if no carry

JNE (JNZ) Jump if not equal (not zero)

JNO Jump if no overflow

JNP (JPO) - Jump if no parity (parity odd)

INS Jump if no sign

JO Jump if overflow

JP (JPE) Jump if parity (parity even)

IS Jump if sign

LOOP Loop unconditional

LOOPE (LOOPZ) Loop if equal (zero)

LOOPNE (LOOPNZ) Loop if not equal (not zero)

RET Return from procedure (subroutine)

Additional 80286 instructions are:

BOUND Check index against array bounds
ENTER Enter a procedure
LEAVE Leave a procedure
Additional 80386 instructions are:
IRETD Interrupt return
JECXZ Jump if ECX is zero

Processor Control Instructions

This last group of instructions performs small tasks that sometimes have profound effects
on the operation of the processor. Many of the instructions manipulate the flags.
The processor control instructions are:

CLC Clear carry flag

CLD Clear direction flag

CLI Clear interrupt enable flag

CMC Complement carry flag

ESC Escape to external processor
HLT Halt processor

LOCK Lock bus during next instruction
NOP No operation

STC Set carry flag

STD Set direction flag
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STI Set interrupt enable flag
WAIT Wait for TEST pin activity
Additional 80286 instructions (protected mode only) are:
ARPL Adjust requested privilege level
CLTS Clear task switched flag
LAR Load access rights
LGDT Load global descriptor table
LIDT Load interrupt descriptor table
LLDT Load local descriptor table
LMSW Load machine status word
LSL Load segment limit
LTR Load task register
SGDT Store global descriptor table
SIDT Store interrupt descriptor table
SLDT . Store local descriptor table
SMSW Store machine status word
STR Store task register
VERR Verify segment for reading
VERW Verify segment for writing
Additional 80486 instructions are:
INVD Invalidate cache
INVLPG Invalidate TLB entry
WBINVD Write back and invalidate cache

New Pentium instructions are:

CPUID CPU identification

RDMSR Read from model-specific register
RDTSC Read from time stamp counter

RSM Resume from system management mode
WRMSR Write to model-specific register

In Chapter 3 we will begin examining each of the 80x86 instructions in detail and see
many examples of how they are used.

27 ADDRESSING MODES

The 80x86 offers the programmer a wide number of choices when referring to a memory
location or immediate data value. Many people believe that the number of addressing
modes contained in a microprocessor is a measure of its power. If that is so, the 80x86
should be counted among the most powerful processors. Many of the addressing modes
are used to generate a physical address in memory. Recall from Figure 2.2 that a 20-bit
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real-mode address is formed by the sum of two 16-bit address values. One of the four seg-
ment registers will always supply the first 16-bit address. The second 16-bit address is
formed by a specific addressing mode operation, The resulting 20-bit address points to one
specific location in the processor’s 1MB real-mode addressing space. We will see that there
are a number of different ways the second part of the address may be generated. Protected-
mode addressing will be covered in Chapter 14,

Real-Mode Addressing Space

All addressing modes eventually create a physical address that resides somewhere in the
00000 to FFFFF addressing space of the processor. Figure 2.6 shows a brief memory map
of the real-mode addressing space, which is broken up into 16 blocks of 64KB each. Each
64KB block is called a segment. A segment contains all the memory locations that can be

FIGURE 2.6 Addressing space of Physical Physical
the processor in real mode Address Address

1,048,576

bytes =1024MB

*Each block is 64KB
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reached when a particular number in a certain segment register is used. For example, if the
data segment contains 0000, then addresses 00000 through OFFFF can be generated when
using the data segment. If, instead, register DS contains 1800, then the range of addresses
becomes 18000 through 27FFF It is important to see that a segment can begin on any
16-byte boundary. So, 00000, 00010, 00020, 035A0, 10800, and CCE90 are all acceptable
starting addresses for a segment.

Altogether, 1,048,576 bytes can be accessed by the processor. This is commonly re-
ferred to as 1 megabyte. Small areas of the addressing space are reserved for special oper-
ations. At the very high end of memory, locations FFFFO through FFFFF are assigned the
role of storing the initial instruction used after a RESET operation. At the low end of mem-
ory, locations 00000 through G03FF are used to store the addresses for all 256 interrupts
(although not all are commonly used in actval practice). This dedication of addressing
space is common among processor manufacturers and may force designers to conform to
specific methods or techniques when building systems around the 80x86. For instance,
EPROM is vsually mapped into high memory, so that the starting execution instructions
will always be there at power-on.

Addressing Mades

The simplest addressing mode is known as immediate. Data needed by the processor is ac-
tually included in the instruction. For example:

MOV CX,1024

contains the immediate data value 1024. This value is converted into binary and included
in the code of the instruction. The data comes immediately after the opcode.

When data must be moved between registers, register addressing is used. This form
of addressing is very fast, because the processor does not have to access external memory
(except for the instruction fetch). An example of register addressing is

ADD AL, BL

where the contents of registers AL and BL are added together, with the result stored in reg-
ister AL. Notice that both operands are names of internal registers and must be the same size.

The programmer may refer to a memory location by its specific address by using
direct addressing. Two examples of direct addressing are:

MOV  AX, [3000]
and
MOV BL, COUNTER

In each case, the contents of memory are loaded into the specified registers. The first in-
struction uses square brackets to indicate that a memory address is being supplied. Thus,
3000 and [3000] are allowed to have two different meanings. 3000 means the number
3000, whereas {3000] means the number stored at memory location 3000. The second in-
struction uses the symbol name COUNTER to refer to memory, COUNTER must be de-
fined somewhere else in the program for it to be used this way.

When a register is used within square brackets, the processor uses register indirect
addressing. For example:

MOV BX, [81I]
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instructs the processor to use the 16-bit quantity stored in the SI (source index) register as
a memory address. A slight variation produces indexed addressing, which allows a small
offset value to be included in the memory operand. Consider this example:

MOV BX, [SI + 10]

The location accessed by the instruction is the sum of the SI register and the offset value 10.

When the register used is the base pointer (BP) or the BX register, based addressing
is employed. This addressing mode is especially useful when manipulating data in large ta-
bles or arrays. An example of based addressing is:

MCV CL, [BP + 4]

Including an index register (SI or DI) in the operand produces based-indexed addressing.
The address is now the sum of the base pointer and the index register. An example might be:

MOV [BP + DIJ,AX

When an offset value is also included in the operand, the processor uses based-indexed
with displacement addressing. An example is:

MOV DL, [BP + SI + 2]

Obviously, the, 80x86 allows the base pointer to be used in many different ways.

Other addressing modes are used when string operations must be performed.

The processor is designed to access I/O ports, as well as memory locations. When
port addressing is used, the address bus contains the address of an I/O port instead of a
memory location. 1/0 ports may be accessed two different ways. The port may be specified
in the operand field, as in:

IN AL, 80H
or indirectly, via the address contained in register DX:
OUT DX,AL

Using DX allows a port range from 0000 to FFFF, or 65,536 individual [/O port locations.
Only 256 (00 to FF) ports are allowed when the port address is included as an immediate
operand.

All of these addressing modes will be covered again in detail in Chapter 3.

32-Bit Addressing Modes

The Pentium architecture supports an additional method of generating addresses, espe-
cially designed to take advantage of protected-mode operation. In protected mode, ad-
dresses are 32 bits wide, spanning a 4-gigabyte range. The 32-bit addresses are generated
as indicated in Figure 2.7.

As usual, a segment register is used as part of the address calculation. Unlike real-mode
addressing, any general purpose register may be used as a base register or index register. The
only exception is ESP, which can be used as a base register but not an index register.

A scale factor is also included to multiply the contents of the index register by 1, 2, 4,
or 8. This is very useful when dealing with arrays of data composed of bytes, words, double-
words, or guad-words. The MOV instruction shown in Figure 2.7 multiplies index register
ECX by a scale factor of four.

Though designed for protected-mode applications, the 32-bit addressing modes may
be used while running in real mode by using an address size prefix byte before the in-
struction that uses the 32-bit addressing mode. This is illustrated in Example 2.2.
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FIGURE 2.7 Generatinga
32-bit address

{EAX EBX ECX EDX
EBP ESI EDI ESP

{EAX EBX ECX EDX
EBP ESI EDI

B ( None
8-bit
32-hit

Effective l
address Ex: MOV EAX|[EBX]ECX *4 + 6]

bt

Base Index Scale

Displacement

W EXAMPLE 2.2  Examine the following portion of a list file for a real-mode program with instructions using
32-bit registers or addressing modes:

0010 B4 09 MOV AH, S

0012 BD 16 0000 R LEA DX, TABLE

001le CD 21 INT 21H

0018 B4 0% MOV AH, S

001& &6 BD 1E 0000 R LEA EBX, TABLE

O01F 66 Ba Q0000002 + MOV EDX, 2

0025 67 8D 14 53 LEA DX, [EBX] [EDX*4]
0028 CD 21 INT 21H

The second LEA instruction and the following MOV instruction both contain extended reg-
isters in their operand fields. Because real-mode code is being generated, the default regis-
ter size is 16 bits. Thus, the operand size prefix byte 66H is used prior to the code for the
LEA and MOV instructions to switch to 32-bit mode.

In a similar fashion, the address size prefix byte 67H is used before the third LEA in-
struction to allow processing of the 32-bit addressing mode specified by EBX, EDX, and
the scale factor. As with the operand size prefix, the address size prefix works for a single
instruction only and must precede all instructions that utilize 32-bit addressing. H
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2.8

INTERRUPTS

A hardware interrupt is an event that occurs while the processor is executing an instruction.
The instruction might be part of a group of instructions in a main program, such as a word
processing application. The interrupt temporarily suspends execution of the main program
in favor of a special routine that services the interrupt. When interrupt processing is com-
plete, the processor is returned back to the exact place in the main program where it left off.
For example, a timer interrupt might occur while the word processing application is in the
middle of a spell-checking procedure. Spell checking is suspended and the timer interrupt
service routine takes over. The routine might simply increment the seconds counter on the
time-of-day clock. When the interrupt is finished, spell checking resumes,

Let us take a look at how interrupts are implemented by the 80x86 and how one par-
ticular interrupt is used to control the computer when DOS is running,

Hardware and Software Interrupts

The processor is capable of responding to 256 different types of interrupts. These interrupts
are generated in a number of different ways. External hardware interrupts are caused by ac-
tivating the processor’s NMI and INTR signals. NMI is a nonmaskable interrupt and can-
not be ignored by the CPU, INTR is a maskable interrupt that the processor may choose to
ignore dependihg on the state of an internal interrupt enable flag.

Tnternal software interrupts are caused by execution of an INT instruction. INT is fol-
lowed by an interrupt number from 0 to 255, giving the programmer the option of generat-
ing any number of specific interrupts during program execution. Machines based on the
80x86 that contain a software disk operating system (DOS) have very specific functions
assigned to certain interrupts (INT  21H, for example) that allow the user to read the key-
board, write text to the screen, control disk drives, and so forth. Note that the INT instruc-

tion dees not interrupt anything like a hardware interrupt does; it is simply an instruction

executed during normal program flow.

Some interrupts are generated internally by the processor itself, Divide-error is one
example. This interrupt is caused when division by zero is detected in the execution unit
(during execution of the IDIV or DIV instructions). The processor can also generate single-
step interrupts at the end of every instruction if a certain flag called the trap flag is set.
Another internal interrupt is INTO (interrupt on overflow).

The Interrupt Vector Table

All interrupts use a dedicated table in memory for storage of their interrupt service routine
(ISR) starting addresses. The table is called an interrupt vector table (or interrupt pointer
table) and is 1,024 bytes long, enough storage space for 256 4-byte entries. Because an ISR
address occupies 4 bytes of storage, the table holds addresses for all 256 interrupts. Each
ISR address is composed of a 2-byte CS value and a 2-byte instruction peinter address.
Thus, if the table entry for a type-0 interrupt (divide error) were CS:0100 and TP:0400, the
divide error ISR code would have to be located at physical address 01400,

Interrupt processing will be covered in detail in Chapter 5. For now, let us examine
one particularly useful interrupt.

A Brief Look at DOS Interrupt 21H

One of the most useful DOS interrupts is number 21H. This interrupt was chosen as the
entry point into DOS for programmers writing their own DOS applications. Although there



2.9 THE 8086: THE FIRST 80x86 MACHINE 41

are many other interrupts assigned to specific functions by DOS, INT 21H is loaded with
so many different functions we rarely need to use others,

1t is possible to use DEBUG to determine where the code for DOS’s INT  21H rou-
tine (or any other interrupt) is located. Because each interrupt vector (CS:IP) requires
4 bytes, the offset into memory for INT 21H’s vector is four times 21H, or address
00084H. The following DEBUG session uses this address to find out where the ISR for
INT 21H is located:

C> debug

-4 0:80 L 10

Q000:0080 94 10 16 01 B4 16 26 07-4F (03 FB 0A 8A 03 FB 0A

“gq

The CS:IP addresses for INT 21H are shown in bold. In this example, CS = 0726H and

IP = 16B4H (remember that words are byte-swapped). This gives a 20-bit memory address

of 08914H. To examine the actual instructions within the INT 21H service routine, use

DEBUG’s unassemble command with the CS:IP addresses shown (e.g., —u 726:16b4),
The way INT 21H is used is simply a matter of loading specific registers with data

and issuing an INT  21H. For example, to read the computer’s time we use the following

two instructions:

MOV AH,2CH ;get system time function number
INT 21H ;DOS call

DOS will return ihe time as follows:
CH = hours
CL = minutes
DH = seconds
DL = 100ths of seconds

Many of the programs we will examine in later chapters use INT  21H and other interrupts.

| 2.9 THE 8086: THE FIRST 80x86 MACHINE

This section and those that follow describe the historical evolution of the 80x86 family.
This is done to gain an appreciation for the improvements that have been made to the
80x86 architecture prior to the design of the Pentium, We begin with the 8086.

The 8086 microprocessor is a 16-bit machine with a 16-bit data bus and a 20-bit
address bus. This allows for 2%°, or IMB of addressing space. The instruction set and ad-
dressing modes presented in this chapter first became available with the 8086, which oper-
ates in one mode only: real mode. Every processor in the 80x86 family to come after the
8086 supports the initial instruction set,

‘When the 8086 is reset (or first turned on), the processor fetches its first instruction
from address FFFFOH. On the PC, this address points te boot instructions in the mother-
board’s system ROM, which begins the process of booting DOS. All of the 80x86 ma-
chines, even the Pentium, follow this mechanism when reset.

A slightly reengineered version of the 8086 was the 8088 microprocessor, which is
similar to the 8086 except for the use of an external data bus that is only 8 bits wide. This
forces the 8088 to access memory twice as often as the 8086, resulting in a significant
performance penalty in terms of execution speed. Both the 8086 and the 8088 were used in
the first PCs to hit the market.
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Figure 2.8 compares the pin assignments of the 8088 with those of the 8086. As you
can see, the majority of the pins are the same for both processors, Differences exist on ad-
dress lines Ag through A,s. On the 8088, these lines are merely address lines. On the 8086,
these are multiplexed address/data lines ADg through AD;s. These lines carry Ag through

(HIGH)
(RQ/GTO) (RQ/GTO)
(RQ/GT1) (RQ/GTI)
(LOCK) (LOCK)
(82) (82)

1) SN

(30) (s0)
(QS0) (QS0)
QsD . Qs1)

Note: () denotes a MAX mode signal
FIGURE 2.8 8088 and B086 pin assignments
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A5 during certain times, and Dy through D5 during others. This is where the other half of
the 16-bit data bus comes in. The 8086 is capable of reading or writing 16-bits of data at
once and for that reason has a slight speed advantage over the 8088.

Internally, both processors are almost identical. Any program written for the 8088
will run without change on the 8086, and vice versa. This means that the instruction sets of
both machines are identical. The 8-bit version was a popular choice among manufacturers
of personal computers and is therefore featured in this text, but keep in mind that much of
what will be said about the 8088 also applies to the 8086.

Both processors have the capability of operating in minimum meode or maximum
meode. Both modes have different ways of dealing with the external buses; thus we see
(again in Figure 2.8) that some pins on the processors have two functions. For example, pin
29 on both machines is WR in minimum mode, and LOCK in maximum mode. The use of
maximum mode requires some additional hardware outside the CPU to generate bus con-
trol signals. A minimum mode system requires a minimum of external hardware to imple-
ment a system.

It is useful to understand that the 8088 and 8086 are not two entirely different mi-
croprocessors. You may wish to think of the 8088 as an 8086 on the inside, with an 8-bit
data bus on the outside,

A souped-up version of the 8086, called the 80186, contained special hardware such
as programmable timers, counters, interrupt controllers, and address decoders. The 80186
was never used in the PC, but was ideal for custom systems that required a minimum of
hardware.

210 A SUMMARY OF THE 80286

The next major improvement in Intel’s line of microprocessors was the 80286 High-
Performance Microprocessor with Memory Management and Protection™. The 80286 does
not contain the internal DMA controllers, timers, and other enhancements of the 80186, In-
stead, the 80286 concentrates on the features needed to implement multitasking, an operat-
ing system environment that allows many programs or tasks to run seemingly simultane-
ously by allocating each program or task a small slice of time to execute, taking turns with
time slices from all the other tasks. In fact, the 80286 was designed with multitasking in
mind. A 24-bit address bus gives the processor the capability of accessing 16MB of storage,
The internal memeory management feature increases the storage space to 1 gigabyte of vir-
tual address space. That’s over 1 billion locations of virtual memory! Virtual addressing is a
_. concept that has gained much popularity in the computing industry. Virtual memory allows
g a large program to execute in a smaller physical memory. For example, if a system using the
: 80286 contained 8MB of RAM, memory management and virtual addressing permits the
system to run a program containing 12MB of code and data, or even multiple programs in a
multitasking environment, all of which may be larger than 8MB,

To implement the complicated addressing functions required by virtnal addressing,
the 80286 has an entire functional unit dedicated to address generation, This unit is called
the address unit. It provides two modes of addressing: 8086 real address mode and
protected virtual address mode. The 8086 real address mode is used whenever an 8086
program executes on the 80286. The 1MB addressing space of the 8086 is simulated on the
80286 by the use of the lower 20 address lines. Processor registers and instructions are
totally backward-compatible with the 8086.




44

GHAPTER 2 AN INTRODUCTION TO THE B0x86 MICROPROCESSOR FAMILY

Protected virtual address mode uses the full power of the 80286, providing memory
management, additional instructions, and protection features, while at the same time re-
taining the ability to execute 8086 code. The processor switches from 8086 real address
meode to protected mode when a special instruction sets the protection enable bit in the ma-
chine’s status word. Addressing is more complicated in protected mode and is accom-
plished through the use of segment descriptors stored in memory. The segment descriptor
is the device that really makes it pessible for an operating system to control and protect
memory. Certain bits within the segment descriptor are used to grant or deny access to
memory in certain ways. A section of memory may be write protected or made to execute
only by the setting of proper bits in the access rights byte of the descriptor, Other bits are
used to control how the segment is mapped into virtual memory space and whether the de-
scriptor is for a code segment or a data segment. Special descriptors, called gate descrip-
tors, are used for other functions. Four types of gate descriptors are call gates, task gates,
interrupt gates, and trap gates. They are used to change privilege levels (there are four),
switch tasks, and specify interrupt service routines,

The instruction set of the 80286 is identical to that of the 8086, with additional in-
structions thrown in to handle the new features, Many of the instructions are used to load
and store the different types of descriptors found in the 80286. Other instructions are used
to manipulate task registers, change privilege levels, adjust the machine status word, and
verify read/write accesses. Clearly, the 80286 differs greatly from the 8086 in the services
it offers, Whilv:r at the same time filling a great need for designers of operating systems.

2.1

A SUMMARY OF THE 80386

Intel continued its upward-compatible trend with the introduction of the 386 High Perfor-
mance 32-bit CHMOS Microprocessor with Integrated Memory Management™. Software
written for the 8088, 8086, 80186, and 80286 will also run on the 386. A 132-pin Grid
Array™ package houses the 386, which offers a fuil 32-bit data bus and 32-bit address bus.
The address bus is capable of accessing over 4 gigabytes of physical memory. Virtual
addressing pushes this to over 64 trillion bytes of storage.

The register set of the 386 is compatible with earlier models, including all general
purpose registers plus the segment registers. Although the general purpose registers are
16 bits wide on all earlier machines, they were extended to 32 bits on the 386. Their new
names are EAX, EBX, ECX, and so on. Two additional 16-bit data segment registers are
included, FS and GS. Like the 80286, the 386 has two modes of operation: real mode and
protected mode. When in real mode, segments have a maximum size of 64KB. When
in protected mode, a segment may be as large as the entire physical addressing space of
4 gigabytes. The new extended flags register contains statns information concerning privi-
lege levels, virtual mode operation, and other flags concerned with protected mode. The
386 also contains three 32-bit control registers. The first, machine controi register, contains
the machine status word and additional bits dealing with the coprocessor, paging, and pro-
tected mode. The second, page fault linear address, is used to store the 32-bit address that
caused the last page fault. In a virtual memory environment, physical memory is divided
up into a number of fixed size pages. Each page will, at some time, be loaded with a por-
tion of an executing program or other type of data. When the processor determines that a
page it needs to use has not been loaded into memory, a page fault is generated. The page
fault instructs the processor to load the missing page into memory. Ideally, a low page-fault
rate is desired.
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The third control register, page directory base address, stores the physical memory
address of the beginning of the page directory table. This tabie is up to 4KB in length and
may contain up to 1024 page directory entries, each of which points to another page table
area, whose information is used to generate a physical address.

The segment descriptors used in the 80286 are also used in the 386, as are the gate
descriptors and the four levels of privilege. Thus, the 386 functions much the same as the
80286, except for the increase in physical memory space and the enhancements involving
page handling in the virtual environment,

The computing power of each of the processors that have been presented can be
augmented with the addition of a floating-point coprocessor. All sorts of mathematical op-
erations can be performed with the coprocessors with 80-bit binary precision. The 8087 co-
processor is designed for use with the 8088 and 8086, the 80287 with the 80286, and the
80387 with the 386.

2.12 A SUMMARY OF THE 80486

This processor is the next in Intel’s upward-compatible 80x86 architecture. Surprisingly,
there are only a few differences between the 80486 and the B0386, but these differences
create a significant performance improvement.

Like the 80386, the 80486 is a 32-bit machine containing the same register set as the
80386 and all of the 80386’s instruction set with a few additional instructions. The 80486
has a similar 4-gigabyte addressing space using the same addressing features.

The first improvement over the 80386 is the addition of an 8KB cache memory. A
cache is a very high-speed memory, with an access time usually ten times faster than that
of conventional RAM used for external processor memory. The 80486°s internal cache is
used to store both instructions and data. Whenever the processor needs to access memory,
it will first look in the cache for it. If the data is found in the cache, they are read out much
faster than if they had to come from external RAM or EPROM. This is known as a cache
hit. If the data is not found in the cache, the processor must then access the slower external
memory. This is called a cache miss. The processor tries to keep the cache’s hit ratio as
high as possible. Consider the following example:

RAM Access Time = 70 ns
Cache Access Time = 10 ns
Hit Ratio = (0.85
Average Memory Access Time = .85 X (10 ns) Hit

+ {1 — 0.85) X (10 ns + 70 ns) Miss
= 20.5 ns

The average memory access time for a hit ratio of 0.835 is less than 21 ns! This is due to the
following reasoning; If data is found in the cache (85% of the time), the access time is only
10 ns. If data is not found (15% of the time), the access time equals 80 ns (the cache access
time plus the RAM access time), because the processor had to read the cache to find out the
data was not there.

If you consider that a large portion of a program (or even an entire program) might
fit within the 8KB cache, you will agree that the program will execute very quickly,
because maost instruction fetches will be for code already in the cache. This architectural
improvement significantly increases the processing speed of the 80486, Some of the new
80486 instructions are included to help maintain the cache.
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The 80486 has two other improvements. Although it executes the same instruction
set as the 80386, the 80486 does so with a redesigned internal architecture. This new de-
sign allows many 80486 instructions to execute with fewer clock cycles than those required
by the 80386. This reduction in clock cycles adds additional speed to the 80486°s execu-
tion. Also, the 80486 comes with an on-chip math coprocessor or FPU (floating-point unit).
You might recall that the 80386 can be connected to an external 80387 math coprocessor to
enhance performance. The 80486 has the equivalent of an 80387 built right inte it! And be-
cause the FPU is closer to the CPU, data is transferred quicker, which leads to another per-
formance boost. The two versions of the 80486 are the 80486 SX and the 80486 DX. The
80486 SX has its internal FPU disabled. The 80486 DX has its FPU enabled.

Although the 80386 and 80486 share many similarities, the 80486's differences cre-
ate a much more powerful processor.

2.13 A SUMMARY OF THE PENTIUM

The Pentium will run all programs written for any machine in the 80x86 line, though it does
so at speeds many times that of the fastest 80486 (from 60 MHz up te 233 MHz). And the
Pentium does so with a radically new architecture!

There are two major computer architectures in use: CISC and RISC. CISC stands for
Complex Instruction Set Computer. RISC stands for Reduced Instruction Set Computer. All
of the 80x86 machines prior to the Pentium can be considered CISC machines. The Pentium
itself is a mixture of both CISC and RISC technologies. The CISC aspect of the Pentium
provides for upward compatibility with the other 80x86 architectures. The RISC aspects
lead to additional performance improvements. Some of these improvements are separate
8KB data and instruction caches, dual integer pipelines, and branch prediction.

As Figure 2.9 shows, the Pentium processor is a complex machine with many inter-
locking parts, At the heart of the precessor are the two integer pipelines, the U pipeline and
the V pipeline. These pipelines are responsible for executing 80x86 instructions. A floating-
point unit is included on the chip to execute instructions previously handled by the external
80x87 math coprocessors. During execution, the U and V pipelines are capable of execut-
ing two integer instructions at the same time, under special conditions, or one floating-
point instruction.

The Pentivm communicates with the outside world via a 32-bit address bus and a
64-bit data bus. The bus unit is capable of performing burst read and writes of 32 bytes
to memory, and through bus cycle pipelining, allows two bus cycles to be in progress
simultaneously.

An 8KB instruction cache is used to provide quick access to frequently used instruc-
tions. When an instruction is not féund in the instruction cache, it is read from the external
data bus and a copy placed into the instruction cache for future references. The branch tar-
get buffer and prefetch buffers work together with the instruction cache to fetch instruc-
tions as fast as possible. The prefetch buffers maintain a copy of the next 32 bytes of
prefetched instruction code and can be loaded from the cache in a single clock cycle, due
to the 256-bit-wide data output of the instruction cache.

The Pentium uses a technique called branch prediction to maintain a steady flow of
instructions into the pipelines. To support branch prediction, the branch target buffer main-
tains a copy of instructions in a different part of the program located at an address cailed
the branch target. For example, the branch target of a CALL XYZ instruction is the address
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of the subroutine XYZ, Certain instructions, such as CALL, may cause the processor to
jump to an entirely different program location, instead of simply proceeding to the instruc-
tion in the next location. So, just in case the code from the target address is needed, the
branch target buffer maintains a copy of it and feeds it to the instruction cache.
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A separate 8KB data cache stores a copy of the most frequently accessed memory
data. Because memory accesses are significantly longer than processor clock cycles, it pays
to keep a copy of memory data in a fast-reading cache. The data and instruction caches may
both be enabled/disabled with hardware or software, Both also employ the use of a trans-
lation lookaside buffer, which converts logical addresses into physical addresses when vir-
tual memory is employed.

The floating-point unit of the Pentium maintains a set of floating-point registers and
provides 80-bit precision when performing high-speed math operations. This unit has been
completely redesigned from the one used inside the 80486 and is also pipelined. The floating-
point unit uses hardware in the U and V pipelines to perform the initial work during a
floating-point instruction (such as fetching a 64-bit operand), and then uses its own pipeline
to complete the operation. Because both integer pipelines are used, only one floating-point
instruction may be executed at a time, i

Altogether, the Pentium processor includes many features designed to increase per-
formance over earlier 80x86 machines. This was possible by blending CISC and RISC
technology together. The benefit to programmers is that all Intel processors from the 8086
up, including the Pentium, run the same basic instruction set, which we will leam about be-
ginning in the next chapter, but they do it faster and faster. In Chapter 15, we will examine
the improvements made to the Pentium’s architecture with looks at the Pentium II, III, and
IV CPUs, among others.

2.14  TROUBLESHOOTING TECHNIQUES

A great amount of material was presented in this chapter regarding the Intel 80x86 archi-
tecture. It would be helpful to really commit some of the most basic material about the
80x86 to memory. At a minimum, you should be able to do the following without much
thought:

. Name all of the processor registers, their bit sizes, and whether they can be split into
8-bit halves.

. Be familiar with several architectural features, such as the processor’s addressing
space {1MB in real mode), interrupt mechanism, and 1/Q mechanism.

. Show what is meant by Intel byte-swapping (little-endian format).

. List the names and meanings of the most common flags, such as zero, carry, and sign.

. Describe the method used to form a 20-bit address in real mode (combining a seg-
ment register with an offset).

. Show how an instruction is composed of an operation, a set of operands, and a par-
ticular addressing mode.

Knowing these basics thoroughly will assist you in mastering the 80x86 instruction set that
we will examine in Chapters 3 and 4.

SUMMARY

This chapter has taken an introductory look at the 80x86 family of upward-compatible mi-
croprocessors. The software model of the 80x86 was examined first, showing all the 16-bit
general purpose registers (AX, BX, CX, DX, SI, DI, and BP) and the four 16-bit segment
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registers (CS, DS, 8§, and ES), as well as the 32-bit extended registers beginning with
the 80386.

Although 80x86 real mode contains only 16-bit registers, its architecture allows the
generation of 20-bit physical addresses, giving the processor a 1-megabyte addressing
space. One of the segment registers is always involved in a memory access. The general
purpose registers were shown to have specific tasks assigned to them by default, such as the
use of AX in multiply and divide operations. Techniques to use 32-bit registers and ad-
dressing modes were also demonstrated. _

A technique called Intel byte-swapping was also introduced, which accounts for the
way a 16-bit number is stored in memory (low byte first). This technique is rarely seen on
other microprocessors.

The entire instruction set was presented to give you a feel for the type of operations
the 80x86 is capable of performing. This discussion was followed by a brief explanation of
what a segment is, and what addressing modes are available. Some examples were shown
to illustrate the use of different addressing modes. This was followed by an explanation of
the processor’s interrupt structure, and a summary of the entire 80x86 family.

In the next chapter we will take a detailed look at the software operation of the
80x86.

STUDY QUESTIONS

—

. Name all of the general purpose registers and some of their special functions.

. How are the segment registers used to form a 20-bit address?

3. (a) If CS contains 03EOH and IP contains 1F20H, from what address is the next
instruction fetched?

(b) If S8 contains G400H and SP contains 3FFEH, where is the top of the stack
located?

(c) If a data segment begins at address 24000H, what is the address of the last location
in the segment?

Explain what the instruction and data caches are used for.

Are the U and V pipelines identical in operation?

{a) Show the DB statement needed to define a list of numbers called FACTORS that
contains all the integer factors of the decimal value 50.

(b) Show how a DW statement can be written to reserve 250 words of the value 7.

. What is a segment?

8. Two memory locations, beginning at address 3000H, contain the bytes 34H and 12H.

What is the word stored at location 3000H? See Figure 2.10 for details.

[\
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~}

FIGURE 2.10 For Question 8
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15,
16.
17.
18.
19.
20,
21,
22,
23
- Compare two 386 systems, one containing 512KB of RAM, the second containing

25.
26.
27.
28.

29.
. Compute the average memory access time from the following information:

31,
32,

. What is Intel byte-swapping?
10.
11
12.
13,
14,

Count the number of different instructions available. How many are there?
How many addressing modes are provided?

What is a physical address?

Why is register addressing so fast?

What do square brackets mean when they appear in an operand {e.g.. MOV AX,
[30001)?

What is the difference between MOV AX,1000H and MOV AX,[1000H]?
How does port addressing differ from memory addressing?

What is an interrupt?

Name one instruction that can cause an interrupt.

How many interrupts does the 80x86 support?

‘What are some of the differences between real mode and protected mode?

List the important features of the 80286.
What is one advantage of virtual memory?
What is a page fault?

4 megabytes. How would the number of page faults compare when:

(a) a220KB application is executed on both machines?

(b) a 6-megabyte application is executed on both machines?

Which has the greater effect on the number of page faults physical memory size or the
size of the program being executed?

Why would we resist building a complete physical memory for the 3867 Does the rea-
son apply to the 80867

Why would anyone possibly need 4.3 billion bytes for a program? Can you think of
any applications that may require this much memory?

List three differences between the 80286 and the 80386.

List three differences between the 80386 and the 80486,

RAM Access Time = 80 ns
Cache Access Time = 10 ns
Hit Ratio = 0.92

‘What makes the Pentium so different from other 80x86 CPUs?
Use DEBUG to find the address of INT  21H on your DOS machine.

£
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CHAPTER 3

80x86 Instructions, Part 1: Addressing
Modes, Flags, Data Transfer, and String
Instructions

OBJECTIVES

In this chapter you will learn about:

. The style of source files written in 80x86 assembly language
. The different addressing modes of the 80x86

. The operation and use of the processor flags

. Data transfer and string instructions

KEY TERMS

Assembler Linker Segment

Condition code List file Segment override prefix
Cross-assembler Leader Sign bit

Direction fiag Machine code Source file

Effective address Module Stack

Flag Object file Zero flag

Immediate data Pseudo-opcode

Library Repeat prefix

3.1 INTRODUCTION

This chapter introduces you to the first part of the instruction set of the 80x86 micro-
processor family, and the ways that different addressing modes and data types can be used
to make the instructions do the most work for you. The combination of instructions and
addressing modes found in the 80x86 makes the job of writing code much easier and more
efficient than before. In this chapter we will examine the various addressing modes, flags,
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and conventions used when representing data. We will take a detailed took at the data trans-
fer and string instructions, leaving the remainder of the instruction set for Chapter 4,

Section 3.2 introduces the conventions followed when writing 80x86 assembly
language source code. Section 3.3 explains the different instruction types available; this is
followed by coverage of the 80x86's addressing modes in Section 3.4. Processor flags are
detailed in Section 3.5 to set the stage for the first two instruction groups, data transfer
and string instructions, which are presented in Sections 3.6 and 3.7, respectively. Trou-
bleshooting techniques are presented in Section 3.8.

3.2 ASSEMBLY LANGUAGE PROGRAMMING

Program execution in any microprocessor system consists of fetching binary information
from memory and decoding that information to determine the instruction represented. The
information in memory may have been programmed into an EPROM or downloaded from
a separate system. But where did the program come from and how was it written? As
humans, we have trouble handling many pieces of information simultaneously and thus
have difficulty writing programs directly in machine code, the binary language understood
by the microprocéssor. It is much easier for us to remember the mnemonic SUB  AX,AX
than the corresponding machine code 2BC0. For this reason, we write source files con-
taining all the instruction mnemonics needed to execute a program, The source file is
converted into an object file, containing the actual binary information the machine will un-
derstand, by a special program called an assembler. Some assemblers allow the entire
source file to be written and assembled at one time. Other assemblers, called single-line as-
semblers, work with one source line at a time and are restricted in operation. The DEBUG
utility that comes with DOS and Windows contains a built-in, single-line assembler.

The assembler discussed here is not a single-line assembler. Instead it is a cross-
assembler. Cross-assemblers are programs written in one language, such as C, that trans-
late source statements into a second language: the machine code of the desired processor.
Figure 3.1 shows this translation process. The source file in the example, TOTAL.ASM,
is presented as input to the assembler. The assembler will convert all source statements
into the correct binary codes and place these into the object file TOTAL.OBJ. Usually, the
object file contains additional information concerning program relocation and external

FIGURE 3.1 Source program
assembly

Source file
(TOTAL ASM)

Object file List file
(TOTAL.OBJ) (TOTAL.LST)
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references, and thus is not yet ready to be loaded into memory and executed. A second file
created by the assembler is the list file, TOTAL.LST, which contains all the original
source file text plus the additional code generated by the assembler. The list file may be
displayed on the screen, or printed. The object file may not be printed or displayed, since
it is just code. '

A Sample Source File

Let us look at a sample source file, a subrouting designed to find the sum of 16 bytes stored
in memory. It is not important at this time that you understand what each instruction does.
We are simply trying to get a feel for what a source file might look like and what conven-
tions to follow when we write our own programs.

ORG  BOOOH

TOTAL: MOV A¥,7000H ;load address of data area
MOV DS,AhX ;init data segment register
MOV AL, 0O ;clear result
MOV BL, 16 ;init loop counter
MOV 81,0 ;init data pointer

ADDUP: ADD AL, [S8TI] ;add data wvalue to result
INC ST sincrement data pointer
DEC BL ;decrement loop counter
JNZ  ADDUF ;jump if counter not zerc
MOV [S8I],AL ;save sum
RET ;and return
END

The first line of source code contains a command that instructs the assembler to load its
program counter with 8000H. The ORG (for origin) command is known as an assembler
pseudo-opcode, a fancy name for a mnemonic that is understood by the assembler but not
by the microprocessor. ORG does not generate any source code; it merely sets the value
of the assembler’s program counter. This is important when a section of code must be
loaded at a particular place in memory. The ORG statement is a good way to generate in-
structions that will access the proper memory locations when the program is loaded into
memory.

Hexadecimal numbers are followed by the letter H to distinguish them from decimal
numbers. This is necessary since 8000 decimal and 8000 hexadecimal differ greatly in
magnitude. For the assembler to tell them apart, we need a symbol that shows the differ-
ence. Some assemblers use $8000; others use &HS8000. It is really a matter of which soft-
ware you purchase. All examples in this book will use the 8000H form.

The second source line contains the major components normally used in a source
statement. The label TOTAL is used to point to the address of the first instruction in the
subroutine, ADDUP is also a label. Single-line assemblers do not allow the use of labels,

The opcode is represented by MOV and the operand field by AX,7000H. The order
of the operands is <destination>, <source>, This indicates that 7000H is being MOVed into
AX. So far we have three fields: label, opcode, and operand. The fourth field, if it is used,
usually contains a comment explaining what the instruction is doing. Comments are
preceded by a semicolon {;) to separate them from the operand field. In writing source
code, you should follow the four-column approach. This will result in a more understand-
able source file.

The final pseudo-opcode in most source files is END. The END statement informs
the assembler that it has reached the end of the source file. This is important, because many
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assemblers usually perform two passes over the source file. The first pass is used to deter-
mine the lengths of all instructions and data areas and to assign values to all symbols
(labels) encountered. The second pass completes the assembly process by generating the
machine code for all instructions, usually with the help of the symbol tabie created in the
first pass. The second pass also creates and writes information to the list and object files,
The list file for our example subroutine looks like this:

1 8000 ORG 8000H

2 8000 B8 0ov0 TOTAL: MOV AX,7000H
3 8003 8E D8 MOV D3, aX

4 8005 BO a0 MOV AL, O

5 8007 B3 10 MOV BL, 16

6 8009 BE a000 MOV 81,0

7 800C 02 . 04 ADDUP: ADD AL, {8T]
8 800 46 INC SI

) 800F FE CB DEC BL

10 8011 75 FS JNZ ADDUP
11 8013 g8 04 MOV [81],AL
12 8015 CB RET

13 END

Normally the comments would follow the instructions, but they have been removed for the
purposes of this discussion. '

The first coiumn of numbers represents the original source line number.

The second column of numbers represents the memory addresses of each instruction.
Notice that the first address matches the one specified by the ORG statement. Also notice
that the ORG statement does not generate any code.

The third column of numbers is the machine code generated by the assembler. The
machine codes are intermixed with data and address values. For example, B8 00 70 in line
2 represents the instruction MOV AX,7000H, with the MOV instruction coded as B8 and
the immediate word 7000H coded in byte-swapped form as 00 70. In line 3, the machine
codes 8E D8 represent MOV DS, AX. Neither of these 2 bytes are data or address values,
as they were in line 2. Look for other data values in the instructions on lines 4 through 6.
Line 5 makes an important point: the assembler will convert decimal numbers into
hexadecimal (the 16 in the operand field has been converted into 10 in the machine code
column).

Finally, another look at the list file shows that there are 1-, 2-, and 3-byte instructions
present in the machine code. When an address or data value is used in an instruction,
chances are good that you will end up with a 2- or 3-byte instruction (or possibly even
more).

Following the code on each line is the text of the original source line. Having all of
this information available is very helpful during the debugging process.

Assembier Directives ORG, SEGMENT, ENDS, ASSUME, and END

The actual form of an 80x86 source file is much more complicated than the simple exam-
ple we have just examined. When writing 80x86 source files, we separate code areas from
data areas. We may even have a separate area reserved for the stack. The new source file for
TOTAL, which includes separate arcas called sepments, contains many new pseudocodes
to help the assembler generate the correct machine code for the object file.
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87

DATA SEGMENT PARA 'DATAC
ORG 7000H
POINTS LB 16 DUP(?} ;save room for 16 data hytes
S5UM DB ? ;save room for result
DATA ENDS
CODE SEGMENT PARA ‘CODE’
ASSUME CS:CODE,DS;:;DATA
ORG 8000H
TOTAL: MOV AX,DATA 11lvad address of data segment
MOV Dg,AX ;init data segment register
MOV AL, 0 jclear result
MOV BL, 16 yinit loop counter
LEA SI, POINTS yinit data pointer
ADDUP: ADD AL, [8I] ;add data value to result
INC 81 ;increment data pointer
DEC BL ;decrement lcop counter
JNZ ADDUP ;jump if counter not zero
MOV SUM, AL isave sum
RET ;and return
CODE ENDS
END TOTAL

In this new source file we use a DATA segment and a CODE segment. These areas are
defined by the SEGMENT pseudocode and terminated by ENDS (for end segment). Note
that the SEGMENT assembler directive does nor affect the value in any segment register.
The TOTAL subroutine is placed inside the CODE segment. In the DATA segment,
16 bytes of storage are reserved with the DB 16 DUP(?) instruction. DB stands for define
byte, and DUP for duplicate. The ? means we do not know what value to put into memory
and is a way of telling the assembler that we do not care what byte values are used in the
reserved data area, We could easily use DB 16 DUP(0) to place 16 zeros into the reserved
area, Words can also be defined/reserved in a similar fashion, using, for example, DW 8
DUPF(0) or DW 8 DUP(?). The ORG 7000H statement teils the assembler where to put
the data areas. It is not necessary for this ORG value to be smaller than the ORG of the sub-
routine. ORG  87COH would have also worked in place of ORG  7000H. It is all a func-
tion of where RAM exists in your system.

The addition of the TOTAL label in the END statement informs the assembler that
TOTAL, not SUM, is the starting execution address. This information is also included in
the object file.

Most assemblers now accept simplified segment directives and automatically gener-
ate the necessary code to manage segments, The TOTAL source file, rewritten with simphi-
fied segment directives, now looks like this:

.MODEL SMALL
.DATA
ORG 7000H
POINTS DB 16 DUP(?} ;save room for 16 data bytes
SUM DB ? ;save room for result
.CODE
ORG 8000H
TQTAL: MOV A¥X,7000H ;load address of data area
MOV DS, AX ;init data segment register
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MOV AL, O ;clear result
MOV BL, 16 ' ;init loep counter
LEA SI, POINTS ;init data pointer

ADDUP: ADD AL, [SI] ;radd data value to result
INC 2o ;increment data pointer
DEC BL ;decrement loop counter
JNZ ADDUP ;jump if counter not zero
MOV SUM, AL ;save =um
RET ;and return
END TOTAL

The first directive, MODEL, instructs the assembler that the type of program being created
falls into a category called SMALL. Small programs are programs that contain one code
segment and one data segment. All of the programs in this book are small programs. Other
maodels allow for multiple code segments, multiple data segments, or both, as indicated in
Table 3.1.

The .DATA directive indicates the beginning of a data segment. There is no need to
indicate the end of the data segment. This is automatically assumed when the .CODE
directive is encountered, which begins the code segment. Clearly, it is easier for the pro-
grammer to use these simplified segment directives, rather than get bogged down with the
minute details of assembler syntax. The remaining programs in the book will utilize
simplified segment directives.

When a large program must be written by a team of people, each person will be as-
signed a few subroutines to write. They must all assemble and test their individual sections
1o ensure the code execuies correctly. When all portions of the program (called modules,
after a technique called modular programming) are assembled and tested, their object files
are combined into one large object file via a program called a linker. Figure 3.2 represents
this process. The linker examines each object file, determining its length in bytes, its proper
place in the final object file, and what modifications should be made to it.

In addition, a special collection of object files is sometimes available in a library file.
The library may contain often-used subroutines or patches of code. Instead of continuously
reproducing these code segments in a source file, a special pseudocode is used to instruct
the assembler that the code must be brought in at a later time (by the linker). This helps
keep the size of the source file down and promotes quicker writing of programs.

When the linker is through, the final code is written to a file called the load module.
Another program called a loader takes care of loading the program into memory. Usually
the linker and loader are combined into a single program called a link-loader.

TABLE 3.1 Predefined .MODEL types

Data Code
Memory Model Segments Segments Special Features
TINY one one Only used for .COM Tile.
CS and DS combined.
SMALL ohe one Smallest .EXE file model.
MEDIUM one multiple
COMPACT multiple one
LARGE multiple multiple
HUGE multiple multipla Uses normalized addresses.

FLAT one one - 32-bit addressing.
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FIGURE 3.2 Linking multiple Object files
object files together

Final object file or
executable file

So, writing the source file is actually only the first step in a long process. But even be-
fore a source file can be written, the programmer must understand the instructions that will be
used in the source file. The remaining sections will begin coverage of this important topic.

3.3 INSTRUCTION TYPES

For purposes of discussion in this section, the instruction set of the 80x86 microprocessor
is divided into seven different groups:

. Data transfer

. Strings

. Arithmetic

. Bit manipulation

. Loops and jumps

. Subroutine and interrupt
. Processor control

~F h L e L

The data transfer group contains instructions that transfer data from memory to reg-
ister, register to register, and register to memory. Instructions that perform /O are also
included in this group. Data may be 8, 16, or 32 bits in length, and all of the processors reg-
isters may be used (including the stack pointer and flag register).

The next group deals with strings. A string is simply a collection of bytes stored
sequentially in memory, whose length can be up to 64KB. Instructions are included in this
group to move, scan, and compare strings.

The arithmetic group provides addition and subtraction of 8-, 16-, and 32-bit values,
signed and unsigned multiplication and division of 8-, 16-, 32-, and 64-bit numbers, and
special instructions for working with BCD and ASCII data.

The bit manipulation group is used to perform AND, OR, XOR (exclusive -OR), and
NOT (1’s complement) operations on 8-, 16-, and 32-bit data contained in registers or
memory, Shift and rotate operations on bytes and words are also included, with single or
multi-bit shifts or rotates possible.

Leops and jumps are contained in the next group. Many different forms of instruc-
tions are available, with each one testing a different condition based on the state of the
processor’s flags. The loop instructions are designed to repeat antomatically, terminating
when certain conditions are met.
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The subroutine and interrupt group contains instructions required to call and return
from subroutines and handle interrupts. The processor stack can be manipulated by a spe-
cial form of the return instruction, and two classes of subroutines, called near and far pro-
cedures, are handled by these instructions. )

The final group of instructions is used to directly control the state of some of the
flags, enable/disable the 80x86 interrupt mechanism, and synchronize the processor with
external peripherals.

Many different addressing modes can be used with most instructions, and, in the next
section, we will examine these addressing modes in detail.

3.4 ADDRESSING MODES

The power of any instruction set is a function of both the types of instructions implemented
and the number of addressing modes available. Suppose that a microprocessor could not
directly manipulate data in a memory location. The data would have to be loaded into a
processor register, manipulated, and written back into memory. If an addressing mode were
available that could directly operate on data in memory, the task could be done more ef-
fectively. In this section, we will examine the many different addressing modes available
in the 80x86 and how each is used. The examples prcsenied make use of the MOV instruc-
tion, which has the following syntax: MOV <destination>,<source. It will be obvious in
the examples what is being accomplished with each MOV instruction, so a detailed
description is not included here. Also, whenever the contents of a memory location or an
address or data register is referred to, assume that the value or address is hexadecimal.

Creating an Effective Address

Chapter 2 introduced the concept of segmented memory, where a segment is a 64KB block
of memory accessed with the aid of one of the six segment registers. Whenever any real-
mode address is generated by the 80x86, the 20-bit value that appears on the processor’s
address bus is formed by some combination of segment register and an additional numeri-
cal offset. This address is referred to as the effective address. Many of the data transfer in-
structions use the data segment register by default when forming an effective address. As
we saw in Chapter 2, instruction fetches generate effective addresses via the addition of the
code segment register and the instruction pointer. Stack operations automatically use the
stack segment register and the stack pointer. Thus, from a programming standpoint, almost
all instructions require proper initialization of a segment register for correct execution and
generation of effective addresses.

One way to initialize a segment register is to first place the desired segment address
into the AX register and then cppy the contents of AX into the corresponding segment reg-
ister. For example, to initialize the data segment register to 1000H, we would use the
following instructions:

MOV AX,1000H
MOV DS, AX

Remember that the direction of data transfer in the operand field is from right to left, so
1000H is MOVed into AX, and then the contents of AX are MOVed into DS, as you can see
in Figure 3.3. (Unfortunately, MOV DS,1000H is an illegal instruction. We are not
allowed to move a numerical value directly into a segment register!)
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FIQURE 3.3 Initializing the data MOV AX, 1000H

segment register _ AH AL
AX| 10 | 00 1000H )
b
MOV DS, AX
DS| 10 | 00 AX| 10 | o0
F 3 + { |

All of the examples used to explain the processor’s addressing modes assume that the
corresponding segment register has already been initialized.

Immediate Addressing

We often use immediate data in the operand field of an instruction. Immediate data repre-
sents a constant that we wish to place somewhere, by MOVing it into a register or a mem-
ory location. In MOV AX,1000H, we are placing the immediate value 1000H into regis-
ter AX. Immediate data is represented by 8-, 16-, or 32-bit numbers that are coded directly
into the instruction. For example, MOV AX,1000H is coded as B8 00 10, and MOV
AL.7 is coded as B0 07. Notice in the first instruction that the 16-bit value 1000H has its
lower byte (00) and its upper byte (10) reversed in the actual machine code. As we saw in
Chapter 2, this technique is commonly referred to as Intel byte-swapping, and it is the way
all 16-bit numbers are stored on Intel CPUs. This technique is also called little-endian for-
mat, because the little end (lower byte) of the two-byte value is stored first.

An important question at this time is “How did the assembler know that the 7 in
MOV AL,7 should be coded as the single byte value 07, and not the 2-byte value 07 00
(in byte-swapped form)?” The answer is that the assembler looked at the size of the other
operand in the instruction (AL). Because AL is the lower half of the AX register, the as-
sembler knows that it may contain only 8 bits of data. Knowing this, do you see why MOV
AL,9C8H would be an illegal instruction? If you cannot answer this question, think about
how many bits are needed to represent the hexadecimal number 9C8. Because 12 bits are
needed, we cannot possibly store 9C8H in the 8-bit AL register.

‘We will now apply this in an example.

B EXAMPLE 3.1

What is the result of MOV CX,77

Solution: Because register CX is specified, the immediate value 7 is coded as the 2-byte
number 00 07. Figure 3.4 shows how this 2-byte number is placed into CX.

FIGURE 3.4 An example MOV CX,7
of immediate addressing CH L

CX| 00 C:'

The machine code for MOV  CX,7is B9 0700. B
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Here are some additional examples of immediate addressing;

MOV AL, 20 ;put 20 decimal into AL
ADD BH,20H ;add 20 hexadecimal te BH
SHL DX,1 ;shift DX left one bit

AND AH,40H ;and AH with 40 hexadecimal
SUB EAX,1 isubtract 1 from EAX
Register Addressing

The operand field of an instruction in many cases will contain one or more of the internal
registers. Register addressing is the name we use to refer to operands that contain one of
these registers. The MOV DS,AX instruction from the previous section is an example of
register addressing, because we are using only processor registers in the operand field. In-
structions of this form often execute very quickly, because they do not require any memory
accesses beyond the initial instruction fetch cycles. The machine code corresponding to
MGV DS§,AX is 8E D8, a 2-byte instruction containing all the information necessary for
the processor to perform the desired operation. DEC DX (decrement the DX register) is
another example of register addressing, and it has 4A as its corresponding machine code.

® EXAMPLE 3.2

If register AX contains the value 1000H and register BL contains 80H, what is the result of
MOV ALBL?

Solution: The contents of the BL register are copied into the AL register, leaving AH
undisturbed. The final value in AX is 1080H. Notice that the contents are copied during the
MOV. MOV can also be interpreted as “make a copy of.” So, when we move data from one
place to another, we actually are just making a second copy of the source data.

The machine code for MOV AL,BLis88D8. H

It is important to note that only the code segment register is needed to execute the instruc-
tions used in Examples 3.1 and 3.2.
Here are some additional examples of register addressing:

PUSH AX ssave copy of AX on stack
ADD BH,CL ;jadd CL to BH, result in BH
XCHG BX,CX jexchange BX and CX

MUL DL ;multiply AL by DL

DIV EBX ;divide EDX:EAX by ERX

Direct Addressing

In this addressing mode, the effective address is formed by the additicn of a segment regis-
ter and a displacement value that is coded directly into the instruction. The displacement is
usually the address of a memory location within a specific segment. One way to refer to a
memory location in the operand field is to surround the memory address with square brack-
ets. The instruction MOV [7000H],AX illustrates this concept. The 7000H is not thought
of as immediate data here, but rather as address 7000H within the segment pointed to by the
DS register. DS is the segment register used by the processor whenever brackets ([ ]) are
used in the operand field (unless we override the use of DS by specifying a different segment
register). A detailed example should serve to explain this addressing mode more clearly.

LA T (LA T N g e D M A
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B EXAMPLE 3.3

What is the result of MOV  [7000H],AX? Assume that the DS register contains 1000H,
and AX contains 1234H. :
Solution: Examine Figure 3.5 very carefully. Remember that when the 80x86 uses a

segment register to form an effective address, it shifts the segment register 4 bits to the left
(turning 1000H into 10000H) and then adds the specified 16-bit displacement (or offset),
Thus, the effective address generated by the processor is 17000H. Because register AX is
used in the operand field, 2 bytes will be written into memory, with the lower byte (34)
going into the first location (17000H) and the upper byte (12) going into the second laca-
tion (17001H). Once again, we can see that the processor has byte-swapped the data as they
were written into memory.

FIGURE 3.5 An example of direct

MOV [T000H], AX

: AH AL
addrassing Memory
| Data v OAX| 12 | 34
Address | |
16FFF
. 17000 -
17001
17002
17003
] ]
] ]
DS: 1000_
+ Disp: 100
17000
The machine code for MOV [TO00H],AX is A30070. l

Another form of direct addressing requires the use of a label in the operand field. The
sample program TOTAL that we examined in Section 3.2 used direct addressing in the MOV
SUM,AL instruction. Another look at the TOTAL source file should convince you that the
SUM lahel represents a displacement value within the segment pointed to by the DS register.

The automatic use of the DS register for memory accesses can be overridden by the
programmer by specifying a different segment register within the operand field. If we wish
to use the exira segment register in the instruction of Example 3.3, we would write MOV
ES:[7000H],AX. The machine code required to allow the use of the ES register in this
instruction is 26 A3 00 70. Note the similarity to the machine code in Example 3.3.

The first byte in the instruction, 26H, is called a segment override prefix. This byie
instructs the processor to use the extra segment instead of the defauit data segment.
Table 3.2 lists the override prefixes for each segment.

Here are some additional examples of direct addressing:

ADD AL, [4000]
OR [440H], BL
DEC COUNT

ADD SPIN, 6

;add contents of location 4000 to AL
;or contents of location 440H with BL
;decrement value stored at COUNT

;add £ to value stored at SPIN
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TABLE 3.2 Segment override prefix bytes

Sagment Prefix
cs 2EH
DS 3EH
ES 26H
FS 64H
GS 65H
Ss 36H

Register Indirect Addressing

In this addressing mode we have a choice of four registers to use within the square brack-
ets to specify a memory location. The four registers to choose from are the two base
registers (BX and BP) and the two index registers (SI and DI). The 16-bit contents of the
specified register are added to the DS register in the usual fashion {or SS if BP is used).

W EXAMPLE 3.4  What is the effective address generated by the instruttion MOV DL,[SI], if register SI
contains 2000H, and the DS register contains 800H?

Solution: Shifting the DS register 4 bits to the left and adding the contents of register Si
produces an effective address of 0AOOOH. Figure 3.6 illustrates this process.

FIGURE 3.6 An exampla of register MOV DL, {SI]

indlrect addressing DH BL

DX 2%

The machine code for MOV DL,[SI]is8A 14. B

Using a register in the operand field to point to a memory location is a very common pto-
gramming technique. It has the advantage of being able to generate any address within a
specific segment simply by changing the value of the specified register.
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Here are some additional examples of register indirect addressing:

MOV ES:[DI],AL ;put copy of AL into location peointed to
by DI in the extra segment

ADD CX, [BF} ;add word at location pointed to by BP {in
stack segment) to CX :

XOR [BX],DH rexclusive-or value at location peinted to
by BX with DH

JMP [BE] ;jump indirect to addreszs stored at

location pointed to by BP

Based Addressing

This addressing mode uses one of the two base registers (BX or BP) as the pointer to the
desired memory location. It is very similar to register indirect addressing, the difference
being that an 8- or 16-bit displacement may be included in the operand field. This dis-
placement is also added to the appropriate segment register, along with the base register,
to generate the effective address. The displacement is interpreted as a signed, 2’s comple-
ment number. The 8-bit displacement gives a range of —128 to +127, The 16-bit dis-
placement gives a range of —32,768 to 32,767. So, the signed displacement allows us to
point forward and backward in memory, a handy tool when accessing data tables stored in
memory.

B EXAMPLE 3.5

What is the effective address generated by the instruction MOV AX,[BX+4]? Assume
that the DS register contains 100H and register BX contains 600H.

Solution; Figure 3.7 shows how the DS register, the BX register, and the displacement
value are added together to create the effective address 1604H. This address is then used to
read the word out of locations 1604H and 1605H into the AX register.

MOV AX, [BX+4]

AH AL

AX| C0 | BO

FIGURE 3.7 An example of based addressing

The machine code for MOV AX,[BX+4]is 8B 4704. W
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When the BP register is used, the stack segment is used in place of the data segment,
Here are some additional examples of based addressing:

SUB [BP+10],BH ;subtract BH from value stored at location
pointed to by BP plus 10 in the stack segment
MOV DX,CS:[BX-2] ;put a copy of the value stored at

location peointed to by BX minus 2 (in the
code segment) into DX

AND [BP+4000H],CH ;and CH with value stored at locaticon
pointed to by BP plus 4000H
CMP AL, [BX+100Q] scompare AL with value stored at

location pointed to by BX plus 100

Indexed Addressing

Like based addressing, indexed addressing allows the use of a signed displacement. The
difference is that one of the index registers (SI or DI) must be used in the operand field.

B EXAMPLE 3.6

What is the effective address generated by the instruction MOV [DI-8],BL? Assume that
the DS register contains 200H and that register DI contains 30H. -

Solution: Figure 3.8 shows how the negative displacement is combined with the DI reg-
ister. Notice that although the DI register points to address 30H within the data segment,
the actual location accessed is 8 bytes behind.

FIGURE 3.8 An example of indexed MOV [DI-§], BL BH BL
addressing Memory
| Data . BX 17

DS: 0200_

+ DI 0030
— Disp: 0008
02028

The machine code for MOV [DI-8),BL is 88 5D F8. As in the previous example,
the third byte in the machine code is the displacement value. In this case, the displacement
of —8 is coded as F8 hexadecimal, which is the 2’s complement of 8. 1

Here are some additional examples of indexed addressing:

MOV  AL,ES:[SI) put a copy of the value stored in location
pointed to by 81 (in the extra segment} into AL
CALL {8T+2] ;call subroutine whose address is

stored at location pointed to by 8I plus 2
XOR [DI-8QH],DX ;exclusive-0OR value stored at location
pointed to by DI minus 80H with DX
ADD {DI],BX ;add BX to value stored at location
pointed to by DI

(0 s A A 3 B ol
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Based Indexed Addressing

This addressing mode combines the features of based and indexed addressing but does not
allow the use of a displacement. Two registers must be used as the source or destination
operand, one from BX/BP and the other from SI/DI. The contents of both registers are not
interpreted as signed numbers; therefore, each register may have a range of values from 0
to 65535. Once again, use 88 instead of DS when BP is used.

H EXAMPLE 3.7

MOV
ADD
OR

PUSH

What is the effective address generated by MOV [BP+SI],AH? Assume the SS register
contains 2000H, register BP contains 4000H, and register SI contains 300H.

Solution: Shifting the S8 register 4 bits to the left and adding the contents of BP and SI
gives an effective address of 24800H. See Figure 3.9 for an illustration of this. Also
note that a different form of the instruction is used in the figure. MOV  [BP][SI],AH is a
different way of saying MOV  [BP+SI].AH. Both methods of specifying the operand are
acceptable.

FIQURE 3.9 An example of based MOV [BP](SI], AH

. . AH AL
indexed addrassing Memory
| Data | AX| o7
| ]
' $$:2000_ '
+BP: 4000
+ SI. 0800
24800
The machine code for MOV [BP+SI],AH is 88 22.
Here are some additional examples of based indexed addressing:
AX, (BX+581] iput copy of value stored in location
pointed to by BX plus SI into AX
[BP+DI],BL ;add BL to value stored at location
pointed to by BP plus DI in the stack segment
CL,ES: [BX] [DI] ;or CL with value stored at location
pointed to by BX plus DI (in the extra segment)
[BP] [SI] ;push value stored at location

pointed to by BP plus SI in the stack segment

Note that [BP+SI] and [BP][SI] are both acceptable operand formats.

Based Indexed with Displacement Addressing

This addressing mode combines all of the features of the addressing modes we have been
examining. As with all the others, it still accesses memory locations only within one 64KB
segment. It does, however, give the programmer the option of using two registers to access
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stored information, and the addition of the signed displacement makes this addressing
mode the most flexible of all.

B EXAMPLE 3.8 What memory location is accessed by MOV CL,{BX+DI+2080H]? Assume that the DS
register contains 300H, register BX contains 1000H, and register DI contains 10H.
Solution: Figure 3.10 shows how the three registers and the displacement are added
to create the memory address 06090H. The byte stored at this location is copied into
register CL.
FIGURE 3.10 An example of based MOV CL. [BX-+DI+2080H]
indexed with displacement addressing &8 L
CcX 20
)
' I.. . |
' DS: 0300_
+ BX: 1000
+ DI 0010
+Disp: 2080
06090
The machine code for MOV CL,[BX+DI+2080H] is 8A 89 80 20. In this case the
last 2 bytes are the byte-swapped displacement, Wl
Here are some additional examples of based indexed with displacement addressing:
ADD AL, [BP+DI-50] ;add the value stored in location pointed to by BP plus
DI minus 50 (in the stack segment) to AL
XCOR [BX+SI-4EQQ0H] ,DX ;exclusive-OR DX with the value stored in location
peinted to by BX plus SI minus 4E00H
JME [BP+S5SI+1000] ;jump to address stored in location pointed to by
BP+5I+1000 in the stack segment
MoV ES: [BX+DI+4],AX ;put copy of AX into locatiom pointed to by BX plus DI

plus 4 {in the extra segment)

String Addressing

The instructions that handle strings do not use the standard addressing modes covered in
the previous examples. So, when we look at a string instruction we will not see any regis-
ters listed in the operand field. For example, consider the string instruction MOVSB (move
byte string). No processor registers are shown in the instruction, but the processor knows
that it should use both SI and DI during execution of the instruction (as well as DS and ES).
All of the string-based instructions assume that the SI register points to the first element
in the source string (which might be either a byte value or a word value) and that the DI
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register points to the first element of the destination string. The 80x86 will automatically
adjust the contents of 51 and DI during execution of the string instruction.
We will examine string operations in more detail in Section 3.7,

Port Addressing

Intel brand microprocessors differ from other processors on the market in their implemen-
tation of the use of I/O ports for data communication between the processor and the outside
world. One way to get information inte the processor is to read it from memory. Another
way is to read an input port. When sending data out of the CPU, we can direct it into a
memory location or send it to an output port. The 80x86 provides the programmer with up
1o 65,536 input and output ports (although many useful designs rarely use more than a
handful of I/O ports). An I/O port is accessed in much the same way that memory is ac-
cessed, by placing the address of the I/O port onto the address bus and enabling certain con-
trol signals. The address of the I/O port can be coded directly into an instruction, as in:

IN AL, 40H
or
QUT 80H, AL

In this case, the port address must be between 00 and FFH, a total of 256 different I/0 ports.
Notice that the AL register is used to receive the port information. We could also use AX to
receive 16 bits of data from an input port (as in IN  AX,38H).

A second method of addressing /O ports requires that the port address be placed into
the DX register. The corresponding instructions are:

IN AL,DX
and
OUT DX,AL

Because we are now using register DX to store the port address, our choices range from
0000 to FFFFH, a total of 63,536 /O locations. Note thatIN  AX,.DX and QUT DX, AX
are also allowed.

I/O ports are very useful for communication with peripherals connected to the
processor, such as serial and parallel I/O devices, video display chips, clock/calendar chips,
and many others.

Using 32-Bit Addressing in Real Mode

Recall from Chapter 2 that the 80x86 provides an additional method of generating ad-
dresses that produces 32-bit effective addresses. In the real mode, these 32-bit addresses
must fall within the familiar 64KB range (O000H to FFFFH) used within a segment. The
advantage is that any extended register may be used as a base register or as an index regis-
ter (or both in the same instruction). The only exception is the ESP register, which may
only be used as a base register.

A typical instruction using 32-bit addressing might look like this:

MOV AX, [EBX) [ECX*4]

In this example, EBX is the base register and ECX is the index register. Index registers may
be scaied (multiplied) by a factor of 1, 2, 4, or 8. This allows easy access of 1-, 2-, 4-, and
8-byte quantities.
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When a single register is used to specify the 32-bit address, it is amomatically treated
as a base register unless a scale factor is included. The following two instructions illustrate
this important difference:

MOV 5T, [EDX] ;EDX is a base register
MOV DI, [EDX*8] ;EDX is an index register

The same register may also be used as both a base and index register, as in:
MOV  BX, [EAX] [EAX*2]

An optional displacement of 8 or 32 bits may also be included. This is useful for
specifying the starting address of a block of data, such as an array.

‘When the base register is EBP or ESP, the stack segment is used for the memory ac-
cess. Otherwise, the data segment is used by default,

Keep in mind that it is not possible to mix 16- and 32-bit registers in the same address
operand. So, an instruction like:

MOV AL, [EBX] [CX]

causes an error during assembly, since EBX and CX may not be used together.

Take the time now to review the addressing modes we have just examined, because
they are crucial to understanding the operation of the instructions we will begin looking at
in Section 3.6,

3.5 THE PROCESSOR FLAGS (CONDITION CODES)

The 80x86 has a number of status indicators that are referred to as condition codes or flags.
Both terms convey useful information. The “condition” part of condition codes refers to in-
formation about the most recently executed instruction, Did the last DEC AL instruction
produce a 0 in AL? The “zero condition” is an example of a condition code. From another
point of view, when we see a flag waving, we often know that some new event has just oc-
curred. In this sense, the zero fiag is a way for the processor to wave at the programmer
when a zero cendition has occurred. Figure 3.11 shows how the zero flag changes from a 0
to a 1 when the AL register is finally decremented to zerc. The flag is really a single bit in
the flag register. This bit can be only a 0 or a 1. There are many instructions that look at the
zero flag and make a decision based on its contents {e.g., jump if the zero flag is not 0).

The processor has five main flags that are commonly tested during the execution of a
program and others that we will examine later. The five main Rags and their bit position
within the processor’s flag register are shown in Figure 3.12(a). The flags and their mean-
ing are as follows.

Sign (Bit 7)

When we make use of signed binary data in a program, there are times when we wish to
know if the last addition or subtraction produced a positive or negative result. Remember
that when we use 2's complement format, the most significant bit in the data is used as the
sign bit. This would be bit 7 for a byte value and bit 15 for a word value. The processor
examines this bit and adjusts its sign flag accordingly. When the sign flag is 0, the processor
is saying that the number produced by the last arithmetic or logical instruction is positive,
When the sign flag is a 1, the number can be interpreted as a negative number in 2’s com-
plement notation.
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FIGURE 3.1t Operation of the zero Zero flag
flag
DEC AL  AL| 04 0
DEC AL AL| 03 0
DEC AL  AL| 02 0
DEC AL AL| 01 0
o <
DEC AL AL| 00 =
- <

FIGURE 3.12 Flag register, lower 7 6 5 4 3 2 1 0
word

8 Z - A - P - C

{a) Condition code half

15 14 13 12 11 10 9 8

NT I0PL 0 D 1 T

(b) Additional flags

B EXAMPLE 3.9

Consider the following two pairs of instructions:

MOV AL, 3FH MOV AL, 7FH
INC AL INC AL

In each case, the final value in the accumulator (AL) will be interpreted as a signed
binary number.

In the first pair of instructions, the accumulator value 3FH is incremented to 40H,
which is 01000000 in binary. Notice that the MSB (bit 7) is 0, indicating that 40H is a pos-
itive number. The sign flag will be cleared in this case.

In the second pair of instructions, the accumulater value 7FH is incremented to 80H,
which is 10000000 in binary. The MSB is now 1, indicating that 80H is a negative number.
The sign flag will be set by this result. 1

Zero (Bit 6)

We were briefly introduced to the 210 flag in the beginning of this section. The zero flag is
set (made equal to 1) or cleared (made equal to 0) after execution of many arithmetic and
logical instructions. In Figure 3,11 we saw that the zero flag was set when the AL register
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was finally decremented to 0, The zero flag is often used in programs to determine when a
match has been found in a compare operation, when a register or memory location contains
0, and when a loop should be terminated. It is not difficult to see that the zero flag is set
when a “zero” is created by an instruction.

B EXAMPLE 3.10

From the hardware perspective, it is not difficult to determine if a group of bits are all 0. As
Figure 3.13 shows, a NOR gate is used to generate an output signal called ZERO. A NOR
gate outputs a 1 when all of its inputs are 0. Think of the eight NOR inputs as if they were
connected to the individual bits of AL. Thus, when AL becomes 00000000, ZERO will go

FIGURE 3.13 Hardwarse generation ¢ Bit0
of zero condition

result

\Bit7?

high. Any other 8-bit pattern in AL will cause ZERO to be low (indicating a not-zero con-
dition). Can you imagine what is needed to check for 0 in a 16- or 32-bit register? Ml

Carry (8it 0)

Suppose that register BL contains FEH. If we increment BL, we will get FFH. This repre-
sents an 8-bit number containing all 1s {or 255 as an unsigned decimal). If we increment
BL again, what do we get? The comrect answer is not 100H, but 00 with a 1 in the carry flag.
Figure 3.14 shows this concept in graphical form. Because 100H requires 9 bits for repre-
sentation, we cannot store 100H in register BL. We can store only the lower 8 bits, which
are all low. The carry flag is used to store the ninth bit (or the 17th bit in a 16-bit operand
and a 33rd bit in a 32-bit operand).

FIQURE 3.14 Operation of the Carry flag
carry flag
BL| il11 1110 {contains FE) 0
INC BL BL! 1111 111 (contains FF) 0

INC BL BL| 0000 0000 {contains 00)

Wy,
e
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B EXAMPLE 3.11

The carry flag is also used to indicated a borrow as a result of a subtraction. Consider these
two pairs of instructions:

MOV AL, 6 MOV AL, 6
sUB aL,1l SUB AL, %

Remember that subtraction in binary is found by adding the 2’s complement of one num-
ber to another.

In the first pair of instructions, subtracting 1 from 6 leaves 5. The carry flag is cleared
in this case, because we subtracted a smaller number from a larger one.

In the second pair of instructions, subtracting 9 from 6 gives FDH (or 11111101 in bi-
nary, the 2’s complement representation of —3). Because we subtracted a larger number
from a smaller one, the carry flag will be set, indicating a borrow, W

Auxiliary Carry (Bit 4)

The operation of this flag is very similar to that of the carry flag except that the carry is out
of bit 3 instead of bit 7 (or 15 or 31). In other words, the auxiliary carry flag indicates a
carry out of the lewer 4 bits, The main reason for including this flag is to aid in the execu-
tion of the processor's decimal adjust instructions that allow the programmer to work with
BCD numbers. There are no instructions that directly test the state of this flag as there are
for the sign, zero, and carry flags.

Parity (Bit 2)

The parity bit is used to indicate the presence of an even number of 1s in the lower 8 bits
of a result. For example, if a logical instruction produced the bit pattern 11010010 in reg-
ister AL, the parity flag would be set, because there are an even number of 1s (four actu-
ally) in AL. If the pattern had been 11110010, the parity flag would be cleared, because five
1s is not even.

‘B EXAMPLE 3.12

The state of the parity flag is easily determined through the use of exclusive-NOR gates. As
shown in Figure 3.15, seven exclusive NOR gates are vused to determine the parity of an
8-bit result: An exclusive NOR gate outputs a 1 when its inputs are identical (00 or 11) and

FIQURE 3.15 Parlty generation Bi7 1
with exclusive NOR gates 4 ) '
[ >+~
>
1 j 1
Result [>:,_> PARITY
) >
° ] >
Y 1 0
BitO O
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a 0 when its inputs are different. From Figure 3.15 it is clear that the input number
11010010 generates a 1 on the PARITY output, indicating even parity.

Of the five flags just examined, the first three (sign, zero, and carry) are the most
often used. We must be familiar with the processor flags to understand the results produced
by many of the instructions we will begin examining in the next section. @l

Other Flags

A number of flags are found in bits 8-15 of the flag register (see Figure 3.12(b) for these),
The trace, direction, interrupt-enable, overflow, 1/0 priority level, and nested task flags will
all become important to us later, as will the protected mode flags in bits 16-31 of the flag
register. For now, simply keep in mind that they are also part of the flag register.

The flags, or condition codes, contain valuable information concerning the operation
of a program on an instruction-by-instruction basis. Thus, we should make good use of the
flags when writing programs. Employ the conditional jump instructions where possible,
and pay attention to how the flags are affected by all instructions in the program. Some-
times a well-written program that appears completely logical in its method will still yield
incorrect results because a flag condition was overlooked.

Keep the condition codes in mind as you study the remaining sections and use
Appendix B as you examine each new instruction.

3.6  DATA TRANSFER INSTRUCTIONS

As with any microprocessor, a detailed presentation of available instructions is important,
Unless you have a firm grasp of what can be accomplished with the instructions you may
use, your programming will not be efficient. Indeed, you may even create problems for
yourseif.

Siill, there is no better teacher than experience. You should experiment with these in-
structions and examine the results. Compare what you see with the manufacturer’s data. A
difficult concept often becomes clear in practice.

Each of the following sections deals with a separate group of instructions. Informa-
tion about the instruction, how it works, how it is used, what its mnemonic looks like, how
it affects the condition codes, and more, will be presented for each instruction. Even so, it
is strongly suggested that you constantly refer to Appendix B as you read about each new
instruction. Most of the materiat in this appendix, such as allowable addressing modes and
condition code effects, is not reproduced here.

The instructional groups are organized in such a way that the more commonly used
instructions are presented first, followed by less frequently used instructions. For example,
in the group dealing with data movement instructions, the MOV instruction is presented
first due to its wide range of applications. Although the LDS and LES instructions come
first alphabetically, they have restricted functions and are not needed in many program-
ming applications. So, they do not get to steal the spotlight from MOV by appearing first,

Hopefully, covering the instructions in this fashion will allow you to study the im-
portant instructions first (in each group), and the other instructions as the need arises.

In most cases the machine code for the instruction will be included. This is done sim-
ply to compare instruction lengths and explain new features about the 80x86.
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Examples will also be given for each instruction. Let us begin our coverage of the in-
struction set with the data transfer instructions.

Moving Data

This group of instructions makes it possible to move (copy) data around inside the proces-
sor and between the processor and its memory and /O systems. Remember that the more
popular instructions are covered first,

MOV Destination, Source (Move Data). 'We have already seen many examples of the MOV
instruction in its role of explaining the addressing modes. S0, instead of repeating those ex-
amples here, we will examine other aspects of the MOV instruction, When we use MOV to
load immediate data into a register, the assembler will look at the size of the specified reg-
ister in the operand field to determine if the immediate data is a 1-, 2-, or 4-byte number.
For example:

MOV AL, 30H
and
MOV  AX, 30H

are two different instructions and the immediate data 30H is interpreted differently in each.
In the first instruétion, the 30H is coded as a byte value becaurse it is being MOVed into AL.
In the second instruction, the 30H is coded as a word value because it is being MOVed into
AX. This is clearly shown by the resulting code for both instructions. MOV AL,30H is
coded as BO 30. MOV  AX,30H is coded as B8 30 00. Note that the second two bytes
represent the byte-swapped value 0030H.

This much we have already seen. But what happens when the assembler does not have
any way of determining how large the operands should be? For example, in MOV [SI],0
the processor does not know if the 0 should be coded as a byte value, word value, or as a
double-word value. This instruction would then produce an error during assembly. For
cases like this, include some additional information in the instruction’s operand field. If you
wish to MOV a byte value into memory, use MOV BYTE PTR [SI].0. Word values
require MOV WORD PTR[SI],0 and double-word values require MOV DWORD PTR
[SI],0. The byte ptr, word ptr, and dword ptr assembler directives stand for “byte pointer,”
“word pointer,” and “double-word pointer.” The corresponding code for MOV BYTE
PTR([SI],0is C6 04 00. For MOV  WORD PTR [81I],0itis C7 04 00. For MOV DWORD
PTR[SI],0, we get the machine code 66 C7 04 00000000. Notice the operand-size prefix
byte. This pointer feature of the assembler can be applied to many 80x86 instructions.

MOVSX  Destination, Source (Move with Sign Extended). When working with signed binary
values, it is common to convert 8- or 16-bit numbers into 16- or 32-bit sign-extended num-
bers, Recall that the MSB of a signed number is used to represent the sign (+/—) of the
number. It is commonly called the sign bit. Negative numbers have a sign bit equal to one.
The MOVSX instruction examines the state of the sign bit when extending the source
value. When the source is an 8-bit operand, the upper byte of the destination will be set to
O0H for a positive source value or FFH for a negative source value. Thus, the sign of the
source is extended through the upper & bits of the destination,

When the source is a 16-bit operand, the sign is extended through the upper 16 bits
of the destination, resulting in O000H or FFFFH in the upper two bytes. Example 3.13
demonstrates the operation of MOVSX,
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B EXAMPLE 3.13

i

Suppose that register AL contains 36H and register BX contains C3EEH. What are the re-
sults of MOVSX AX AL and MOVSX EBX,BX?

Solutlon: When MOVSX  AX,AL executes, the result in AX equals 0036H. The sign
bit of AL is zero, causing the upper 8 bits of AX to be set to zero.

MOVSX EBX,BX causes the sign bit of BX (a one) to be extended through the
upper 16 bits of EBX, giving FFFFC3EEH as the 32-bit result, Each destination register
has the same sign as its corresponding source register,

The machine code for MOVSX AX AL is OF BE C0. The machine code for
MOVSX EBXBXis660FBFDB. H

MOVZX  Destination,Source (Move with Zero Extended).  This instruction is used to convert
8- and 16-bit values into 16- and 32-bit values by adding leading zeros to the source
operand. Thus, a value like 89H becomes 0089H, and 3700H becomes 00003700H. This is
similar to what MOVSX does, except that the sign bit is ignored. MOVZX should not be
used when working with signed numbers,

# EXAMPLE 3.14

Repeat Example 3.13 for the same register values, except use MOVZX instead of
MOVSX. What are the final results?

Solution: Register AX contains 0036H, and EBX contains 0000C3EEH. Note the dif-
ference in EBX from the FFFFC3EEH value of Example 3.13. The upper 16 bits of EBX
are not sign-extended by MOVZX as they are by MOVSX.

The machine code for MOVZX AXAL is OF B6 C0. The machine code for
MOVZX EBXBXis660FB7DB. B

PUSH  Source (Push Data onto Stack). Tt is often necessary to save the contents of a regis-
ter so that it can be used for other purposes. The saved data may be copied into another reg-
ister or written into memory. If we are interested only in saving the contents of one or two
registers, we could simply reserve a few memory locations and then directly MOV the con-
tents of each register into them, This practice is limiting, however, because we cannot eas-
ily modify our program in the future (say, to save additional registers in memory) without
making a significant number of changes. Instead, we will use a special area of memory
called the stack. The stack is a collection of memory locations pointed to by the stack
pointer register and the stack segment register. When we wish to write data into the stack
area, we use the PUSH instruction. We commonly refer to this as pushing data onto the
stack. The processor will automatically adjust the stack pointer during the push in such a
way that the next item pushed will not interfere with what is already there. Example 3.15
shows the operation of PUSH in more detail.

B EXAMPLE 3.15

The stack segment register has been loaded with 0000 and the stack pointer register with
2000H. If register AX contains 1234H, what is the result of PUSH AX?

Solution: The stack pointer (presently containing 2000H) points to a location referred
to as the top of the stack, Whenever we push an item onto the stack, the stack pointer is
decremented by 2. This is necessary because all pushes involve 2 bytes of data (usually the
contents of a register). Decrementing the stack pointer during a push is a standard way of




3.6 DATA TRANSFER INSTRUCTIONS 77

Address |
01FFC

01FFD
3P =—» 01FFE
01FFF

02000

AX) 12 3 ax| 12 K2

FIGURE 3.16 Execution of PUSH AX

implementing stacks in hardware. Figure 3.16 shows the new contents of memory after
PUSH AX has executed. The data contained in memory locations O1FFF and O1FFE is
replaced by the contents of register AX. Notice that the contents have been byte-swapped
during the write (34 comes before 12) and that the new stack pointer vaiue is 1FFE.
Remember that the stack builds toward 0. As more items are pushed, the address within
the stack pointer gets smaller by 2 each time. Also notice that the contents of register AX
remain unchanged.
The machine code for PUSH AXis 50. W

When the SP register is pushed, the value written to the stack is the value of SP be-
fore the push.

PUSHW/PUSHD Source (Push Word/Double-Word Data onto Stack). The operation of PUSHW
and PUSHD is similar to PUSH. PUSHW is used to push immmediate word values onto the
stack, as in:

PUSHW 1000H

PUSHD is used to push double-word values onto the stack. PUSHD may be used to push
the 32-bit processor registers onto the stack, as in:

FUSHD EAX

PUSHW decrements the stack pointer by 2 and PUSHD decrements SP by 4. Note that
PUSH EAX and PUSHD EAX are equivalent.

’ B EXAMPLE 3.16

Figure 3.17 illustrates the changes made to stack memory and the SP during execution of
these two instructions:

FUSHW 1060H
PUSHD EAX
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FIGURE 3.17 Execution of PUSHW
1000H and PUSHD EAX

Register EAX contains 12345678H. The stack pointer is decremented by 6 during execu-

tion of both instructions.

The machine code for PUSHW  1000H is 68 00 10. The machine code for PUSHD

EAX is 66 50. I

Immediate
data 10 00
[ ——]
12 34 56 78

PUSHA/PUSHAD  (Push All Registers/Push Al Double-Registers). These instructions automat-
ically push all general purpose registers and the stack pointer onto the stack. PUSHA
pushes all 16-bit registers and PUSHAD pushes all 32-bit registers. Table 3.3 indicates the

order in which the registers are pushed.

TABLE 3.3 Order of registers pushed with PUSHA/PUSHAD

When Pushed PUSHA PUSHAD

First AX EAX
CX ECX
DX EDX
BX EBX
SP ESP
BP EBF
1] ESI

Last »]] EDI




3.6 DATA TRANSFER INSTRUCTIONS 79

8 EXAMPLE 3.17

If the stack pointer inittally contains 2000H, what is its value after PUSHAD executes?

Solution: Since eight 32-bit registers are pushed, the SP is decremented by 4 a total of
eight times. This gives a final SP value of 1FEOH,
The machine code for PUSHAD is 66 60. ll

POP Dsstination (Pop Word Off Stack). The POP instruction is used to perforin the reverse
of a PUSH. The stack pointer is used to read 2 bytes of data and copy them into the location
specified in the operand field. The siack pointer is automatically incremented by 2. All reg-
isters except C8 and IP may be popped. The destination operand may be a memory location.

B EXAMPLE 3.18

Assume the contents of the stack segment register and the stack pointer are 0000 and
2000H, respectively. What is the result of POP BX?

Solution:  Figure 3.18 shows a snapshot of memory contents in the stack area. The con-
tents of location 2000 (20) are copied into the lower byte of BX. The stack pointer is in-
cremented and the contents of location 2001 (30) are copied into the upper half of BX. The
old contents of BX are lost. The stack pointer is then incremented a second time. Compare
the operation of ?USH and POP and you will see that they complement one another.

FIGURE 3.18 Exscution of Before After
POP BX Memory Memory
Data Data

| b ] |

BX| ? ? BX| 30 20 |-

The machine code for POP BX isSB. IR

POPA/POPAD Destination (Pop All Registers/Pop All Double-Registers).  These instructions com-
plement the PUSHA/PUSHAD instructions. All general purpose registers (16-bit for
POPA, 32-bit for POPAD) are popped from the stack in the order indicated in Table 3.4. It
is important to note that the contents of the SP (or ESP) are not loaded with the data popped
off the stack. This is necessary to prevent the stack from changing locations halfway
through the execution.
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TABLE 3.4 Order of registers popped with POPA/POPAD

When Popped POPA POPAD

First : Di -EDI
Sl ESI
BP EBP
sP ESP
BX EBX
DX EDX
CX ECX

Last AX EAX

Note: The value popped for SP/ESP is discarded.

B EXAMPLE 3.19 Figure 3.19 shows the result of executing the POPA instruction. Initially, the SP contains
1FFOH. After POPA executes, the SP contains 2000H, not the value of 8877H popped off
the stack. The memory data is shown in byte-swapped format, which accounts for the dif-
ference of 2 between each address.

FIGURE 3.19 Loading all general C iy

purpose registers with POPA , Daa
Address | 4

/sp—-—mm 1|2 |l—om

OLFFZ | 33 44 | —» SI 4433

Before
POPA

O1FF4| 55 | 66 | —-BP [ 6655 |

0IFF6 | 77 88 | w=w= Discarded

O1FF8| 99 | AA | —= BX [AAD9
_ oiFFa{ BB | oc | — Dx [CCBB
After OIFFC| DD | EE | —» CX

POPA

\ OIFFE| FF | 00 | =+ AX [ 00FF ]

SP—»02000{ ? 7

The machine code for POPAis 61. H

IN AccumulatorPort (input Byte or Word from Porf).  This is another instruction that was
briefty introduced during our exarnination of addressing modes. The processor has an /O
space that is separate from its memory space. There are 65,536 possible /O ports available
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for use by the programmer. In almost all cases a machine designed around the 80x86 would
use only a handful of these ports.

The input port is actually a hardware device connected to the processor’s data bus.
When executing the IN instruction, the processor will output the address of the input port
on the address bus. The selected input port will then place its data onto the data bus to be
read by the processor. Data read from an input port always ends up in the accumulator.

The processor allows two different forms of the IN instruction. If a full 16-bit port
address must be specified, the port address is loaded into register DX, and IN AL.DX or
IN AX,DX is used to read the input port, If the port number is between 00 and FFH, a dif-
ferent form of IN may be used. In this case, to input from port SOH we would use IN
ALS80H or IN AX,80H. Using AL in the operand field causes 8 bits of data to be read.
Two bytes can be input by using AX in the operand field.

B EXAMPLE 3.20

What is the result of IN AL,80H if the data at input port 80 is 22?

Solution: The byte value 22 is copied into register AL.
The machine code forIN  AL,80H is E4 80. W

It may be helpful for you to remember the expression “All I/O is through the accu-
mulator’” when working with the YO instructions. Input ports can be used to read data from
keyboards, A/D converters, DIP switches, clock chips, UARTS, and other peripherals that
may be connected to the CPU.

INS  Destination,DX (input String from Port).  This instruction is very similar to IN, except
that the destination is a memory lecation instead of the accumulator. The memory location
is pointed to by the D1 register and is located in the extra segment. It is common to use the
notation ES:DI to represent a segiment: offset pair. So, ES:D1 is the memory location where
the input port (address in DX} data will be written to. The destination operand specified in
the instruction is only used to indicate the size of the data transfer: byte, word, or double-
word.

After the input port data has been written into memory, the DI register is automati-
cally incremented or decremented by 1, 2, or 4, depending on the state of the processor’s
direction flag. This is a feature of string operations, which we will examine more closely in
Section 3.7,

Three simplified instructions are equivalent to INS, one for each data size. INSB
inputs bytes, INSW inputs words, and INSD inputs double-words. All three use DX as the
port address and ES:DI as the destination, but do not require any operands, as INS does.

B EXAMPLE 3.21

The following instructions (and associated machine code) perform the same job:

6C INSB or INS BYTE PTR ES:[DI},DX
&0 INSW or INS WORD PTR ES:[DI].DX
66 6D INSD or INS DWORD PTR ES:[DI],DX H

OUT  Port Accumulator (Output Byte or Word fo Port).  This instruction is a complement to the
IN instruction. With QUT, we can send 8 or 16 bits of data to an output pert. The port ad-
dress may be loaded into DX for use with OUT DX,AL or OUT DX, AX, or specified
within the instruction, as in QUT 80H,AL or OUT 80H,AX.
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B EXAMPLE 3.22

What happens during execution of QUT DX, AL if AL contains 7C and DX contains
30007

Solution: The port address stored in register DX is output on the address bus, along with
the 7C from AL on the data bus. The output port circuitry must recognize address 3000 and
store the data.

The machine code for OUT DX,ALis EE. H

OUTS DX Source (Output String to Pory).  This instruction reads data from string memory
located at DS:SI and outputs it to the port specified by register DX. The size of the source
operand controls the size of the data output to the port. The SI register is automaticaily in-
cremented or decremented (depending on the state of the direction flag) after the data trans-
fer is made. _

Three simplified forms of OUTS are recognized by the assembler, They are OUTSB,
OUTSW, and OUTSD. Each outputs a byte, word, or double-word, respectively, to the port
specified by register DX. No operands are necessary, since the data will automatically be
read using the SI register and the data segment,

83 EXAMPLE 3.23

Using a source operand to specify the size of the data transfer may be done like this:

6E ouTs DX,BYTE PTR [871]
6F OouUTSs DX,WORD PTR [SI]
66 6F QUTS DX, DWORD PTR (ST]

The same result may be accomplished by using one of the simplified forms:

6E CUTSB
6r OUTSW
66 6F CUTSD

Remember that the SI register is antomatically incremented or decremented by 1, 2, or 4
after each operation. Hll

String operations, including another look at QUTS, will be covered in detail in Section 3.7.

LEA Destination,Source (Load Effective Address). This instruction is used to load the offset
of the source memory operand into one of the processor’s registers. The memory operand
may be specified by any number of addressing modes. The destination may not be a seg-
ment register.

H EXAMPLE 3.24

What is the difference between MOV AX[40H] and LEA AX,[40H]?

Solution: In MOV  AX,[40H] the processor is directed to read 2 bytes of data from lo-
cations 40H and 41H and place the data into register AX. In LEA  AX,[40H] the proces-
sor simply places 40H into register AX. Modifying these instructions slightly should help
to further define the difference just presented. Suppose that a label called TIME has been
defined in a program and has the memory address value of 40H associated with it. Using
MOV  AX,TIME will cause the data at locations TIME and TIME+1 (40H and 41H) to be
read from memory and stored in AX. Using LEA AX,TIME will cause the effective
address of the label (which is 40H) to be copied into AX. The memory location TIME is

e e A 0 g e e B T A e 4 0 S A A T
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never accessed in LEA  AX TIME. All operands dealing with memory locations are as-
sumed to be found in a 64KB block pointed to by the data segment register.

What does LEA  AX,[SI] do? It does not read the contents of the memory locations
pointed to by SI. Instead, the vatue of SI at execution time is loaded into AX.

The machine code for LEA  AX,[40H] is 8D 06 40 00. The machine code for LEA
AX [SI1is8D04. H

PUSHF/PUSHFD  (Push Fiags onto Stack). There are times when it is necessary to save the
state of each flag in the processor’s flag register. Usually this is done whenever the proces-
sor is interrupted. Saving the flags and restoring them at a later time, along with the proces-
sor registers, is a proven technique for resuming program execution after an interrupt.
PUSHF pushes the lower 16 bits of the flag register onto the stack. Use PUSHFD to push
the entire 32-bit flag register.

B EXAMPLE 3.25

Assume that the stack segment register and the stack pointer have been loaded with ad-
dresses 0000 and 2000H, respectively, and that the flag register contains 00C3H. What is
the result of PUSHF?

Solution: PUSHF writes the contents of the flag register into stack memory. The opera-
tion of PUSHF is, similar to PUSH, as you can see in Figure 3.20. The stack pointer is
decremented by 2. Then the lower byte of the flag register (C3) is written into stack mem-
ory, followed by the upper byte (00). As usual, we see that the 16-bit flag register has been
byte-swapped as it was written into memory,

Before After

FIGURE 3.20 Operation of PUSHF

The machine code for PUSHF is 9C. The machine code for PUSHFD is 66 9C., W

POPF/POPFD  (Pop Flags off Stack). This instruction reverses the operation of PUSHF/
PUSHFD, popping 2 or 4 bytes off the stack and storing them in the flag register. The
operation is similar to POP, with the stack pointer increased by 2 or 4 at completion.
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The machine code for POPF is 9D. The machine code for POPFD is 66 9D,

XCHG  Destination,Source (Exchange Data). This instruction is used to swap the contents of
two 8-, 16-, or 32-bit operands. One operand must be a processor register (excluding the
segment registers). The other operand may be a register or a memory location. If a memory
location is used as an operand it is assumed to be within a data segment.

B EXAMPLE 3.26

Registers AL and BL contain 30 and 40, respectively. What is the result of XCHG AL,BL?

Solutlon:  After execution, AL contains 40 and BL contains 30.

The machine code for XCHG AL,BL is 86 C3. It may be interesting to note that the
machine code for XCHG BL,AL (which performs the same operation as XCHG AL,BL)
isg6D8. W

BSWAP  Destination (Byte-Swap).  This instruction swaps bytes in a 32-bit general purpose
register. The upper and lower bytes switch places, as do the middle 2 bytes. BSWAP is use-
ful for converting 32-bit numbers from little-endian format into big-endian format, and
vice versa. A number stored in little-endian format has its Iower byte in the lowest memory
location. Big-endian format places the upper byte in the lowest memory location. Big-
endian numbers are found in Motoroela processors, such as the 680x0 series. Intel machines
use little-endian numbers (Inte] byte-swapping).

W EXAMPLE 3.27

The contents of register EAX are swapped with BSWAP as indicated in Figure 3.21. Note
that executing two BSWAP instructions in a row with the same register restores the regis-
ter to its original value.

FIQURE 3.21 Result Before After
of BSWAP EAX
l | } 4

EAX | 12 34 56 78 EAX| 78 56 34 12

I K

The machine code for BSWAP EAX is 66 OF C3. ¥

ALAT Translate-Tabie (Transfate Byts). Some programming applications require quick
translation from one binary value to another. For example, in an image processing system,
binary video information defining brightness in a gray-level image can be falsely colored
by translating each binary pixel value into a corresponding color combination. The process
is easily accomplished with the aid of a color look-up table. XLAT is one instruction that is
useful for implementing such a look-up table. XLAT assumes that a 256-byte data table has
been written into memory at the starting address contained in register BX. The number in
register AL at the beginning of execution is used as an index into the translation table. The
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byte stored at the address formed by the addition of BX and AL is then copied into AL. The
translation table is assumed to be in the data segment.

B EXAMPLE 3.28

A translation table resides in memory with a starting address of 0800H. How does XLAT
know where the table is? If register AL contains 04, what is the result of XLAT?

Solution: XLAT uses register BX as the pointer to the beginning of the translation table,
§0 it is necessary to place the address 0800H into BX before executing XLAT (assume here
that the DS register contains 0000). This can be easily done with MOV BX,0800H. Fig-
ure 3.22 shows the result of executing XLAT with AL equal to 04, The byte at address
0804H is copied into register AL, giving it a final value of 44,

FIGURE 3.22 Execution : Memory
of XLAT ; Data .

Sample data
table values

QUB04

The machine code for XLAT isD7. l

A very useful application of XLAT is encryption. Suppose that the 26 letters of the
alphabet are scrambled and then written into memory at a starting address found in regis-
ter BX. If register AL is restricted to numbers from 1 to 26 (1 representing A, 26 repre-
senting Z}, executing XLAT will map one letter of the alphabet into a different letter. In this
fashion, we can encrypt texi messages one character at a time. A second table would then
be needed to translate the encrypted message back into correct form.,

Another application involves PC keyboards. Because each key on a keyboard gener-
ates a unigue 8-bit code, it is possible to create different keyboard “layouts,” where the lay-
out is actuaily a translation table that contains user-defined keyboard codes. The original
keybeard codes are used as addresses within the translation table to generate the correct
code.

LDS Destination, Source (Load Poiniter Using DS).  This instruction is used to load fwo 16-bit
registers from a 4-byte block of memory. The first 2 bytes are copied into the register spec-
ified in the destination operand of the instruction. The second 2 bytes are copied into the
DS register. This instruction will come in handy when working with source strings, which
we will look at in the string instructions section.
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B EXAMPLE 3.29

Assume that the DS register contains 0100 and register SI contains 0020. What is the resuit
of LDS DL,[SI]?

Solution: Figure 3.23 shows how the SI register is used to access the data that will be
copied into DI and DS, Note that the addresses read out of memory are byte-swapped. After
execution, the DS register contains 9080 and register DI contains FO30.

FIQURE 3.23 Execution
of LDS DI,[SI]

DS: 0100_
+ SI: 0020

' 01020 -~

The machine code for LDS DI [SI]isC53C. B

LES/LFS/LGS/LSS Destination, Source (Load Pointer Using ES/FS/GS/SS). This instruction
is nearly identical to LDS. The difference is that the second address read out of memory is
written into the indicated segment register instead of the DS register.

il EXAMPLE 3.30

All of the load segment/register instructions may be used with 32-bit extended registers as
well. Here are a few examples with accompanying machine code:

67 66 C5 06 LDS EAX, FWORD PTR [ESI)

66 C4 1E 1000 LES ERX, FWORD PTR TEMF

67 66 OF B4 0C 97 LFS ECX,FWORD PTR [EDI] [EDX*4]
66 OF B2 26 2000 Lss ESF, FWORD PTR NEWSTACK

The labels TEMP and NEWSTACK are located at addresses 1000H and 2000H, respec-
tively. The FWORD PTR directive is used to indicate the 32-bit size of the offset in the
address operand.

The last instruction is particularly useful because it is able to completely change the
working stack address during its execution. W

LAHF (Load AH Register from Flags) One way to determine the state of the flags is to load
a copy of them into a register. Then individual bits within the register can be manipulated
or tested by the programmer. LAHF can be used to copy the lower byte of the flag register
into register AH.
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B EXAMPLE 3.31

The lower byte of the flag register contains 8§3H. What is the result of LAHF and what is
the state of each flag?

Solution: LAHF copies 83 into register AH. Refer to Figure 3.12 for information on the
flag positions. Because the binary equivalent of 83H is 10000011, we see that the sign and
carry flags are currently set, and the zero, auxiliary carry, and parity flags are cleared,

The machine code for LAHF is 9F. 1

SAHF  (Store AH Register info Flags).  This instruction is used to load a new set of flags into
the flag register. The contents of register AH are copied into the lower byte of the flag reg-
ister, giving new values to all five main processor flags.

The machine code for SAHF is 9E.

Assembler Directives OFFSET, BYTE PTR, WORD PTR, DWORD PTR,
FWORD PTR, and SEG

There are times when we need to provide a small amount of assistance to the assembler so
that it can figure out how to code an instruction. For example, the instruction:

MOV AL, {SI]

contains an operand reference to 8-bit register AL, This indicates to the assembler that the
memory location pointed to by [SI] is a byte location. By a similar method, the instruction:

MOV [81].,AX

contains a reference to the 16-bit register AX. What happens when an instruction contains
no reference to size, as in:

MOV [8I],5

In this case, the assembler will give an error saying that the operand must have the size
specified. The assembler does not know if we are trying to write the byte 03, the word
0003, or even the double-word value 000000035 into memory,

To get around instances such as this, we make use of the BYTE PTR (byte pointer),
WORD PTR (word pointer), and DWORD PTR (double-word pointer) assembler direc-
tives. In terms of our example, to move the byte value 035 into memory we would use:

MOV BYTE PTR [S5I],5
and to write the word 0005 we would use:
MOV  WORD PTR [SI],S
Double-word values are specified like this:
MOV DWORD PTR {SI].5

Situations like these arise only when we have not used the DB, DW, or DD directives to de-
fine the size of a data area.

It is often necessary to load the address of a label into a register. In particular, DOS
INT 21H, Function 09H, requires that the address of an ASCII text string be loaded into
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register DX prior to its call. There are two ways to accomplish this. In the first method, we
use the LEA instruction:

B4 09 MOV AH, S
BD 16 GOOE LEA DX,MESSAGE
cp 21 INT 21H

In the second method, we use the assembler directive OFFSET to perform the same chore:

B4 08 MOV AR, 9
BA 00QE MOV  DX,OFFSET MESSAGE
CD 21 INT 21H

Can you spot the advantage of using the OFFSET directive? Notice that the LEA DX in-
struction requires 4 bytes of machine code. The equivalent MOV DX instruction needs
only 3 bytes of code and fewer clock cycles as well, which results in faster execution, This
might not seem like a big savings, but consider that a source file might be hundreds or even
thousands of lines long. An instruction like LEA DXMESSAGE might appear quite
often in the source file. If it appears 100 times, then 100 bytes are saved using MOV DX
with OFFSET. Writing efficient programs, programs that both run quickly and require lit-
tle space in memory, is important. Using programming techniques like the ones just shown
can help shorten the length of an executable program,

The previous instructions that set up register DX for INT 21H's function 09H as-
sumed that the DS register had already been initialized to its proper value. But what if this
has not been done? Then it is the programumer’s responsibility to initialize the data segment
to the address assigned by DOS when the program was loaded into memory. For example,
how can we determine the segment address for the MESSAGE string? This is accom-
plished with the SEG directive. Two statements are needed to initialize a segment register
with SEG, such as:

MOV AX, BEG MESSAGE
MOV DS, AX

The SEG directive determines the segment where the MESSAGE data is located and places
the segment address into AX. This address is then loaded into the DS register with the sec-
ond MOV instruction. Normally, when only one data area is used in a program, it is not nec-
essary to use the SEG operator, because the single data area is automatically assigned to the
data segment. When multiple data areas are required, it may be necessary to initialize the
ES, F5S, and GS registers. The SEG directive will come in handy in this case. '

Last, if 32-bit addressing modes are used, it may be necessary to declare a 48-bit
pointer variable. Pointer variables contain a 16-bit segment portion and a 16- or 32-bit off-
set portion. So, peinters are either 32 bits or 48 bits in length. A 48-bit pointer can be de-
clared like this (in the .DATA section of the source file):

BIGPTR DF ?

where the DF (define far word) directive automatically reserves 6 bytes of storage for the
pointer. Any instruction that uses BIGPTR as an operand, such as:

LDS EDX,BIGPTR

will access the 6 bytes correctly.

When it is not possible to use a far label (such as BIGPTR), the FWORD PTR (far
word pointer) directive can be used to specify the proper operand size. Example 3.30
shows examples of this directive.
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3.7 STRING INSTRUCTIONS

A particularly nice feature of the 80x86 is its ability to handle strings. A string is a collec-
tion of bytes, words, or long-words that can be up to 64KB in length. An example of a
string might be a sequence of ASCII character codes that constitute a password, or the
ASCH codes for “YES.” A string could also be the 7 bytes containing your local telephone
number. No matter what kind of information is stored in a string, there are a number of
common operations we find uvseful to perform on them. During the course of executing a
program, it may become necessary to make a copy of a string, compare one string with an-
other to see if they are identical, or scan a string to see if it contains a particular byte or
word. The processor has instructions designed to do this automatically. A special instruc-
tion called the repeat prefix can be used to repeat the copy, compare, or scan operations.
Register CX has an assigned role in this process. It contains the repeat count necessary for
the repeat prefix. CX is decremented during the string operation, which terminates when
CX reaches 0. The SI and DI registers are also vital parts of all string operations. The
processor assurnes that the SI register points to the first element of the source string, which
must be located in the data segment. The destination string is located in a similar way via
the DI register and must reside in the extra segment. A special flag calied the direction flag
is used to control the way SI and DI are adjusted during a string instruction. They are au-
tomatically incremented or decremented by 1, 2, or 4, based on the value of the direction
flag and the size of the string elements.

Figure 3.24 gives an example of two text strings stored in memory. The first string
spells out SHOPPER, and is followed by a blank (20H) and a carriage return code (ODH).

FIGURE 3.24 Two sample text Memory Memory
Data , Data

strings

Located in data Located in extra
segment segment
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The second string spells out SHOPPING and is followed by only a carriage return code.
Although the strings are the same length (9 bytes) they are different after the fifth charac-
ter. We will be able to use these strings in our examples to understand the operation of the
string instructions.

Initializing the String Pointers

Before we can use any string instruction, we have to set up the SI, DS, DI, and ES regis-
ters. There are a number of ways this can be done. The source string (SHOPPER) in Fig-
ure 3.24 could be pointed to by these instructions:

MOV A¥X,510H ;string segment-address
MOV  DS,AX
MOV  SI,0 ;string offset within segment

When the contents of ST and DS are combined to form an effective address, 05100H will
be the first byte accessed in the data segment, A similar technigue is used to initialize the
destination string (SHOPPING);

MOV AX, 4A8H ;string segment-address
MOV ES5,AX
MOV DI,O ;etring offset within segment

Remember that we cannot move immediate data directly into a segment register, hence our
use of the accumulator in the first instruction.

Another way to initialize the string pointers is through the LDS and LES instructions.
In this way, both strings can be initialized with only two instructions:

LDS S8I,S5RCSTR
LES DI,DSTSTR

where SRCSTR and DSTSTR are the labels of two 4-byte pointer fields that contain the
string offset and segment values. Refer to Example 3.29 for a review of LDS. (LES works
in a similar fashion.)

Using String Instructions

REP/REPE/REPZ/REPNE/REPNZ.  These five mnemonics are available for use by the pro-
grammer to control the way a string operation is repeated, if at all. REP (repeaf), REPE (re-
peat while equal), REPZ (repeat while zero), REPNE (repeat while not equal), and REPNZ
(repeat while not zero) are all recognized by the assembler as prefix instructions for string
operations. MOVS (move string) and STOS (store string) make use of the REP prefix, When
preceded by REP, these string operations repeat until CX decrements to 0. REPE and REPZ,
operate the same way, but are used for SCAS (scan string) and CMPS (compare string).
Here, an additional condition is needed to continue the string operation. Each time SCAS or
CMPS completes its operation, the zero flag is tested and execution continues (repeats) as
long as the zero flag is set. This makes sense, because a compare operation involves an in-
ternal subtraction, and the subtraction produces a 0 result when both operands match. The
zero flag is set in the case of matching operands and cleared for different ones.

REPNE and REPNZ also repeat as long as CX does not equal 0 but require that the
zero flag be cleared to continue. So, we have three ways to repeat string operations:

1. Repeat while CX does not equal 0.
2. Repeat while CX does not equal 0 and the zero flag is set.
3. Repeat while CX does not equal 0 and the zero flag is cleared.

AR e e i
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If necessary, combinations of string operations can be used to perform a specific kind of
string function.

MOVS Destination-5tring, Source-String (Move String).  This instruction is used to make a
copy of the source string in the destination string. The names of the strings must be used
in the operand fields so that the processor knows whether they are byte strings or word
strings. A byte string might be defined like this:

STRINGX DB ‘SHOPPER’,ODH
and a word string like this:
STRINGY DW 1000H,2000H,3000H, 4000H

The assembler will associate the DB or DW directive used in the source line to set the type
of string being defined. Thus, the assembler will know what kind of strings it is working
with when it encounters the operands in MOVS. The operands in MOVS are only used to
set the string size. The DS:8I and ES:DI registers must already be initialized to the starting
address of each string.

When MOVS executes with the REP prefix, CX must be initialized to the proper
count. The state of the direction flag will determine which way the strings are copied. If it
is cleared, SI and DI will auto-increment. If the direction flag is set, SI and DI will auto-
decrement. The direction flag can be cleared with the CLD inétruction and set with the STD
instruction.

MOVSB/MOVSW/MOVSD (Move String). These three mnemonics can be used in place of
MOVS and cause identical execution. Because they explicitly inform the assembler of the
string size, there is no need to include the string operands in the instruction.

B EXAMPLE 3.32

What instructions are necessary to make a copy of the SHOPPER string from Figure 3.247?
We want the destination string to have a starting address of 3000H, and the index registers
should auto-increment during the string operation.

Solution: Because the SHOPPER string is 9 bytes long, we must initialize CX to 9. The
direction flag must be cleared to get the copy performed in the correct manner, and REP
must be used to copy bytes from the source string until CX is decremented to 0. One way
to do all this wonld be:

B8 10 05 MOV AX,510H ;source string segment-address

BE D8 MOV DS, AX

29 Fé6 SUB 81,81 ;source string offszet

B8 00 03 MOV AX,300H ;destination string segment-address
8E CO MOV ES,AX

29 FF 5UB DI,DI ;destination string offzet

FC CLD ;auto-increment

F3 REP ;repeat while CX <= 0

A4 MOVEER ;copy string

Note the alternate method used to place 0000H in 81 and DI. The SUB instructions require
2 bytes of code each, MOV 81,0 and MOV  DIL0 would require 3 bytes each. The code
is included for each instruction for your interest. W
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CMPS  Destination-String, Source-String (Compare String). This instruction is used to com-
pare two strings. The compare operation, as we have already seen, is accomplished by an in-
ternal subtraction of the destination and source operands. So, in this case, a byte or word
from the destination string is subtracted from the corresponding element of the source string.
If the two elements are equal, the zero flag will be set, Different ‘elements cause the zero
flag to be cleared. The REPZ prefix will allow sirings to be checked to see if they are iden-
tical. This is a very handy tool when writing interactive programs (programs that require a
response from the user). For example, if a user enters “ZO0OM IN” when asked for a com-
mand, the program can check this string against all legal command strings to see if it
matches any of them, String comparisons are also employed in spell checkers, programs that
automatically find misspelled words in a text file. (The text for this book was run through a
spell checker in a relatively short peried of time.)

Because the flags are adjusted during execution of CMPS, we know if the two strings
matched by examining the zero flag at the end of execution. JZ MATCH (jump to MATCH
if the zero flag is set) can be used to detect matching strings.

B EXAMPLE 3.33

Assume that DS:S1 and ES:DI have been initialized to the starting addresses of the two
strings from Figure 3.24. If REPZ CMPS STRINGA,STRINGB is executed with CX
equal to 4, do the strings match? Do they match if CX equals 8? What state must the direc-
tion flag be in? '

Solution: The direction flag must be cleared so that SI and DI aute-increment during the
compare, When CX equals 4, the processor compares only the first 4 bytes of each string.
Because each string begins with “SHOP,” the zero flag remains set throughout the compare
and we get a match. When CX equals 8, CMPS will repeat until SI and DI point to the sixth
byte in each string. Then the comparison fails due to the “E” in “SHOPPER” and the “I” in
“SHOPPING.” The zero flag is then cleared and the instruction terminates, even though
CX has not yet decremented to 0. This indicates that the strings are different.

The machine code for CMPS is A6 for byte strings, A7 for word strings, and 66 A7
for double-word strings. H

The assembler allows the use of CMPSB, CMPSW, and CMPSD as alternate forms of the
instruction. Once again, no operands are needed with these instructions.

SCAS Destination-String (Scan String). This instruction is used to scan a string by com-
paring each string element with the value saved in AL, AX, or EAX. AL is used for byte
strings, AX for word strings, and EAX for double-word strings. The string element pointed
to by ES:DI is internally subtracted from the accumulator and the flags adjusted accord-
ingly. Once again the zero flag is set if the string element matches the accumulator, and
cleared otherwise. The accumnulator and the string element remain unchanged. IFREPNZ is
used as the prefix to SCAS, the string is effectively searched for the item contained in the
accumulator. Alternately, if REPZ is used, a string ¢an be scanned until an element differs
from the accumulator. This is especially handy when working with text sirings. Suppose a
text string contains a number of leading blanks (ASCII code 20H) before the actual text be-
gins. SCAS can be used with 20H in AL and REPZ as the prefix to skip over the leading
blariks. When the first nonblank {non-20H byte) character is encountered, the scan will ter-
minate with DI pointing to the nonblank character.




3.7 STRING INSTRUCTIONS 23

H EXAMPLE 3.34

Suppose that the ES and DI registers are initialized to point to the starting address of the
“SHOPPING” string in Figure 3.24, What is the result of REPNZ SCAS if CX contains 9
and AL contains 4EH?

Solution: With CX set to 9, the processor will be able to scan each element of the
“SHOPPING” string. However, the REPNZ prefix will allow the scan to continue only as
long as the current string element does nor match the byte stored in AL, There is no match
between the accumulator until ES:DI points to address 04A86H. At that point, the accu-
mulator matches the contents of memory and the scan terminates with the zero flag set.

The machine code for SCAS is AE for a byte string, AF for a word string, and 66 AF
for a double-word string.

The assembler recognizes SCASB, SCASW, and SCASD as alternate forms of SCAS.

LODS Source-String (Load String).  This instruction is used to load the current string ele-

ment into the accumulator and automatically advance the SI register to point to the next el-

ement. It is assumed that DS:S1 have already been set up prior to execution of LODS.
The direction flag determines whether SI is incremented or decremented.

W EXAMPLE 3.35

Refer to Figure 3.24 once again. Assume that DS:SI currently point to address 05105H and
that the direction flag is set. What is the result of executing LODS with a byte-size
operand?

Solution: LODS copies the byte from the current address indicated by DS:SI (which is
45H) into AL and then decrements SI by 1 to point to the next element. SI is decremented
because the direction flag is set. The next string element is at address 05104H.

The machine code for LODS is AC for byte strings, AD for word strings, and 66 AD
for double-word strings. Il

The assembler accepts LODSB, LODSW, and LODSD as explicit uses of LODS.

STO0S Destination-String (Store String). This instruction is used to write elements of a
string into memory. The contents of AL, AX, or EAX are written into memory at the ad-
dress pointed to by ES:DI and then DI is adjusted accordingly depending on the state of the
direction flag and the size of the string elements.

N EXAMPLE 3.36

We wish to modify the “SHOPPING” string of Figure 3.24 by adding the word “MALL”
to it. The carriage return code OIDH will be replaced by a blank, and the character codes for
“MALL” and another carriage return will be added. How should STOS be used to accom-
plish this modification?

Solution: Because the modification represents 6 bytes to write into memory, we will use
the word version of STOS to write two codes into memory at a time, First, we will write the
blank code and the letter “M."” Then the codes for “A*” and “L.,” and finally the code for “L"
and the carriage return. The direction flag will be cleared to allow auto-incrementing of DI,
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and ES:DI must be initialized to address 04A88H to begin. The necessary instructions are
as follows:

B& a8 04 MOV AX, 4A8H ;destination string segment-address
8E CO MOV - ES,AX

BF 08 00 MOV DI,8 ;destination offset’

FC CLD ;auto-increment

B8 20 4D MOV AX,'M ¢ ;eode for BLANK and ‘M’

AB STOSW

B8 41 4cC MOV A¥, ‘LAY ;eode for ‘A and LS

AB STOSW

B8 4C 0D MOV AX, 0DM4CH ;eode for ‘LY and CR

AR S5TOSW

The first three instructions are needed to initialize ES:DI to address 04A88H. Because the
04A8H number in ES will become 4A80H when the processor forms the effective address,
DI must be initialized to 0008 to get the right starting address for the modification, Because
the cpu will byte-swap the string words as they are written into memory, it is necessary to
place them into AX in reverse order. For example, in MOV AX,'M * the ASCII codes for
M and blank become the word 4D20H (when the assembler looks up the ASCII codes}. The
lower byte of 4D20H is 20H, the first character we wish to write into string memory. The
upper byte gets written into memeory next, which places the code for “M” gfter the code for
blank, Figure 3.25 indicates this operation. Three STOSWs are needed to write the six new
string characters.

FIGURE 3.25 Modifying
a string with STOS

9

M STOSW

A 1MOV AX, LA

I STOSW

L MOV AX, 0D4CH

e
<cr> | STOSW

The machine code for STOS is AA for byte strings, AB for word strings, and 66 AB
for double-word strings. M

As with the other string instructions, the assembler recognizes STOSB, STOSW, and
STOSD as explicit forms of STOS.
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Another Look at INS/OUTS

Recall that there are two string instructions, INS and OUTS, that transfer data between an
I/O port and string memory. The source string I8:81 supplies data to the QUTS instruction,
and INS writes its data to the destination string ES:DI. As usual with string operations, the
index register is incremented or decremented by 1, 2, or 4 after each operation.

B EXAMPLE 3.37

The following registers contain the indicated hexadecimal values:

DS
SI

0400 ES
0100 DI

0600 CX
0200 DX

003
3E0

1 n
no

o
0

Furthermore, the direction flag is clear. What are the results of executing these
instructions?

REP INEB REP QUTSW

Data bytes
from input
port 03EQ
are stored
here Data words
\, are output
10 port
03E0
| i
! Located in '
extra segment
() INSB

Located in
data segment

(by QUTSW
FIQURE 3.26 Operation of INSB and QUTSW

Solution: The INSB instruction is repeated three times. This causes the processor to
read 3 bytes from input port 03EQ and store them in string locations 0200, 0201, and 0202,
as indicated by Figure 3.26(a). The final value in DI is 0203,

The QUTSW instruction also executes three times. Each word read from string mem-
ory is sent to output port 03EQ. The words are located at addresses 3100, 0102, and 0104.
The final value in SI is 0106. Figure 3,26(b) illustrates QUTSW’s execution. l
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3.8 TROUBLESHOQOTING TECHNIQUES

With a large portion of the instruction set still left to cover, it would be good to stop here
and review some key points to remember when working with 80x86 instructions.

. Examine the relationship between the instruction mnemonic and the resulting ma-
chine code. You will begin to see patterns. These patterns will help you discover
errors such as leaving the H off a hexadecimal number like 16H in the instruction
MOV BL,16. The assembler will convert the 16 into 10H and generate the machine
code B3 10 instead of B3 16. Knowing what to expect is a good place to start.

. Know your data sizes. It 1s frustrating to look at the instruction MOV AL,500 and
wonder why it does not assemble. It Jooks okay, does it not? But remember that AL
is the lower 8-bit half of AX and can only handle integers as large as 255. Knowing
your data sizes wilt help you avoid problems like this.

. Do not make the assembler guess. For example, the instruction MOV [SI],5 looks
okay, but it actually generates an error because the assembler does not know if the *5”
is an 8-bit 5, & 16-bit 5, or a 32-bit 5. This affects how many memory locations are
accessed by [SI] and could lead to trouble if the assembler does not use the correct
size. To force a particular size, such as 16 bits, use MOV WORD PTR [SI],5.

. Learn how to use several of the most basic addressing modes, which segment regis-
ters are involved, and how they form the physical address.

. Once again, always be aware of how an instruction uses, or affects, the processor
fiags. Many programs do not work simply because the flags are ignored by the pro-
grammer. This will be especially true in Chapter 4 when we examine the arithmetic
and logical instructions.

. Before using any string instructions, make sure the direction flag is set to the appro-
priate value, so that the index registers update properly.

These points, and others we will see in Chapter 4, should go a long way toward eliminating
many of the common errors encounterad when working with assembly language.

SUMMARY

In this chapter we began coverage of the 80x86 instruction set, This included detailed locks
at each addressing mode and flag available to the programmer in the real mode. Data trans-
fer and string instructions were explained by example, including operations allowed on the
32-bit extended registers. The important concept of a stack was introduced, to illustrate
how to save data in memory.

The structure of source and list files was also covered, with attention paid to the as-
sembler details necessary for writing proper code. All of the information presented here
will be useful as you complete coverage of the instruction set in Chapter 4.

STUDY QUESTIONS

1. Explain the use of the ORG, DB, DW, and END assembler directives.
2. What happens when a source file is assembled?
3. What two files are created by the assembler?
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4,

ND S0 =1 O L

10.
11.

12.

13.

14.

15.
16.
17.
18.
19.
20.

21,
22.

What are the opcode, data type, and operand(s) in this instruction:

MOV AH,7

. What is meant by byte-swapping?

. Which of these assembler directives produce data: ORG, DB, DW, DD, DF, SEG, END?
. 'What does a linker do?

. List the seven basic instruction groups.

. Identify the source and destination addressing mode in each of these instructions:

(a) MOV AXBX

(b) MOV AH,7

(c) MOV [DIJ, AL

(d) MOV AX,[BP]

(e) MOV  AL,[SI+6]

0 INZ XYZ

(&) CBW

Why are the flags so important in a control-type program?
‘What does this twe-instruction sequence do?

XCHG AX,BX
XCHG BX,CX

What does this instruction accomplish?
BSWAP EBX

Memory locations 00490H through 00493H contain, respectively, 0A, 9C, B2, and 78.
What does AX contain after each instruction? (Assume that SI contains 00490H and
that BP contains 0002.)

(a) MOV AX[SI]

(b MOV AX[SI+1]

(c) MOV AX,[SI][BP]

Registers AX, BX, CX, and DX contain, respectively, 1111H, 2222H, 3333H, and
4444H. What are the contents of each register after this sequence of instructions?

PUSH 2X
PUSH CX
PUSH BX
FOP DX
POP AX
POP BX

What is the difference between LDS and LES? When should each be used?

Show the instructions needed to scan a 200-byte string for the byte 25H.

Repeat Question 16 for the word value 3A25H.

Redo Example 3.32 for auto-decrement copying.

Redo Example 3.36 by using byte operation instead.

Explain how the processor switches from 16-bit operands to 32-bit operands, when
operating in the real mode.

‘What are the simplified segment directives discussed in this chapter?

If EAX contains 00000200H, EBX contains 00000003H, and the data segment con-
tains 1000H, what is the effective address generated by these instructions?

(a) MOV ECX/[EAX]

(b) MOV ECX,[EBX][EAX]

(c) MOV ECX,[EAX][EBX*8]

(d) MOV ECX,[ESI][EDI]
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23.
24.
25.
26.
27.

28.
29.
30.
31
32.
33,

34.

35.

Which registers in Question 22 are base registers? Which are index registers?

Can the stack pointer be used as an index register when using 32-bit addressing?
What scale values may be used in 32-bit addressing?

What is a segment override prefix? Show an example of when it may be used.

If an [/O port address is greater than FFH, what must be done to use IN or QUT (or
INS/OUTS)?

What is the difference between IN and INS?

If BX contains 3000H, what are the results of these two instructions?

() MOVSX EBXBX

(b) MOVZX EBX,BX

Repeat Question 29 for BX equal to SA00H.

How can all general purpose registers be pushed or popped from the stack with a single
instruction?

How is register AL used during execution of XLAT?

The segment address of the word variable ABC is not known, Show how the SEG
directive can be used to initialize the extra segment so that ABC is accessible via ES.
Also show the instruction needed to read ABC into register DX,

What are the physical addresses actually used during the string operations shown in
Figure 3.26?

What are the word values output to the port in Figure 3.267



CHAPTER 4

80x86 Instructions, Part 2: Arithmetic,
Logical, Bit Manipulation, Program
Transfer, and Processor Control
Instructions

OBJECTIVES

In this chapter you will learn about:
. The arithmetic, logical, and bit manipulation instructions

. The program transfer (loop/jump and subroutine/interrupt) instructions
. The processor control instructions

. How an assembler generates machine code

. The special properties of relocatable code

KEY TERMS

Binary coded decimal Interrupt-type Relative offset
Direct jump Interrupt vector table Relocatability
Frame pointer Intersegment transfer Stack frame
Indirect jump Jump Subroutine
Intrasegment transfer Overflow flag Trace flag
Interrupt-enable flag Packed decimal number

Interrupt service routine Procedure

41 INTRODUCTION

Chapter 3 introduced the flags, addressing modes, data transfer, and string instructions.
This chapter completes coverage of the 80x86 instruction set. As before, each instruction is
presented with an accompanying example and its associated machine code.

In addition, we will examine the properties of the relocatable machine code used by
the processor and see how it is generated by an assembier.
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Section 4.2 covers the arithmetic instructions. These are followed by the logical and
bit manipulation instructions in Sections 4.3 and 4.4, respectively. Program wansfer in-
structions (loops, jumps, subroutines) are explained in Section 4.5. The details of the
processor control instructions are examined in Section 4.6. Section 4.7 shows how an as-
sembler generates 80x86 machine code. The relocation properties of the processor’s
machine code are discussed in Section 4.8. A final set of troubleshooting techniques for the
80x86 instruction set is provided in Section 4.9.

5
1
:
3

4.2 ARITHMETIC INSTRUCTIONS

This group of instructions provides the 80x86 with its basic integer math skills. Floating-
point math operations are handled by a separate group of instructions, which we will
examine in Chapter 11. Addition, subtraction, multiplication, and division can all be per-
formed on different sizes and types of numbers. You will need to refer to Appendix B often
to understand fully the effects of each instruction on the processor’s flags.

The Instructions

ADD  Destination, Source (Add Bytes, Words, or Double-Words). This instruction is used to
add 8-, 16+, or 32-bit operands together. The sum of the two operands replaces the destina-
tion operand. All flags are affected.

B EXAMPLE 4.1

If AX and BX contain 1234H and 2345H, respectively, what is the result of ADD  AX,BX?
How would this answer compare with ADD BX,AX?

Solution; Considering ADD  AX,BX, adding 1234H to 2345H gives 3579H, which
replaces the contents of AX, BX still contains 2345H, ADD BX AX generates the same
sum, but the contents of BX are changed instead.

The machine code for ADD AX,BX is 01 D8. For ADD BXAX we get 01 C3.

We can also add constants (immediate data) to registers or memory. For example, ADD
CX,7 would add 7 to the number stored in register CX. The machine code for this instruc-
tion is 83 C1 07. The 80x86 will sign-extend the immediate value before it is used.

ADC  Destination,Source (Add Bytes, Words, or Double-Words with Carry).  The operation of
ADC is similar to ADD; however, in addition to the source operand the processor also adds
the contents of the carry flag. The carry flag is then updated based on the size of the result,
Other flags are also affected. ADC is commeonly used to add multibyte operands together
(such as 128-bit numbers).

N EXAMPLE 4.2

Using the same register values from Example 4.1, what is the result of ADC AX,BX if
the carry flag is set?

Solution: Figure 4.1 shows how AX, BX, and the carry flag are added together to get
357AH, which replaces the contents of register AX. The carry flag is then cleared, because
357AH fits into a 16-bit register,

The machine code for ADC AX,BXis 11 D8, W

A e e N B e S e s S S0 e R S A S 6 . RIS SE L i o i S0 W
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FIQURE 4.1 Exscution of ADC
AX,BX AX| 12 | 34 BX| 23 | 45 c!
1234
+ 2345 -
+ 1 -
357A

INC Dastination (Increment Byte, Word, or Double-Word by 1). There are many times when
we need to add only 1 to a register or to the contents of a memory location. We could do this
using the ADD instruction, but it is simpler to use INC. Also, the use of INC generates less
machine code than the corresponding ADD instruction, resulting in faster execution. All
flags except the carry flag are affected. Use ADD destination, 1 to update the carry flag.

M EXAMPLE 4.3

The two instructions ADD  AX,1 and INC  AX both increase the value of register AX by
1. The machine code for each differs greatly, with ADD  AX,1 assembling into 3 bytes
(05 01 00) and INC AX only requiring 1 byte (40). Because 3 bytes take longer to fetch
from memory than 1 byte, INC AX executes faster than ADD AX,1. B

SUB  Destination,Source (Subiract Bytes, Words, or Double-Words). SUB can be used to sub-
tract 8-, 16-, or 32-bit operands. If the source operand is larger than the destination
operand, the resulting borrow is indicated by setting the carry flag.

- Il EXAMPLE 4.4

AR S, o T X 2 A

If AL contains 00 and BL contains 01, what is the result of SUB AL.BL?

Solution: Subiracting 01 from 00 in 8-bit binary results in FFH, which is the 2’s com-
plement representation of — 1. So, the contents of AL are replaced with FFH, and both the
carty and sign flags are set to indicate a borrow and a negative result. ll

SBB Destination,Source (Subtract Bytes, Words, or Double-Words with Borrow). SBB exe-
cutes in much the same way as SUB, except the contents of the carry flag are also sub-
tracted from the destination operand. The contents of the carry flag are updated at comple-
tion of the instruction.

DEC Destination (Decrement Byte, Word, or Double-Word by 7). DEC provides a quick way
to subtract 1 from any register or the contents of any memory location. All flags except the
carry flag are affected.

] 2 EXAMPLE 4.5

What is the result of DEC  byte ptr [200H]? Assume that the DS register contains Q500H.

- Solution: Because we are decrementing the contents of a memory location, the assem-

bler must be informed of the operand size. This is accomplished with the byte ptr directive.
Figure 4.2 shows the change made to location 05200H when the instruction executes,
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FIGURE 4.2 Execution of Before After
DEC BYTE PTR [200H) ! ! : !
Address : Memory Data : Address i Memory Data |

OS1FF
05200

05201

DS: 0500_
+ Addr: 0200
05200 —

The machine code for DEC byte ptr [200H] is FE OE 00 02. Notice that the last
2 bytes are the byte-swapped offset 0200H. W

cMP Dssiinaﬁan,Source {Compara Byltes, Words, or Déubfe-Wards). This very useful in-
struction allows the programmer to perform comparisons on byte, word, and double-word
values. Comparisons are employed in search algorithms and whenever range checking
needs to be done on input data. For example, it may be beneficial to use CMP to check a
register for a 0 value prior to multiplication or division. The internal operation of CMP is
actually a subtraction of the destination and source operands without any modification to
either. The flags are updated based on the results of the subtraction. The zero flag is set after
a CMP if the destination and source operands are equal, and cleared otherwise. All other
flags are also affected. Immediate data is sign-extended to the size of the destination before
the comparison is performed.

B EXAMPLE 4.6

What CMP instruction is needed to determine if the accumulator (AX) contains the value
3B2EH?

Solution: Weshoulduse CMP  AX,3B2EH to do the checking. As we will see later, we
should follow the CMP instruction with some kind of conditional jump (asin JZ MATCH
or INZ NOMATCH to control the flow of a program). We could also test each half of AX
individually, using CMP AH,3BH and CMP AL,2EH, but this results in more code and
slower execution time.

The machine code for CMP  AX,3B2EH is 3D 2E 3B. W

B EXAMPLE 4.7

Let us examine the operation of CMP when both signed and unsigned numbers are used as
operands. Consider the following instruction sequence:

MOV AL, 20
CMP AL, 10
CMP AL,30
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When the first CMP instruction executes, both the sign and carry flags will be cleared
because the accumulator (20) was larger than the immediate data (10). The internal sub-
traction 20 — 10 gives a positive result.

When the second CMP instruction executes, the internal subtraction performed is
20 — 30. In this case, the sign and carry flags are both set (due to the negative result),

All three numbers used (10, 20, and 30) represent positive numbers. What happens
when negative numbers are used? The three instructions are now as follows:

MOV AL, 90H ;represents -112
CMF AL, 80H ;represents -128
CMP AL, QAQH ;represents -96

Remember that negative numbers are represented using 2’s complement notation.

The sign and carry flags are both cleared during execution of the first CMP instruc-
tion, because — 112 minus —128 (90H minus 80H) results in a positive value. When the
second CMP instruction is executed, the sign and carry flags are both set as a result of the
internal subtraction —112 minus —96 (90H minus AQH).

When both positive and negative numbers are compared, as in:

MOV  AL,10
CMP AL, S0H

the sign and carry flags are affected differently. In this case, the sign flag is cleared and the
carry flag is set, Can you determine why? W

CMPXCHG  Destination,Source (Compare and Exchange).  This instruction compares the des-
tination operand with the accumulator (AL, AX, or EAX, depending on the size of the
destination). The flags are set accordingly. If the accumulator equals the destination, the
source operand is copied into the destination. If the accumulator and destination operands
are different, the accumulator is replaced by the value in the destination.

M EXAMPLE 4.8

If AL, BL, and CL coentain the respective vatues 10H, 20H, and 30H, what is the result of
CMPXCHG BL,CL? What is the result if BL initially equals 10H?

Solution; Figure 4.3 shows the results of each CMPXCHG execution. Il

AL | 10 BL| 10 CL| 30 Before ALL 10 BL| 20 CL| 30
AL| 10 BL{ 30 CL1| 30 After AL| 20 BL| 20 CL| 30
{a) b

FIQURE 4.3 Exscution of CMPXCHG BL,CL (a) when AL equals BL and
{b) when AL does not equal BL
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In both cases, data is rapidly exchanged between two registers. This type of data ex-
change is especially useful in operating system software that supports multiple processes
through the use of semaphores. A semaphore is essentially a counter whose value decides
which process is able to execute next. It is often necessary to update the semaphore value
with a single instruction. When multiple instructions are used, such. as:

CMP AL, BL
JNZ NOTEQUAL ;Jjump to NOTEQUAL if AL <> BL
MOV BL,CL
JMP NEXT
NOTEQUAL MOV AL, BL
NEXT B

it is possible to incorrectly update the semaphore due to unexpected interrupts that switch
between the two or more processes accessing the semaphore at the same time. The
CMPXCHG instruction solves this problem by performing the equivalent work of the five
example instructions.

CMPXCHG8B Destination (Compare and Exchange 8 Bytes). This instruction is similar to
CMPXCHG except that the comparison is fixed at 64 bits. The EDX and EAX registers
(EDX:EAX) specify the 64-bit operand (EDX being the upper 32 bits) that is compared
with the destination. If equal, the destination receives a copy of the 64-bit number in
ECX:EBX (ECX holding the upper 32 bits). )

If the comparison is not equal, the destination value is copied into EDX:EAX. Only
the zero flag is affected by the result of the comparison.

M EXAMPLE 4.9

What are the results of the CMPXCHGSB instruction given this sequence of instructions:

MOV EDX,12345678H
MOV EAX, 9ARCDEF(OH
MOV ECX, 01020304H
MOV EBX, 05060708H

CMPXCHGEB VALG4RIT
VALG4BIT is a 64-bit (8-byte) memory operand, defined as follows:
VAL64BIT DQ 123456789ABCDEFOH

Solution: Because the 64-bit memory operand VAL64BIT is equal toe EDX:EAX, the
contents of VALG4BIT are replaced by ECX:EBX. Its new value is 0102030405060708H.

Note the use of the DQ (define quadword) directive used to reserve room for
VALG4BIT. B

MUL  Source (Muitiply Bytes, Words, or Double-Words Unsigned).  This unsigned multiply in-
struction treats byte, word, and double-word numbers as unsigned binary values. This gives
an 8-bit number a range of 0 to 255, a 16-bit number the range 0 to 65,535, and a 32-bit num-
ber the range 0 to 4,294,967,296. The source operand specified in the instruction is multi-
plied by the accumulator. The source operand may not be immediate data. If the source is a
byte, AL is used as the multiplier, with the 16-bit result replacing the contents of AX. If the
source is a word, AX is used as the multiplier, and the 32-bit result is returned in registers DX
and AX, with DX containing the upper 16 bits of the result. For double-word source values,

* the multiplier is EAX. The 64-bit result is stored in EDX and EAX. All flags are affected.
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B EXAMPLE 4.10

What is the result of MUL CL if AL contains 20H and CL contains 80H? What is the re-
sult of MUL  AX if AX contains A064H?

Solution: The decimal equivalents of 20H and 80H are 32 and 128, respectively. The
product of these two numbers is 4096, which is 1000H. Upon completion, AX will contain
1000H. The decimal equivalent of AO64H is 41,060. MUL AX multiplies the accumula-
tor by itself, giving 1,685,923,600 as the result, which is 647D2710H. The upper half of
this hexadecimal number (647DH) will be placed into register DX. The lower half (2710H)
will repiace the contents of AX,

The machine code for MUL CL is F6 El. The machine code for MUL AX is F7
E(. H

IMUL  Source (integer Multiply Bytss, Words, or Double-Words).  This multiply instruction is
very similar to MUL except that the source operand is assumed to be a signed binary num-
ber. This gives byte operands a range of — 128 to 127, word operands a range of —32,768
to 32,767, and double-word operands a range of —2,147,483,648 to 2,147,483,647. Once
again the operand size determines whether the result will be placed into AX, DX and AX,
or EDX and EAX,

A EXAMPLE 4.11

What is the result 6f IMUL CL if AL contains 20H and CL contains 80H?

Solution:  Although this example appears to be exactly like Example 4.10, it actually is
not, because the 80H in register CL is interpreted as —128. The product of —128 and 32 is
— 4096, which is FOOOH in 2's complement notation. This is the value placed into AX upon
completion.

The machine code for IMUL CLis F6 E9. W

B EXAMPLE 4.12

IMUL also accepts two or three operands under certain restrictions. When two operands are
used, the first operand must be a 16/32-bit register. The second operand may be a register,
a memory operand, or immediate data. The immediate data will be sign-extended to 16 or
32 bits. The result must be 16 or 32 bits wide. Examples are:

OF AF C3 IMUL AX,BX JAX = AX * BX

OF AF 0D IMUL CX, [DI] iCX = CX * [DI)
68 DB 32 IMOL BX,50 ;BX = BX * 50

6B CS F4 IMUL CX,-12 ;CX = CX * -12
66 OF AF C3 IMUL EAX, EBX ;EAX = EAX * EBX

When three operands are used, the first operand must be a 16/32-bit register. The sec-
ond operand may be a register or memory operand. The third operand must be an immedi-
ate value. Examples of this form are as follows:

€B C3 05 IMUL AX,BX,5 AX = BX * 5

6B CA F6 IMUL CX,DX,-10 ;CX = DX * ~10

66 6% 1C C00007DO IMUL EBX, [8I],2000 ;EBX = [8I] * 2000
66 6% 1C FFFFF830 IMUL EBX, [8T],-2000 ;EBX = [8I] * -2000¢

Notice that the 32-bit size of EBX in the last two instructions cause the immediate
data to be sign-extended to 32 bits, W
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DV Source (Divide Bytes, Words, or Double-Words Unsigned). In this instruction, the accu-
mulator is divided by the value represented by the source operand. All numbers are inter-
preted as unsigned binary numbers. If the source is a byte, the quotient is placed into AL
and the remainder into AH. If the source is a word, it is divided into the 32-bit number rep-
resented by DX and AX (with DX holding the upper 16 bits). The 16-bit quotient is placed
into AX and the 16-bit remainder into DX. For double-word operands, the 64-bit value in
EDX and EAX is divided by the source, The 32-bit quotient is placed in EAX. The 32-bit
remainder is saved in EDX, If the quotient is too large to fit in the destination, a type-0 in-
terrupt is generated. All flags are affected.

B EXAMPLE 4.13

What is the result of DIV BL if AX contains 2710H and BL contains 32H?

Solution: The decimal equivalents of 2710H and 32H are 10,000 and 50, respectively.
The quotient of these two numbers is 200, which is C8H. This is the byte placed into AL.
Because the division had no remainder, AH will contain 00.

The machine code for DIV BLisF6F3. B

DIV Source (integer Divide Bytes, Words, or Double-Words).  As with MUL and IMUL, we
also see similarities between DIV and IDIV. In IDIV the operands are treated as signed bi-
nary numbefs. Everything else remains the same.

W EXAMPLE 4.14

What is the result of IDIV  CX if AX contains 7960H, DX contains FFFEH, and CX con-
tains 1388H7?

Solution: Because a word operand is specified, the 32-bit number represented by DX and

AX will be divided by CX. Combining DX and AX gives FFFE7960H, which is — 100,000.

CX represents 3,000. Dividing —100,000 and 5,000 gives —20, which is FFECH. This

value is placed into AX, and 0000 is placed into DX because the division has no remainder.
The machine code for IDIV  CXisF7F9. W

B EXAMPLE 4.156

A simple random-number generator uses a 64-bit pattern to represent its random value, A
new random number is generated by dividing the current random number by & 32-bit gen-
erator pattern. The quotient and remainder are combined to form the new random pattem,
with the remainder making up the upper 32 bits. One way to do this is as follows:

Address and data in data segment:

0000 12345678 RANDHI DD 12345678H
0004 9ABCDEF( RANDLC DD 9ABCDEFOH
0008 SASABABA GTERM oD 5ABASABAH

Random-number generator:

66 8B 16 0000 MOV EDX, RANDHI
66 Al 0004 MOV EAX, RANDLO
66 BB 1lE 0008 MOV EBX, GTERM
66 F7 FB IDIV EBX

,66 89 16 0000 MOV RANDHI, EDX

66 A3 0004 MOV RANDLO, EAX
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When the six instructions are executed, the new values of RANDHI and RANDLO are
5296DBCCH and 33944A55H, respectively. This may certainly be viewed as a random
pattern, although significant testing is required to determine how well the generator works
when used repeatedly. Hll

NEG Destination {Negate Byte, Word, or Double-Word).  This instruction is used to find the
signed 2’s complement representation of the number in the destination. This is accom-
plished by subtracting the destination operand from 0, All flags are affected.

B EXAMPLE 4.16

What is the result of NEG  AX if AX contains FFECH?

Solution: Subtracting FFECH from 0 gives 0014H, which is +20. Take another look at
Example 4.14 and you will see that we have just proved the results of the IDIV instruction.
The machine code for NEG AXisF7D8. H

CBW (Convert Byfe to Word). This instruction is used to extend a signed 8-bit number in
AL into a signed 16-bit number in AX. This is sometimes necessary before performing an
IDIV or IMUL. No flags are affected.

W EXAMPLE 4.17

What does AX contain after execution of CBW if AL initially contains 37H? What if AL
contains B7H?

Solution: Because 37H is a positive signed number, the result in AX is 0037H. Note that
the most significant bit is still a 0. B7H, however, is a negative signed number, resulting in
AX becoming FFB7H. Note here that the MSB is a 1, indicating a negative result,

The machine code for CBW is 98. W

CWD/CWDE  (Convert Word to Double-Word). CWD extends the sign of the number stored
in AX through all 16 bits of register DX. This results in a 32-bit signed number in DX and
AX. CWD is useful when preparing for IMUL and IDIV. CWDE alsc extends the sign of
AX but does it in the upper 16 bits of EAX. The 32-bit result is in one register. No flags are
affected.

. @ EXAMPLE 4.18

3

What is in DX after CWD executes, with AX containing 4000H? What if CWDE is
executad?

Solution: Because 4000H is positive (the MSB is 0), DX will contain 0000. When
CWDE executes, EAX will contain 00004000H.
The machine code for CWD is 99. The machine code for CWDE is 66 98. H

CDQ, (Convert Double-Word to Quadword).  This instruction is similar to CWD. The sign bit
of EAX is extended through EDX. This gives a 64-bit result in EDX:EAX.
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B EXAMPLE 4.18

What are the results of CDQ if EAX contains C8000000H?

Solutlon: Because the MSB of EAX is a one, the contents of EDX are set to
FFFFFFFFH. The machine code for CDQ is 66 99. I

DAA (Decimal Adjust for Addition). 'When a hexadecimal number contains only the digits 0~9
(as in O7H, 35H, 72H, and 98H), the number is referred to as a packed decimal number.
So, instead of a range of 00 to FFH we get 00 to 99H. When these types of numbers are
added together, they do not always produce the correct packed decimal result. Consider the
addition of 15H and 25H. Straight hexadecimal addition gives 3AH as the result. Because
we are interpreting our numbers as packed decimal numbers, 3AH seems to be an illegal
answer. The processor is able to correct this problem with the use of DAA, which will mod-
ify the byte stored in AL so that it looks like a packed decimal number. Numbers of this
type are also referred to as binary coded decimal (BCD) numbers.
All Rags are affected.

B EXAMPLE 4.20

IfADD AL.BL is executed with AL containing 15H and BL containing 25H, what is the
resulting value of AL? What does AL contain if DAA is executed next?

Solutlon: * Adding 15H to 25H gives 3AH, as we just saw. When DAA executes, it will
examine AL and determine that it should be corrected to 40H to give the cormrect packed
decimal answer. It is interesting that the processor adds 06H to AL to convert it into a
packed number.

The machine code for DAAis 27. W

DAS  (Decimal Adjust for Subtraction).  This instruction performs the same function as DAA
except it is used after a SUB or SBB instruction. All flags are affected.

B EXAMPLE 4.21

If AL contains 10H and CL contains 02H, what is the resuit of SUB  AL,CL? What hap-
pens if DAS is executed next?

Solution:  Subtracting 02H from 10H will result in AL containing OEH. Following the
SUB instruction with DAS will cause AL to be converted into O8H, the correct packed
decimal answer.

The machine code for DAS is 2F. I

AAA  (ASCH Adjust for Addition).  Occasionally the need arises to perform addition on ASCII
numbers. The ASCII codes for 0-9 are 30H through 39H. Addition of two ASCII codes un-
fortunately does not result in a correct ASCII or decimal answer. For example, adding 33H
(the ASCII code for 3) and 39H (the ASCII code for 9) gives 6CH. Using DAA to correct
this result will give 72H, which is the correct packed decimal answer, but not the answer
we are looking for. After all, 3 plus 9 equals 12, which must be represented by the ASCII
characters 31H and 32H. AAA is used to perform this correction by using it after ADD or
ADC. AAA will examine the contents of AL, adjusting the lower 4 bits to make the correct

"decimal result. Then it will clear the upper 4 bits and add 1 to AH if the lower 4 bits of AL

were initially greater than 9. Only the carry and auxiliary carry flags are directly affected.
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B EXAMPLE 4.22

Register AX is loaded with 0033H. Register BL is loaded with 30H. ADD  AL.BL is ex-
ecuted, giving AL a new value of 6CH. What happens if AAA is executed next?

Solution: AAA will see the C part of 6CH and correct it to 2 (by adding 6). Next, the
upper 4 bits of AL will be cleared. Now AL contains 02. Because the lower 4 bits of AL
(prior to execution of AAA) were greater than 9, 1 will be added to AH, making its final
value 01, We end up with AX containing 0102H. If we now add 30H to each byte in AX,
we will get 3132H, the two ASCII digits that represent 12.

The machine code for AAA is 37. I

AAS  (ASCii Adjust for Subtraction). This instruction performs the same correction procedure
that AAA does, except it is used after SUB or SBB to modify the results of a subtraction.
Also, if the number in the lower 4 bits of AL is greater than 9, 1 will be subtracted from AH.

B EXAMPLE 4.23

AX is loaded with 0037H and BL is loaded with 32H. SUB  AL,BL is executed and the
processor replaces the contents of AL with 05H. What happens if AAS is now executed?
What are the results if BL was initially loaded with 39H?

Solution: Becaupse the number in the lower 4 bits of AL (3) is not greater than 9, AAS
does not change it. The upper 4 bits of AL are cleared. Because no change was needed,
there is no need to add 1 to AH. The final value of AX is 0005H. Adding 30H to each byte
in AX gives 3035H, the two ASCII codes for the number 05,

If BL is initially loaded with 39H, the result of SUB AL.BL is FEH, which is
placed in AL. When this value is examined by AAS, the E in FEH will be changed to 8 (by
subtracting 6} and the upper 4 bits will be cleared. AL now contains 08H. Note that 7 minus
9 is —8 using 10s complement BCD arithmetic. AL now contains the 8 part of the answer.
Because AL required modification, AH will be decremented. The final value of AX is
FFO8H (—2 in BCD). The FFH in AH indicates that a borrow occurred (and so does the
carry flag). Adding 30H to AL results in the correct ASCII code for 8 (which is 38H).

‘The machine cede for AAS is 3F. ll

AAM  (ASCH Adjust for Multiply).  This instruction is used to adjust the results of a MUL in-
struction so that the results can be interpreted as ASCII characters. Both the operands used
in the multiplication must be less than or equal to 9 (their upper 4 bits must be 0). This en-
sures that the upper byte of the result placed in AX will be 00, a necessary requirement for
proper operation of AAM. AAM will convert the binary product found in AL into two sep-
arate digits. One digit replaces the contents of AL and the other digit replaces the contents
of AH. Software can then be used to add 30H to each value to obtain the ASCII codes for
the correct product. Only the parity, sign, and zero flags are directly affected.

- 1 EXAMPLE 4.24

AL and BL are given initial values of 7 and 6, respectively. MUL BL produces 002AH in
AX. Note that 7 times 6 is 42 and that 2AH is equal to 42. What are the contents of AX after
AAM is executed?

Solution: Because the upper 4 bits of each operand used in the multiplication were 0 and
the lower 4 bits contained numbers less than or equal to 9, AAM will be able to correctly
convert the product in AX. AAM converts the 2AH in AL into the digits 4 and 2 and writes

-
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them in AH and AL, respectively. The final contents of AX are 0402H. If we now add 30H
to each byte in AX, we get 3432H, the two ASCII codes for 42,
The machine code for AAM isD40A. W

AAD  (ASCIH Adjust for Division).  This instruction is executed before DIV to change an un-
packed two-digit BCD nomber in AX into its binary equivalent in AL. AH must be 00 after
the change to produce the correct results. The number in AL can then be divided (via DIV)
to get the correct binary quotient in AL. Only the parity, sign, and zero flags are directly
affected.

W EXAMPLE 4.25

Register AX is loaded with 0600H. These 2 bytes correspond to the unpacked BCD num-
ber 60, not its decimal equivalent of 1,536. If BL is loaded with 04H, we expect that the use
of AAD and DIV will produce the correct answer of 15 (which is 60 divided by 4). What
are the contents of AX after AAD and after DIV BL?

Solutlon: AAD examines AX and finds that it comains a valid unpacked BCD number.
The value 600H is converted to 003CH, the correct binary equivalent of 60. DIV BL then
divides this number by 4 to produce G00FH in AX. Remember that AL contains the quo-
tient and AH contains the remainder. The quotient OFH equals 15 and the remainder is 0, so
AAD correctly adjusted AX before the division,

The machine code for AADis D5 0A. B

XADD  Destination, Source (Exchange and Add Bytes, Words, or Double-Words).  In this instruc-
tion, the source operand is a register and the destination is a register or memory location.
The source and destination operands are added together, with the sum replacing the contents
of the destination. The original destination is copied into the source register.

All flags are affected.

B EXAMPLE 4.26

What is the result of XADD A BX if AX contains 2000H and BX contains 3000H?

Solution: The sum of AX and BX is 5000H. This becomes the new value stored in AX.
BX is loaded with 2000H.
The machine code for XADD is OFC1 DS8. B

4.3 LOGICAL INSTRUCTIONS

The instructions in this group are used to perform Boolean (logical) operations on binary
data.

The Instructions
NOT  Destination (“NOT” Byts, Word, or Double-Word). 'This instruction finds the comple-

_ment of the binary data stored in the destination operand. All Os are changed to 1s, and all

1s to 0s. No flags are affected.
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M EXAMPLE 4.27

What is the result of NOT AL if AL contains 3EH?

Solution: The binary equivalent of 3EH is 00111110. When these bits are comple-
mented we get 11000001, which is C1H. This is the final value in AL.
The machine code for NOT AL is F6 DO. B

AND  Destination, Source ("AND” Bytes, Words, or Double-Words). This instruction performs
the logical AND operation on the destination and source operands. AND is a useful way of
turning bits off (making them 0). Refer to Figure 4.4 for a review of the tmuth table for
a two-input AND gate. Note that it takes two 1s to make a 1 on the output of the AND gate.
The processor ANDs the bits in each operand together in a bitwise fashion (bit 0 of source
with bit 0 of destination, etc.) to produce the final result. This logical operation is very use-
ful for masking off unwanted bits during many types of comparisen operations. All flags
are affected.

FIQURE 4.4 Truth table for an

AND gatse A — ) :
B —

B EXAMPLE 4.28

What is the result of AND  AL,[345H)? Assume that the DS register contains 2000H and
that AL contains BCH,

Solutlon: Figure 4.5 shows how the processor accesses location 20345H and ANDs its
contents (27H = 00100111) with that of the AL register (BCH = 10111100). The result is
24H, which is placed into AL.

FIQURE 4.5 Operation of . Memory :
AND AL,[345H] Address | Data }

DS: 2000_ 20345
+ Addr: 0345
20345 20346

|
|
|
b

AL| BC |=————————>01] 1100
AND 00100111 el
0010 0100 —= AL} 24

The machine code for AND AL,[345H]is22064503. B

OR Destination,Source (“OR" Bytes, Words, or Double-Words). This instruction performs a
logical OR of each bit in the source and destination operands. OR can be used to turn bits
on {make them 1). Figure 4.6 shows the truth table for a two-input OR gate. The output of
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FIGURE 4.6 Truth table for

an OR gate A 3
f
B

the OR gate will be high if a 1 is present on either (or both) inputs. Respective bits in each
operand are ORed together to produce the final result. All flags are affected,

A
0
o
1
1

—o—o|m
=] )

B EXAMPLE 4.20

Register BX contains 2589H. What is the result of OR BX,0C77CH?

Solution: As a matter of habit, whenever we use a hexadecimal number in an instruc-
tion, we precede it with a leading 0 if the first hexadecimal digit is greater than 9. So, the
correct way to specify C77CH in the OR instruction is to write 0C77CH. The purpose for
doing this is to prevent the assembler from thinking that C77CH is the name of a label
somewhere in the program. Putting a leading 0 first does not change the value of the hexa-
decimal number, but it does tell the assembler that it is working with a number and not a
name.

So, in Figure 4.7 we see how the OR instruction operates on BX and the immediate
data to produce the final result of E7FDH in register BX.

FIGURE 4.7 Operation of
OR BX,0C77CH BX| 25 | 8 |———— 0010 0101 1000 1001

cric "--—ODE 1100 0111 0111 1100
———1110 0111 1111 1101

BX| E7 | FD |-+—

The machine code for OR  BX,0C77CHis81CB7CC7.

XOR Destination,Source (Exciusive-OR Bytes, Words, or Double-Words). XOR is a special
form of OR in which the inputs must be different to get a 1 out of the logic gate. Figure 4.8
shows the truth table for a two-input XOR gate. Clearly, the output is high only when the
inputs are different. The XOR function can be used to toggle bits to their opposite states.
For example, (11 XORed with 010 gives 001. Note that the second bit in the first group has
been changed to 0. If we XOR 001 with 010 again, we get 011. The two XOR operations
simply toggle the second bit back and forth. This is due to the 1 in the second group of bits.
It may be interesting to note that XOR AL,0OFFH does the same job as NOT AL. All
flags are affected by XOR.

FIGURE 4.8 Truth table for
an Exclusive-OR gate

e T R B T T e e i s i B

PP Pl Y

S e L
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B EXAMPLE 4.30

What is the result of XOR AX CX if AX contains 1234H and CX contains 4567H?

Solution: Figure 4.9 shows how the two 16-bit binary numbers in AX and CX are
XORed together, The result is placed in AX.

FIQURE 4.9 Operation of
XOR AX,CX AX( 12 [ 34 | 0001 0010 0011 0100

CX| 45 67 |- XOR 0100 0101 0110 0111
0101 0111 01¢1 0011

The machine code for XOR AX,CXis31C8. W

TEST Dsstination,Source (“TEST" Bytes, Words, or Double-Words). TEST can be used to ex-
amine the state of individual bits, or groups of bits. Internally, the processor performs an
AND operation on the two operands without changing their contents. The flags are updated
based on the results of the AND operation, In this way, testing individual bits is easily ac-
complished by putting a 1 in the correct bit position of one operand and examining the zero
flag after TEST executes. If the bit being tested was high, the zero flag will be cleared
(a not-zero condition). If the bit was low, the zero flag will be set.

B EXAMPLE 4.31

What instruction is needed to test bit 13 in register DX?

Solution: We must determine the immediate data needed to perform the desired test.
Figure 4.10 shows how the 1 needed to perform the test requires the immediate word
2000H. Because immediate data cannot be used as a destination operand, we end up with
the instruction TEST DX,2000H. It will be necessary to examine the flags (possibly only
the zero flag) to decide what to do with the results of the test.

FIGURE 4.10 Operation of Bit 13 Bit0
TEST DX,2000H j, ;

00100600000000000

}

Bit 15 Immediate data = 2000H

The machine code for TEST DX,2000H is F7C20020. B

BSF/BSR  Dastination,Source (Bit Scan Forward/Reverse). The BSF instruction scans the
source operand for the first bit that equals 1, beginning with the LSB. The bit position
(index) of the first 1 found is saved in the destination. The destination must be a 16- or 32-
bit register. The source may be a 16- or 32-bit register or memory operand.

‘BSR operates in a similar manner, except for the direction of the scan, which begins
with the MSB instead.
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B EXAMPLE 4.32 Register EBX contains 4CE000C0OH. What is the result of BSF  EAX,EBX? What hap-
pens if BSR is used?

Solution:  As indicated in Figure 4.11, BSF begins scanning for a 1 at bit 0. The first 1 is
found at bit 21. Register EAX is loaded with 15H (21 decimal). - ]

Bit 3] Bit 21 Bit 0

! | !

EXBloj1|0|loOofjtt1io|lo]|1]1 1| 0[O0 |0|e e o o o &[0! 0]|0;0

Scan direction -

{a) Forward with BSF Start ;

' é

E

Bit 31 l— Bit 30 Bit 0

EXB| O |1 |0O0,0; 8 |1;0:0]1 1 110 0|0]e & =« =» = e |0 |0]|0]|0O

]
: %= Scan direction :
Start ’ {b) Reverse with BSR

FIGURE 4.11 Scanning bits in EBX

When BSR  EAX.EBX is used, the result in EAX is 1EH (30 decimal), because
scanning begins with the MSB. This indicates that the first 1 found is bit 30.

The machine code for BSF EAXEBX is 66 OF BC C3. The machine code for
BSR EAX,EBXis660FBDC3. N

B EXAMPLE 4.33 A very useful application of BSF/BSR is edge detection in an image-processing applica-
tion, A special image called a binary image that contains only black and white colors has
the property that an edge exists anywhere there is a zero to one transition. For example,
consider this 32-bit sample from a binary image (zero is black, one is white):

000000000111111103000000000000000

The edges of the seven-pixel wide bar occur at bit positions 16 and 22. These positions may
be easily found using BSF and BSR.

BT/BTC/BTS/BTR  Destination,Source (Bit Test and Complemsni/Set/Reset). These four in-
structions are used to determine the value of a specific bit in the 16- or 32-bit destination
operand (register or memory). The bit to be tested is indicated by the source operand,
which may be a register or an immediate value. Bits are numbered from 0 to 31.
The state of the bit that is tested is copied into the carry flag. Thus, if the bit is zero,
the carry flag will be zero.
’ After testing the bit, the BTC instruction complements it. The destination is modified,
The BTS instruction tests and then sets the indicated bit. BTR tests and resets the chosen bit.
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BN EXAMPLE 4.34

The contents of register AX and the carry flag are shown after each instruction executes:

B8 5555 MOV A¥,5555H ;AX = 55505,carry = 0
OF BA EO QA BT AX, 10 ;AX = 5555, carry = 1
OF BA E0 OB BT A¥, 11 ;AX = 5555, carry = 0
BB 000A MOV BX,10 ;AX = 5555,carry = 0
0F A3 D8 BT AX,BX A = 5555, carry = 1
43 INC BX

O0F A3 D8 BT AX¥,BX ;AX = 5559,carry = 0
OF BA& F8 QOF BTC A¥, 15 ;AX = DSBS, carry = 0
0F BA E8 01 BTS A¥,1 ;A¥X = D&R57,carry = 0
OF Ba FO 00 BTR AX, 0 ;AX = D556, carry = 1

In control applications, a single bit is often used to operate a device (open/close a relay,
turn an indicator light on/off} or sense a specific input condition (door open/closed, control
switches). The bit test instructions provide a simple way to perform ail the necessary oper-
ations on a single bit. This makes the job of writing the control system code quicker and
easier. M

SETcc  Destination (Set Byte on Condition). This instruction tests the specified condition
and sets the destination byte to 01H if true. If the condition is false, the destination is set to
zero. The true/false condition is based on the state of one or more processor flags. Table 4.1
shows all the conditions that may be tested with SETcc.

TABLE 4.1 Conditions used with SETcc

Instruction Meaning Instruction Meaning

SETA Set byte if above SETNE Sat byte if not equal
SETAE ” Set byte if above or equal SETNG Set byte if not greater
SETB Set byte if below SETNGE Set byte if not greater or equal
SETBE Set byte if below or equal SETNL Set byte if not less

SETC Set byte if camry SETNLE  Set byte if not less or equal
SETE Set byte if equal SETNO Set byts if not overflow
SETG Set byte if greater SETNP Set byte if not parity
SETGE Set byte if greater or equal SETNS Set byte If not sign

SETL Set byte If less SETNZ Set byte if not zero

SETLE Set byte if less or squal SETO Set byte if overflow
SETNA Set hyte if not above SETP Set byte if parity

SETNAE  Set byte if not above or equal SETPE Set byte if parity even
SETNB Set byte if not below SETPO Set byte if parity odd
SETNBE Set byte if not below or equal SETS Set byte if sign

SETNC Set byte if not carry SETZ Set byte if zero

. 8 EXAMPLE 4.35

What does SETNZ AL do?

Solution: SETNZ checks the state of the zero flag. If the zero flag indicates an NZ con-
dition (zero flag is clear), register AL is set to 01H. Otherwise, AL is set to O0H.
The machine code for SETNZ AL is0F95C0. B
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4.4 BIT MANIPULATION INSTRUCTIONS

This group of instructions is used to shift or rotate bits left or right in register or memory
operands. These operations are very useful when converting data from one form to another
or for manipulating specific patterns, such as a single bit that moves through each position
of a register.

The Instructions

SHL/SAL  Destination,Count (Shift Logical/Arithmetic Left Byts, Word, or Double-Word).  This is
the first of a number of different instructions that we will encounter that go by two names.
The programmer may have personal reasons for using SHL instead of SAL, or vice versa,
but to the assembler both names are identical and generate the same machine code.

The count operand indicates how many bits the destination operand is to be shifted to
the left. Shifts may be from 1 to 31 bits and may be specified as an immediate value, as in SHL
AX,7. For multi-bit shifts, the count may also be placed in register CL. The corresponding in-
struction for a multi-bit shift would then be SHL.  AL,CL. All bits in the destination operand
are shifted left, with a 0 entering the LSB each time. Bits that shift out of the MSB position
are placed into the carry flag. Other flags are modified according to the final resuits.

B EXAMPLE 4.36

What are the results of SHL. AL,CLif Al contains.TSH and CL contains 37

Solution: Figure 4.12 shows the state of register AL after each shift is performed. A O is
shifted in from the right each time. The last bit shifted out of the MSB position is the final
state of the carry flag. The final contents of AL are A8H. Could the same results be obtained
by executing SHL. AL,l three times? The answer is yes, at the expense of generating
more code and consuming more execution time.

FIQGURE 4.12 Execution of Initial AL
SHL ALCL

0111 0101

First shift: AL

C] O |-—| 1110 1610 |-—0

Second shift: AL

C| 1 [-e—| 1101 0100 |—0

Third shift:

Cj 1 || 1010 1000 }-w—0

1

Final AL

This type of shift instruction is very useful for computing powers of 2, because each

timea binary number is shifted left it doubles in value.

The machine code for SHL. AL,CL is D2 EO. The machine code for SHL. AL,l is
DOEC. W
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FIQURE 4.13 Operation of

Destination opetand

SHR Destination,Count (Shift Logical Right Byte, Word, or Double-Word).  This instruction has
the opposite effect of SHL, with bits shifting to the right in the destination operand. Zeros
are shifted in from the left and the bits that fall out of the LSB position end up in the carry
flag. Figure 4.13 details this operation. Keep in mind that shifting right 1 bit is equivalent
to dividing by 2.

B EXAMPLE 4.37

What instruction (or instructions) is needed to divide the number in BX by 327

Solution: Because 32 equals 2 raised to the fifth power, shifting BX to the right five
times is equivalent to dividing it by 32. The shift count 5 must be placed into register CL
before the shift instruction SHR  BX,CL is executed. An alternate solution would involve
execution of SHR BX.5.

The machine code for SHR  BX,CL is D3 EB. The machine code for SHR BX.,5
isCIEBO5. R

SAR Destination, Count (Shift Arithmetic Right Byte, Word, or Double-Word).  SAR is very sim-
ilar to SHR with the important difference being that the MSB is shifted back into itself.
This serves to preserve the original sign of the destination operand. When we deal with
signed numbers, the MSB is used as the sign bit. If SHR is used to shift a signed negative
number to the right, the O that gets shifted into the MSB position forces the computer to
then interpret the result as a positive number. SAR prevents this from happening. Negative
numbers stay negative and positive numbers stay positive, and each gets smaller with every
shift right.

B EXAMPLE 4.38

‘What are the results of SAR  CL,1 if CL initially contains B6H?

Solution: B6H is the signed 2’s complement representation of —74. Figure 4.14 shows
how the contents of register CL are shifted right 1 bit, with the MSB coming back in
from the left to preserve the negative sign. The final value in CL is DBH, which corre-
sponds to —37, exactly one-half of the original number. A 0 is shifted out of the LSB into
the carry flag.

FIQURE 4.14 Operation of Initia) CL
SAR CL1

After one 1011 0110
shift

C\l 1101 1811 {=——=| 0 |C

Finai CL.

The machine code for SAR CIL,1isDOF9.
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SHLD/SHRD  Destination, Source,Count (Shift Left/Right Double Precision). These instructions
are similar to SHL and SHR, with the exception that instead of simply shifting zeros into
the destination from left or right, bits from the source operand are shifted in. The destina-
tion operand may be a 16~ or 32-bit register or memory location. The source operand must
be a 16- or 32-bit register. The count may be specified by the value in register CL, or by an
immediate value.

SHLD shifis the destination left the number of bits specified by the count. Bits from
the source operand, beginning with the MSB, are shifted into the LSB of the destination.

SHRD shifts the destination right the number of bits specified by the count. Source
operand bits, beginning with the LSB, are shifted into the MSB of the destination.

The source operand is not affected.

H EXAMPLE 4.39

Registers AX, BX, and CX contain the following values, respectively: 1234H, 5678H, and
9ABCH. What are the results of these instructions?

SHLD AX,BX,4
SHRD BX,CX,8

Solution: As indicated in Figure 4.15(a), the SHLD instruction shifts 4 bits from BX
into AX. The final result in AX is 2345H, SHRD shifts & bits from CX into BX, giving BX
a final valpe of BC56H. This is illustrated in Figure 4.15(b).

Each hex digit

represents 4 bits

AX| 1 2 3 4 | BX| 5 6 7 8

— !
LDST.* ‘—I —.J
(a} SHLD AX, BX, 4
CX| 9 | A B C —p | 5 6 7 8 |BX
M e

| E— bt Lost*

(b} SHRD BX, CX, 8
*Except carry is set to last bit shifted out
FIQURE 4.15 Double-precision shifts

The machine code for SHL.LD AX,BX,4 is OF A4 D8 04, The machine code for
SHRD BX,CX,8isOFACCBOS. B

ROL  Destination, Count (Rotate Left Byte, Word, or Double-Word). The difference between
ROL and SHL is that bits that get rotated out of the LSB position get rotated back into the
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MSB. Thus, data inside the destination operand is never lost, only circulated within itself.
A copy of the bit that rotates out of the LSB is placed into the carry flag. The only other flag
affected is the overflow flag.

B EXAMPLE 4.40

What is the result of ROL byte ptr [S1],17 Assume that the DS register contains 3C00H
and that register SI contains 0020H,

FIGURE 4.16 Operation !
of ROL BYTE PTR[SI],1 Address |

DS: 3C00_ 3COIF
+ SE 0020
3C020 —» 3C020

3C021

After rotate left

! Memory
! Data

Solution: In Figure 4.16 the DS and SI registers combine to form an effective address of
3C020H. The byte stored at this location is rotated 1 bit left, resulting in a final value of
82H. The O rotated out of the MSB is placed in the carry flag.

The machine code for ROL  byte pir [SI),1is DO 04. M

ROR  Destination,Count (Rotate Right Byte, Word, or Double-Word). This instruction has the
opposite effect of ROL, with bits moving to the right within the destination operand. The
bit that rotates out of the LSB goes into the carry flag and also into the MSB.
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B EXAMPLE 4.41

What is the result of executing ROR  AX,1 twice? AX initially contains 3E95H.

Solution:  Figure 4.17 shows the results of each rotate right operation. The final value in
AX is 4FASH, The carry flag is cleared as a result of the second shift.

FIGURE 4.17 Operation of two Initial AX
ROR AX,1 instructions

AX| 3E 95 |=—=| QOL1 1110 1001 0101

First rotate right
AX

|-> 1001 t111 0100 1010 |——»| 1 |C

Second rotate right
AX

I—» 0100 1111 1010 0101 |———»| O |C

The machine code for ROR AX,1is D1 C8.

RCL  Destination,Count (Rotate Left Through Carry Byte, Word, or Double-Word). The opera-
tion of RCL is similar to ROL except for how the carry flag is used. ROL is an 8-, 16-, or 32-
bit rotate. RCL is a 9-, 17-, or 32-bit rotate. The bit that gets rotated out of the MSB goes into
the carry flag and the bit that was in the carry flag gets rotated into the LSB. By controlling
the carry flag, we can place new data inte the destination operand, if that is our desire.

B EXAMPLE 4.42

What is the result of executing RCL  DL,17 Assume that the carry flag is initially cleared
and that DL contains 93H.

Solution: The contents of DL are rotated left 1 bit through the carry. The O in the carry
flag rotates into the LSB of DL. The 1 in the MSB of DL rotates out of the register into the
carry flag. This is shown in Figure 4.18. The final value in DL is 26H.

FIGURE 4.18 Operation of Initial DL
RCL DL

DL{ 93 1001 0011 0 |cC

After rotate left through carry
DL

l— 0310 0110 |~=—] 1 |C

The machine code for RCL DL,1isD0OD2, R
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ACR Destination,Count {Rotate Right Through Carry Byte, Word, or Double-Word). This in-
struction complements the operation of RCL, rotating data bits right within the destination
operand. The bit rotated out of the LSB goes into the carry flag. The bit that comes out of
the carry flag goes into the MSB.

B EXAMPLE 4.43

What is in AX after execution of RCR  AX,CL if CL contains 2 and AX contains ABCDH?
The carry flag is initially cleared.

Solution: Figure 4.19 shows the result of each rotate right operation. The final value in
AX is AAF3H. The carry flag is cleared after the second rotate.

FIQURE 4.19 Operation of
RCR AX,CL =

Initial AX

AX| AB | CD |=—=| 1010 1011 {00 1101

After first rotate
AX

C| 1 == 0101 0101 1110 O110 —‘

' 4

After second rotate

AX

C| 0 ==} 1010 1010 1111 0011 |=—
4 I

Final AX | AA F3 4——J

The machine code for RCR AX,CLisD3D8. B

45 PROGRAM TRANSFER INSTRUCTIONS
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This group of instructions allows the programmer to choose where the processor fetches its
next instruction from. There are two main ways to change the execution path of a program.
In general, the programmer may cause the program to jump to a new instruction location or
change its path temporarily by the use of a subroutine. Let us see how this is done.

Loop and Jump Instructions

Normaily, the processor fetches instructions from sequential memory locations and places
them into an instruction queue. Many instructions simply perform a specific operation on
one of the processor’s registers or on the data contained in a memory location. There are,
however, many times when the results of an instruction need to be interpreted. Did the last
instruction set the zero flag? Was the result of the last subtraction negative? Did a O rotate
into bit 7 of register BL? There may be many different choices to make during execution,
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and these choices require a number of different portions of machine code. The program
needs to be able to change its execution path to respond appropriately. For example, in a
program designed to play tic-tac-toe it makes a big difference who goes first and whether
you put an X in the center or not. The machine language responsible for handling these dif-
ferences may need to be executed in a different order each time the game is played. For this
reason we need to be able to change the path of program execution by forcing the proces-
sor to fetch its next instruction from a new location. This is commonly referred to as a
jump. A jump alters the contents of the processor’s instruction pointer (and sometimes its
CS register as well). Remember that the CS and IP registers are combined to determine the
address of the next instruction fetch. If we change the contents of these registers, the next
instruction is fetched from a new address. The CS and IP registers define a 64KB segment
of memory. Any instruction that jumps to an address within this segment performs an
intrasegment transfer. For example, an instruction located within a code segment beginning
at address 10000H can perform an intrasegment transfer to address [COCOH. But what
about instructions located in other areas of the system memory? Suppose that a certain
80x86-based system has 32KB of EPROM located at address 48000H. It is not possible for
an instruction located in the code segment at 10000H to do an intrasegment jurnp to one at
48000H. In this case an intersegment tramsfer is needed. The difference between in-
trasegment transfers and intersegment transfers is that an intrasegment transfer requires a
change only in the IP register, whereas the intersegment transfer requires both the CS and
IP registers to be modified. For example, if the CS register contains 1000H, then all values
of the IP from 0000 to FFFFH generate addresses 10000H to 1FFFFH. No other addresses
are possible. If the CS register instead contained 4800H, then the range of reachable ad-
dresses is from 48C000H to 57FFFH. Do you see why an intersegment transfer needs also to
modify the CS register?

When the assembler examines a jump instruction, it is often able to determine what
kind of jump is required, but many times it needs specific guidance from the programmer to
generate the correct code. Assembler directives near and far are used to indicate intrasegment
and intersegment transfers and are included directly in the source statement. For instance,
JMP FAR PTR TESTBIT indicates an intersegment transfer to the address associated with
the label TESTBIT. The machine code generated for this instruction would contain informa-
tion for both the CS and IP registers. IMP NEXTITEM, on the other hand, is assumed to
contain a near label. NEXTITEM must be contained within the current code segment.

JMP  Target (Unconditional Jump to Target). The word unconditional in the description of
this instruction means that no condition has to be met for the processor to jump. JMP al-
ways causes a program transfer (the IP register is loaded with a new address). The target
operand may be a near or far variable and must be indicated as such for the assembler to
produce machine code. In a direct jump, the target address is given in the instruction. In
an indirect jump, the target address might be contained in a register or memory location.
A special form of the direct jump, called the shorr jump, is used whenever the target ad-
dress is within + 127 or —128 bytes of the current instruction pointer (IP) address. Instead
of specifying the actual target address within the instruction, a relative offset is used
instead. In the case of the short jump, the relative offset is coded in a single byte, which is
interpreted as a signed binary number. Thus, short jumps are capable of moving forward up
to 127 locations and backward up to 128 locations. When the target address is outside of
this range, but still within the same segment, a near jump is used and the target address is
coded as a 2-byte offset within the segment. Far jumps require 4 bytes for addresses: 2 for
the new IP address and 2 for the new CS address.
Ne flags are affected.

B B e s e S R e P R e R
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B EXAMPLE 4.44

Let us examine the code for three different types of JMP instructions. A short jump JMP
120H is located at address 100H. The corresponding machine code is EB 1E. The EB part
of the machine code means “short jump.” The 1E part is the relative offset of the target ad-
dress. This offset is added to the current IP value, which is 102H, the first available loca-
tion following JMP 120H. If we add 1EH to 102H, we get 120H, the desired target ad-
dress to jump to. Now let us assume that a second short jump JMP CCOH is located at
address 102H. The machine code for this instruction is EB BC. Because the target address
is smaller than the current instruction pointer address of 104H, the relative offset will be
negative. The offset value BC is a negative signed number equal to the difference between
COH and 104H. In both of these instructions, the current IP value was not the address of the
JMP instruction itself, but the address of the next instruction. Because JMP  120H is lo-
cated at 100H and only required 2 bytes, the next instruction begins at 102H.

Now consider a near jump JMP 3000H located at address 200H. The assembler
knows that it should use a near jump because the difference between the 3000H target and
the current IP was greater than 127. The machine code for IMP  3000H is E9 00 30. The
E9 part indicates a near jump and 00 30 is the byte-swapped target address.

A far jump JMP FAR PTR XYZ requires 5 bytes of code. The first byte is EA,
which indicates a far jump. The next 2 bytes are the new IP address, and the last 2 bytes are
the new CS value, Where does EA 00 10 00 20 take the processor? The new IP address
from this machine code is 1000H. The new CS address is 2000H. The processor will per-
form a far jump to address 21000H.

Other legal forms of IMP involve using registers or the contents of memory locations
to supply the target. For example, IMP  AX indicates a near jump to the address contained
in register AX. If AX contains 4500H, then the processor will jump to address 4500H
within the code segment. JMP  [SI] causes the processor to read the word stored in the
memory locations pointed to by the Sl register, and use that word as the target address, Fig-
ure 4,20 shows this instruction in more detail. The [SI] operand indicates an indirect jump
and requires that the memory word pointed to by SI be read and placed into the IP register.
In this fashion, JIMP {SI] sets the processor up to fetch its next instruction from address
1234H within the current code segment.

FIGURE 4.20 Qperation : Memory
of an indirect JMP Address | Data

DS: 0600_ 06300
+ 8L _ 0300 ——» _
06300 06301 - —J
3 |
] |
IMP [S1] : :

IP| 12 34

The machine code for JMP AX is FF E0. The machine code for IMP [S1} is
FF24. B

Conditional Jumps. The 80x86 has a large variety of conditional jumps, all of which de-
pend on specific flag states to enable their operation. Many of these conditional jumps test
only one specific flag. For example, the JC and INC instructions examine only the state of
the carry flag to determine their next step. Others, such as JA and INA, perform a Boolean
test of more than one flag. Furthermore, none of the flags are affected by the jumps. As we
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have previously seen, a number of instructions go by more than one name. Such is the case
for the unconditional jumps. The instructions, their required flag conditions, and their
interpretations are as follows:

Instruction Flag Tested * Explanation

JNG CF=0 jump if no carry

JAE % Jump if above or equal
JNB o Jump if not below

JC CF=1 jump if carry

JB " jump if below

JNAE “ Jump if not above or equal
JNZ ZF=10 jump if not zero

JNE ZF=0 jump if not equal

JZ ZF =1 jump If zero

JE » jump If equal

JNS SF=0 jump If no sign

Js SF=1 jump If sign

JNO OF=0 jumgp if no overflow

JO OF =1 jump If overflow

JNP PF=0 Jump If no parity

JPO “ Jump If parity odd

JP . PF =1 . jump if parity

JPE “ jump if parity even

JA (CForZFy =0 jump if above

JBNE " jump if not below or equal
JBE (CFor2ZF) =1 jump if helow or equal
JNA = jump if not above

JGE (SF xor OF) = 0 jurnp if greater or equal
JNL e jump If not less

JL (SF xor OF) =1 jump If less

JNGE * jump if not greater or equal
JG {[SF xor OF] or ZF) = 0 jump if greater

JNLE “ jump if not less or equal
JLE ([SF xor OF] or ZF) = 1 jump if less or equal

JNG . jump if not greater

Note that you must supply the target address in the jump instruction. Unlike JMP, we are
not allowed to use register narnes or other fancy addressing mode operands. The nice thing
about relative jumps is that they always jump to the correct location within the code seg-
ment, no matter where the code segment appears in memory.

B EXAMPLE 4.45

Let us look at a few ways conditional instriuctions may be used to test information.
Consider the following group of instructions, which determines if the AL register
contains a lowercase ASCII letter.

CMP AL, ‘a’

JB NOTLOWER
CMP AL, ‘z'+1
JNB NOTLOWER

If AL does not contain the ASCII code of a lowercase letter (61H to 7AH for “a" or “z"),
the processor will jump to NOTLOWER. If AL does contain a valid code, then neither
of the conditional jumps will be taken, and the processor will execute the first instruction
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following JNB NOTLOWER. Remember that JB and JC are equivalent instructions, as
are JNB and JNC, Thus, the same lowercase test can be performed like this:

CMP AL, ‘a’

Jc NOTLOWER
CMP AL, ‘z"+1
JNC  NOTLOWER

Next, suppose that you are working with a portion of code that adds small increments
to a register, as in;

ADD BL, 8

If BL contains a value in the range 00 to 77H, the result of the ADD will be in the range 08 to
7FH. If, instead, BL contained a value in the range 78H to 7FH, the result after adding eight
would be 80H to 87H. In terms of signed numbers, BL has gone through a sign change. Why
has this happened? The value 78H corresponds to 120 decimal. Adding eight to this gives us
128, which is represented by 80H, or 10000000 binary. Note that the MSB is high, which
indicates the negative value — 128 from the 2’s complement point of view. If we simply in-
terpret BOH as an unsigned integer, the 80H means + 128. This unintentional sign change will
be indicated by the processor’s overflow flag. A similar result is obtained when

SUB BL,8

is used, with the overflow flag being set when the 80H barrieris passed. To test for this con-
dition, use the JO and the INO instruction, as in:

ADD BL, 8
JO OVERFLOW

Note that the overflow flag tells us something different than the carry flag does, There is no
carry when BL goes from 78H to 80H, but there is an overflow.

Many conditional jumps test more than one flag. For instance, JG uses three flags
(sign, overflow, and zero) to determine its outcome. Examine the following three groups of
code. Which JG instructions are taken?

MOV AL, 30H MOV AL, 30H MOV AL, 30H
CMP AL, 20H CMP AL, 40H CMP AL, 90H
JG XXX JG ¥YYY JG 227

The JG to XXX is taken because 30H is greater than 20H. The JG to YYY is not taken be-
cause 30H is not greater than 40H. The JG to ZZZ s taken because the 90H value is inter-
preted by the processor as the negative number —112 (due to its MSB being high). Thus,
the CMP instruction determines that 30H is greater than —112 (90H), and so the JG is
taken. Note that if you want 90H o be interpreted as the unsigned value 144, a different
conditional jump (such as JC or INC) should be used. Il

B EXAMPLE 4.46

=T e SRR R s T e TR

Is it possible to perform a conditional jump that has a target address outside of the relative
range of +127/— 128 bytes?

Solution:  Yes. Two instructions are needed to synthesize a conditional jump of this type.
Consider the following code:

JNZ SKIPJMP
JTMP NEWPLACE
SKIPJMP: S
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Here, the conditional jump JNZ is used to jump over a near JMP to NEWPLACE whenever
the zere flag is cleared. When the zero flag is set, the INZ will not jump to SKIPJMP
but will simply continue execution with the next instruction in memory, which is the
JMP NEWPLACE instruction. So, the zero flag must be set to perform a near JMP to
NEWPLACE. B

LOOP Short-Labsl (Loop). This instruction will decrement register CX and perform a
short jump to the target address if CX does not equal 0. LOOP is very useful for routines
that need to repeat a specific number of times. CX must be loaded prior to entering the sec-
tion of code terminated by LOOP.

B EXAMPLE 4.47

In Figure 4.21(a) a LOOP instruction is used to execute a short section of code. The num-
ber placed into CX at the beginning of the loop (10 decimal in this case) determines how
many times the loop repeats. Notice that the LOOP BACK instruction does not contain a
reference to CX. The processor knows it should automatically decrement CX while exe-
cuting this instruction. LOOP BACK actually performs a short jump to BACK as long as
CX does not equal 0.

FIGURE 4.21 Using LOOP MOV CX, 10 MOV CX,5
instructions BACK: ~-— OUTER: PUSH CX -t
-——- MOV CX, 10

LOOP BACK P

LOOP INNER
FOP CX
LOOF OQUTER ——

(a) A single loop structure (b) A nested loop structure

In some cases it becomes necessary to perform a “loop within a loop,” or nested loop
as it is more commonly known. Figure 4.21(b) shows an example of a nested loop. The
outer loop executes five times and the inner loop ten times, and instructions in the body of
the loop execute fifty times. The PUSH and POP instructions are used to preserve the con-
tents of the outer loop counter,

A single LOOP can be repeated up to 65,535 times usmg CX as the counter, How
many loops are possible with a nested loop? The answer is over 4 billion! R

LOOPEALOOPZ Short-Labe! (Loop if Equal, Loop if Zero).  This instruction is similar to LOOP
except for a secondary condition that must be met for the jump to take place. In addition to
decrementing CX, LOOPZ also examines the state of the zero flag. If the zero flag is set and
CX does not equal 0, LOOPZ will jump to the target. If CX equals 0, or if the zero flag gets
cleared within the loop, the loop will terminate. As always, when a conditional instruction
does not have the correct flag condition, execution continnes with the next instruction.
LOORPE is an alternate name for this instruction.

b M K RS e e ML o A B M A R S AS s B
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LOOPNE/LOOPNZ  Short-Label {Loop if not Equal, Loop if not Zero).  LOOPNZ is the opposite
of LOOPZ. The zero flag must be cleared to allow further looping. LOOPNE has the same
function.

JCXZ/JECXZ  Short-Label (Jump if CX/ECX = (). JCXZ jumps to the target address if regis-
ter CX contains 0. JECXZ does the same if ECX equals (). CX and ECX are not adjusted in
any way. There are times when JCXZ or JECXZ should be used at the beginning of a sec-
tion of LOOP code to skip over the code when CX or ECX equals 0.

W EXAMPLE 4.48

In Figure 4.22 a JCXZ instruction is used to skip over the AGAIN loop whenever CX
equals 0. I the JCXZ instruction were absent, how many times would the loop execute?

FIGURE 4.22 Operation of DOLOOP; JCXZ SKIPLOOP
JCXZ AGAIN: ADD AX,3 :
LOOP AGAIN
SKIPLOOP: ——-— g
Solution: If JCXZ is removed and the loop is entered with CX equal to 0, it will repeat

65,536 times! This is because LOOP decrements CX before it tests for 0. If CX is decre-
mented from 0 it becomes FFFFH, which means 65,535 more decrements are needed to get
back to 0. Note that the code (JCXZ included or not) works properly for every other start-
ing value of CX. H

Subroutine and Interrupt Instructions

Although subroutines and interrupts are called or generated in different ways, they share
some common ground. Both require the use of the stack for proper operation. Both have a
means of returning to where they came from (via information returned from the stack).

A subroutine is a collection of instructions that is CALLed from one or many other
different locations within a program, At the end of a subroutine is an instruction that tells
the processor how to RETum (go back) to where it was called from, Figure 4.23 shows how
a subroutine called ALPHA can be called from many different places within a program.
The RET instruction at the end of ALPHA always causes the processor to go to the in-
struction immediately following the tast CALL. It does this by popping a return address off
the stack, which was placed there by the corresponding CALL. Fer example, when the first

FIGURE 4.23 Calling a subroutine Program
from many different places 4
CALL  ALPHA -
st . !
... B2 :
: 2nd
Iy CALL  ALPHA -
2nd L] !
] .
CALL ALPHA Cas f
R
* 3rd 2
e -
1 ALPHA —_ B
oatf— RET
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CALL is encountered, the address of the instruction immediately following the CALL is
pushed onto the stack. When the RET instruction at the end of ALPHA executes, the return
address is popped off the stack and placed into the IP register, Using the stack in this way
guarantees that RET will go back to the right place no matter which of the three CALL
instructions has been used. '

Interrupts operate in a similar manner, but require more use of the stack. In addition
to a return address, the 80x86 interrupt mechanism also pushes the processor flag register
onto the stack. An interrupt is generated through software by the use of the INT or INTO
instructions, which are to interrupts what CALL is to subroutines. An interrupt service
routine, or ISR for short, is a common way of referring to the code used to handle an in-
terrupt. Because the stack is used differently, RET is not used to return from an ISR. IRET
is used instead to ensure that the stack is popped correctly. The processor has many differ-
ent types of interrupts, which we will cover in detail in Chapter 5.

CALL  Procedure-Name (Call Procedure). This instruction is used to calt a subroutine. The
subroutine may be located in the current code segment or in a different one. Like the in-
trasegment and intersegment jumps, we also have intrasegment and intersegment CALLs,
We think of these as calls to near or far procedures. A procedure is another way of refer-
ring to a subreuting and has to do with the assembler directives PROC and ENDP used in
the source file. The direct and indirect types of JMPs that we have previously seen also
apply to CALL. In a direct CALL, the address of the procedure is specified in the instruc-
tion (usually via the label naming the procedure}. In an indirect CALL, the procedure
address may be contained in a processor register or memory location. CALL pushes the
address of the instruction immediately following itself onto the stack. In the case of a near
CALL, this address is just one word of data. In the case of a far CALL, two pushes are per-
formed: one for the instruction offset and the other for the code segment address. CALL
then jumps to the address of the procedure and resumes execution.

B EXAMPLE 4.49

Figure 4.24 shows the contents of the stack after near and far CALLs to the same proce-
dure. For the near call, only the offset of the next instruction is pushed. For the far cali, the
instruction offset and the code segment value are pushed. If both instructions were located
at offset 100H within a code segment located at 5000H (e.g., CS equals 0500H), the stack

FIGURE 4.24 Stack contents Far call
during CALL
Near call
! Stack :
Address : Data !

> 1P

SP— 0IFFE
1P
O1FFF L cs

02000

05100 CALL XYZ
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would be filled with the data you see in the figure, The near call to XYZ will cause only the
return address 103H to be pushed. Because the near call requires 3 bytes of machine code,
address 103H is the first available instruction address.

The far call is a 5-byte instruction and needs to push more information onto the stack.
First the contents of the CS register are pushed (0500H). Then the instruction offset is
pushed. This offset is 105H now because of the length of the far call instruction. The pro-
cedure must not modify the contents of these stack locations. It is also important to guar-
antee that the SP register points to the correct address before executing RET. It is okay to
push items onto the stack while inside the procedure, but these items must all be popped off
before returning. M

RET Optional-Pop-Value (Return from Procedure).  This instruction is used to provide an or-
derly exit from a procedure that has been called. It is important to understand that RET
does not know anything about the procedure it terminates except for its type being far or
near. All RET does is pop the appropriate information off the stack and place it into the as-
signed registers. For a near procedure, RET pops one word off the stack and writes it into
the TP register. For a far procedure, RET pops two words. The first goes into the IP register,
the second into the CS register. Once these pops are made (for either type of return), the
optional-pop-value is used to pop additional words off the stack, if any at all. The optional-
pop-value is added to the stack pointer, advancing it past jnformation that was pushed
before the procedure was called. This value is assumed to be 0 when no pop-value is
included.

B EXAMPLE 4.50

The return addresses of two different subroutines are contained in the stack, The subroutine
called first was a far procedure. The instruction that called it pushed the return address
0350:1C00, where 0350H is the segment address and 1C00H is the offset. The second sub-
routine called was a near procedure with a returm address of 4080H. The second procedure
was called from inside the first procedure. What are the top three items on the stack?

Solution: Figure 4.25 shows the stack created by the return addresses for each proce-
dure. When the second procedure finishes, its near RET will pop 4080H off the stack and

FIGURE 4.25 Nested return ! ;
addresses Address | Data :

SP =i
Second procedure’s

b ¢ P* 7 et address

SP+1
SP+2
p IP#1

SP+3
First procedure’s
return address
SP+4
> CS#1

SP+5
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put it into the IP register. This gets us back into the first procedure (which called the sec-
ond). The far RET in this procedure pops 1COOH off the stack, puts it into the IP register,
and then pops 0350H off the stack and places it into the CS register. Any number of proce-
dure return addresses can be nested in this way, as long as the correct RETs are always used
and you do not um out of stack memory.

The machine code for a near RET is C3. The machine code for a far RET is CB.
When pop-values are used, 2 additicnal bytes are added to the instructions. They contain
the pop-value. The machine code for 2 near RET 2 is C2 02 00. B

INT  Interrupt-Type (inferrupt).  The 80x86 supports 256 software interrupts, which initially
operate in a manner similar to CALL. When INT is encountered, the processor will first
push the flags onto the stack. This is an important step, because the flags tell us part of the
processor’s internal state at the time it was interrupted. Then it clears two special flags
called the trace flag and the interrupt-enable flag. It does this to prevent additional soft-
ware interrupts from occurring while it processes the first.

Next, the processor pushes the current CS register onto the stack and follows that with
the contents of the IP register. The last two pushes resemble the operation of a far call. The
number of the interrupt, rather than its address, is coded into the instruction and is now used
to find the correct place in the processor’s interrupt vector table, a 1KB block of memory
located in the beginning of the processor’s address space. Its range of address is from 00000
to 0O3FFH. The interrupt numbser is called the interrupt-type and is multiplied by 4 to get
the address within the vector table that contains the interrupt service routine address. All
ISR addresses are 4 bytes long and in the standard CS-IP format. Once the vector address is
known, the processor reads the ISR address out of the table, places the information into the
CS and IP registers, and resumes program execution at the new location.

B EXAMPLE 4.51

What is the sequence of events for INT 08H if it generates a CS:IP return address of
0100:0200? The flag register contains 0081H.

Solution: The flags are pushed first. The returmn C8 and return IP addresses are pushed
next. Multiplying interrupt type & by 4 gives 32, which is 00020H. The ISR address stored
at this vector address {see Figure 4,26} is read into CS:IP and execution continues at
address 05810H. W

IRETARETD  (imerrupt Return).  Because the operation of an interrupt requires different han-
dling of the stack, an IRET instruction must be used at the end of an ISR. A normal RET in-
struction will not pop the flags off and will most likely result in incorrect program execution.
IRET pops the CS and IP return addresses and then restores the flag register by popping its
value too, Thus, the flags will resemble their state at the exact moment of the interrupt. When
32-bit addressing is in effect, IRETD is used to pop 32-bit addresses off the stack.

B EXAMPLE 4.52

What is the return address and the contents of the flag register when IRET uses the stack
information from Figure 4.277

Solution: The word 4500H is popped into the IP register. Then, 8000H is popped into
the CS register. Together, these values indicate a return address of 84500H. Next, 03C4H
is popped into the flags. The new value of the stack pointer is 04006H.

The machine code for IRET is CE.

Mioay e eI N R RN e e
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INT O5H
8 X4 =732=20H
' i | Memory i
Address ! Data ' Address : Data '

Return
address

ISR
address

SP+3

5P+4

SP+5

Cs| 05 8O 1P 00 10

FIGURE 4.26 Operation of INT 08H

FIGURE 4.27 Operation :
of IRET Address ) Stack Data

SP = 04000

Ip Return
address

+ = §4500H

04001

F} 03 C4

INTO  (interrupt on Overflow).  If the overflow flag is set when INTQ is encountered, it will
generate a type-4 interrupt, with all of the pushes and operations performed by INT. The in-
terrupt vector address of INTO is 00010H. If the overflow flag is cleared when INTO exe-
cutes, no interrupt is generated and execution resumes with the next instruction. This inter-
rupt is useful for determining when the results of an arithmetic operation have gone out of
bounds.
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BOUND  Index Range (Check Array Index Against Bounds).  This instruction tests the value of
an index register against a predefined allowed range of indexes. If the array index is within
range, no further action is taken. If the array index is out of range, an INT 05H is generated,
The index operand may be any 16- or 32-bit register. The range operand specifies the
address of two 16- or 32-bit numbers that indicate the allowed index range.

B EXAMPLE 4.53

The following excerpt from a source file shows how the BOUND instruction may be used.
The index contained in the SI register is checked against the range 0 to 9.

.DATA
RANGE W 0,9
ARRAY DB 10 DUR({?}
.CODE
BOUND 51, RANGE
MOV AL, [81]

If the ST regjster has an index value between 0 and 9, the MOV instruction will be executed.
If not, an INT OSH is generated. Note that MS-DOS uses INT 05H to print the contents of
the screen, so using BOUND in real mode will require you to change the operation of INT
05H's ISR. &

ENTER/LEAVE  (Enter/Leave a Procedure). These instructions are used to manage the stack
frame used by high-level languages such as C. A stack frame stores pointers and variables
used by the current function or procedure being executed in the high-level language. By
convention, the BP register is used as a frame pointer, and indicates the beginning of the
previous stack frame, The first thing the ENTER instruction does is to push the BP onto the
stack. Thus, the current stack frame now points back to the previous stack frame. This
value will be popped by the LEAVE instruction before the function RETurns, restoring the
old frame pointer.

Next, the new value of the SP is copied into BP. This sets the frame pointer to the
beginning of the current stack frame.

Finally, the amount of dynamic storage space to reserve, in bytes, is subtracted from
the SP. Dynamic storage space is used by the procedure for storage of local variables.

The ENTER instruction takes two operands. The first operand specifies the amount
of dynamic storage space in bytes. This value must be a multiple of 2, The second operand
indicates the lexical nesting level of the new procedure being entered. The lexical nesting
level (or simply level) is determined by how many subprocedures are currently active. For
instance, if the main program calls Procedure A, A’s level is 1. If Procedure A then callg
Procedure B, Procedure B’s level is 2. When the level is 0, ENTER is equivalent to:

PUSH BE
MOV BP, SP
SUB 5p,dsp

where dsp specifies the amount of dynamic storage space,

ST AR P AR L i SO B S i
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When the specified level is not 0, ENTER also pushes pointers onto the stack that ref-
erences the stack frames of all previous procedures.

The LEAVE instruction restores the original (previous) values of the BP and SP reg-
isters. Equivalent instructions are:

MOV $P,BP
FOP BP

We will examine how ENTER and LEAVE are used in the C programming language in
Chapter 7.

. B EXAMPLE 4.54

FIGURE 4.28 Operation
of ENTER 4,0

The BP and SP registers contain the offsets 2008H and 2000H, respectively. The stack seg-
ment is at 0000H. What is the result of executing ENTER 4,07

Solution: Figure 4.28 shows the changes made to the stack when ENTER 4,0 executes.
First, the BP is pushed, which decrements the SP to 1FFEH. This value is then copied into
the BP register. Last, 4 is subtracted from the SP, giving it a final value of 1FFAH.

ENTER dsp, lex

(O pusuze A | 4 bytes of dynamic
storage space

(2) MovBE 5P

() suB sP,asp

Old value of BP

The comresponding LEAVE instruction will restore the value of the BP to 2008H and
the SP to 2000H.

The machine code for ENTER 4,0 is C8 0004 00. The machine code for LEAVE is
co.

Assembler Directives PROC and ENDP

As mentioned previocusly, a subroutine or procedure must be of a specific type. The two
types, near and far, are specified by the PROC statement that begins the subroutine. In the
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following example, two procedures, TEST and DELAY, are defined with different PROC
statements, Once again, this is necessary to ensure that the stack is used properly.

TEST PRCC FAR DELAY PROC HNEAR

CALL DELAY .

RET
. DELAY ENDP
TEST ENDP

In this example, DELAY is located somewhere within the source file. It would be accept-
able to write the code this way also:

TEST PROC FAR

CALL DELAY

DELAY PROC NEAR

DELAY ENDP
TEST ENDP

Note that the procedures are now nested. The assembler still requires matching ENDP
statements for each PROC statement.
If 2 FAR procedure needs to be CALLed, the assembler requires the statement:

CALL FAR PTR «<name:>

In many cases, this statement prevents unwanted assembly errors.

4.6 PROCESSOR CONTROL INSTRUCTIONS

This last group consists of instructions used to make changes to specific bits within the flag
register and to externally synchronize the processor. Also included is an instruction found
on practically all microprocessors: the NOP.

The Instructions
CLC (Clear Carry Flag). The instruction clears the carry flag. Its machine code is F8.
STC (Set Camy Flag). This instruction sets the carry flag. Its machine code is F9.

CMC  (Complement Carry Fiag). This instruction inverts the carry flag. Its machine code is
F5. These three carry-fiag instructions are useful when dealing with the rotate instructions
and with multi-bit mathematical routines.

CLD (Clear Direction Flag). The direction flag is cleared by this instruction. Its machine
code is FC. The direction fiag is used by the processor to determine if index registers
should be incremented or decremented during string operations,
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STD  (SetDirection Flag). The direction flag is set by this instruction. Its machine code is FD.

CLi  (Clear Interrupt-Enable Flag). This instruction clears the interrupt-enable flag, This
prevents the processor from responding to a hardware INTR request. No other interrupts
are affected. Its machine code is FA.

ST (Set Interrupt-Enable Fiag). Setting the interrupt-enable flag allows the processor to
acknowledge an interrupt signal on the INTR input. Its machine code is FB. If a request
was made to INTR while the interrupt-enable flag was cleared (which we call a pending
interrupt), that interrupt request would be acknowledged after completion of the next in-
struction after STL

HLT  (Hait Until interrupt or Resef).  This instruction terminates program execution. Its ma-
chine code is F4. It places the processor in a halt state, in which it will remain until it re-
ceives a hardware reset, or an interrupt request on NMI or INTR. If the request is on INTR,
interrupts must be enabled to leave the halt state.

NOP (Mo Operation).  Although this instruction does not do anything at all (no flags or reg-
isters are affected), it is still quite useful in many ways. Specifically, one application of NOP
is its use within timing delay loops. There are applications that require specific time delays
to be generated (for slowing down a graphics display to see the action, for example). Some-
times it is useful to throw a couple of NOPs into the timing loop, to increase the loop time.
After all, it takes a few clock cycles to fetch, decode, and execute NOP, It is nice to be able
to use an instruction that takes up a little time but does nothing, Its machine code is 90.

LOCK  (Lock Bus During Next Instruction). Executing LOCK causes the processor’s LOCK
output to go low for the duration of the next instruction. Thus, LOCK is used as a prefix to
another instruction. Locking the bus is a way of giving the processor some privacy while it
executes the subsequent instruction, which cannot be interrupted until it completes. The
prefix code for LOCK is FO.

We will examine other processor control instructions in Chapter 14,

4.7 HOW AN ASSEMBLER GENERATES MACHINE CODE

During assembly, source statements are read one line at a time and examined. If they con-
tain legal instructions, the assembler can determine the required machine code by filling in
missing bits in a basic opcode format, For example, the instructions MOVSB and MOVSW
both have the same basic opcode format: 101001 0w, where w is a variable that takes on 0
for a byte operation and 1 for a word operation. Thus, if the assembler reads a source state-
ment that contains MOVSB, once it recognizes the MOVS part of the instruction, it will
then look for a “B” or a “W” to determine the correct value of w. It is easy to see that
MOVSB has A4 as its machine code and that MOVSW has A5 as its machine code. If the
assembler does not see a “B” or a “W” after MOVS, it will generate an error message.

Other instructions are more complicated to assemble than MOVS, One form of the
multiplication instruction MUL can have two sizes of operands (byte and word), and the
operands can be registers or memery locations. Clearly, the basic opcode format for MUL
must be more complicated. In fact, the format is 1111011w mod 100 r/m. This strange-
looking string of symbols is used to specify all possible opcodes for MUL.

Consider the instruction MUL  CX. The w bit works as it did in the MOVS exam-
ple. Because CX is a word-size register, w will be set to 1. Mod is a 2-bit variable that is set
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to 11 by the assembler when the operand is a processor register. The register specified in
the instruction is indicated by the 3-bit variable r/m. Register CX has the code 001 associ-
ated with it. So, MUL. CX becomes 11110111 11100001, or F7 E1 in machine code. MUL
SI would be F7 E6, because SI's intemnal code is 110,

Suppose an instruction has two operand fields. In XCHG AL,BL, the operands are
both byte-size registers. Each register will have its own intemal code. The destination reg-
ister AL is coded as 000. The source register BL is coded as 011. The basic opcode format
for XCHG is 1000011 w mod reg t/m. The new variable reg represents the 3-bit code for the
destination operand. R/m indicates the source operand. When exchanging registers, w will
be set to 11. Inserting these 2 bits and the 6 bits that are used to specify AL and BL, we get
10000110 11000011. This is the machine code 86 C3. Similarly, XCHG CX,DX has
87 CA for its machine code. Can you determine the 3-bit codes associated with CX and
DX? (You should get 001 and 010, respectively.)

So, we sce that the process of assembling a program involves a great deal of time
picking the right combination of bits to place into opcode patterns. Let us keep this in mind
when we assemble our own programs later in the book. When the asserabler indicates an
error, it is not because it picked the wrong bits; it is because the information supplied was
incorrect, missing, or of the wrong type.

4.8 THE BEAUTY OF RELOCATABLE CODE

In the early days of microprocessors, few addressing modes were available. The limited
ability of the early microprocessor to access its own memory required, in most cases, the
generation of specific absolute addresses within instructions. For example, if an instruction
located at address 1000H needed to examine the data in memory location 106FH, the ad-
dress 106FH would have to be coded in the instruction as a 2-byte absolute address. The
relative mode of addressing gets rid of the absolute address portion of the instruction and
replaces it with a single byte of relative address information. Now only the offset 6FH must
be saved within the instruction’s machine code. You may think that saving a single byte
here and there will make little difference. In short programs this is true. But in longer pro-
grams, which are more likely to access temporary values or data tables stored in memory
or perform a significant number of jumps, a substantiat savings in space results.

A second, more important feature of relative addressing is its built-in relocatability.
A relocatable program is a program that can be loaded into memory at any address and then
executed normalty. Early microprocessors did not generate relocatable code and thus re-
quired their programs to load into memory at a specific location. For instance, a program
ORGed at address 3CO0H had to load into memory at address 3COOH in order to run prop-
erly. The same program loaded at S000H, or anywhere else, would contain absolute ad-
dresses (such as the address 106FH with the example instruction at the beginning of this
section) that did not look at the correct locations. For the program to run correctly, each ab-
solute address would have to be adjusted depending on the new load address. For example,
the 106FH address might be changed to S06FH. While this type of program modification
is possible, programs will require additional load time when we try to execute them.
Relocatable code does not have this disadvantage. An instruction that accesses the location
*“30 locations forward” of its own address will get the address right no matter where it is
loaded. The 80x86’s ability to use relocatable code is an attractive feature.
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4,9 TROUBLESHOOTING TECHNIQUES

Now that we have seen the entire 80x86 instruction set, let us spend a moment on some tips
designed to keep the software development process running smoothly.

. Periodically review the entire instruction set. Programmers tend to fall in love with
certain instructions and methods of writing code, and it is easy to forget that the
processor already contains an instruction to fill your need.

. Understanding the binary number system and its associated operations is just as im-
portant as knowing the addressing modes and instruction types. It is difficult to per-
form any kind of interfacing, design, or programming without a good background
knowledge of 1s and 0s. Take the time to review Appendix B if you have not already
done so; it may save you some effort in the future.

. The arithmetic, logical, and bit manipulation instructions all rely heavily on the flags.
As we have seen again and again, the flags are very important. Get into the habit of
checking out an instruction to see how it affects the flags. For example, you may

write a short loop like this:

BACK: DEC BL
ADD AL, 7
JNZ  BACK

Logically, everything seems in order. AL and BL are both changed in the loop. The
problem is that the INZ instruction is meant to test the NZ condition created by the
DEC instruction, but the ADD instruction, which also updates the zero flag, changes
the outcome. It is best to place the instruction that affects a flag as close as possible
to the instruction that uses it.

* When using subroutines, or any group of instructions that manipulate the stack, it
helps to go through the code to verify that the same number of pushes and pops are
made. It is very easy to add an extra push or pop when writing stack-based code for
the first time. Generally, the DOS environment on the personal computer is very un-
forgiving when its stack is abused. If the machine locks up or reboots when you run
your stack-based program, it wounld be good to begin your troubleshooting by exam-
ining what the stack is doing.

It may be a good idea to keep a logbook of the problems you encounter working with
assembly language. Until you have seen the same problem enough times, or leam how to
avoid it, keeping track of the problem and its solution will save a lot of time and effort
should you encounter it again.

 SUMMARY

In this chapter we examined the remainder of the 80x86 instruction set. The arithmetic, log-
ical, bit manipulation, program transfer, and processor control instructions were all cov-
ered in detail. The basic operation of an assembler was covered, with examples given to
show how bit fields within the instruction are filled in. The ability of relocatable code to
execute at any load address was also discussed.

Use this chapter, and Chapter 3, for reference when you begin studying programming
applications in Chapter 6.
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STUDY QUESTIONS .

Tid B

Lotanliss il o

13.
14,

15.
16.
17.

18,
19,

20.
2L

22.

23.

If AX contains 1234H, what is the result of ADD AL AH?

What is the state-of each fiag after ADD AL, AH in the previous question?
Memory location 2000H has the word SO00H stored in it. What does each location
contain after INC BYTE PTR [2000H]?

Repeat Question 3 for DEC WORD PTR [2000H].

What is the state of the zero flag after CMP CL,30H if CL does not contain 30H?

What instruction is needed to check whether the upper bytes of AX and BX are equal? '
Show the instructions needed to multiply AX by 25. Assume the resuls are unsigned.

If DX contains 00EEH and AX contains 0980, what is the result of:

MOV BX,0F0H
DIV BX

. Repeat Question 8 for the instruction IDIV  BX.
10.
11.
12

What instruction is needed to find the signed 2’s complement of CX?
What are the results of CBW if AL contains 30H? What if AL contains 98H?
What is the final value of AL in this series of instructions?

MOV  AL,27H
MOV BL,37H
ADD y AL,BL
DaA

If DX contains 7C9AH, what is the result of NOT DX?

If AL contains 55H and BL contains AAH, what is the result of:

(a) AND ALBL

() OR ALBL

{(c) XOR BL,AL

What does SHL.  AL,1 do if AL contains 35H?

What is the data in BX after SHR BX,CL if CL contains 67

Memory location 1000H contains the byte 9F. What instructions are needed to rotate it
1 bit right?

Explain the difference between short and near jumps.

What conditional jump instruction should be used after CMP  AL,30H to jump when 3

AL equals 30H?

What instruction is needed in Question 19 to jump when AL is less than 30H?

The lower byte of the flag register contains $5H. Which of the following instructions
will actually jump?

(a) JZ (d) JA
(b) INC (e} JGE
(c) IP (f) JLE

How many times does the NOP instruction execute in the following sequence?

e

MOV CX,20H

XYZ: PUSH CX
MOV CX, 9
ABC: NOP
LOCP ABC
FOP CX

LOGP XY7

Anear CALL generates a retun IP of 1036H. What are the contents of stack memory
after the call if SP initially contains 2800H?

WA D0 e il et e T
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24,
25.
26.
27.
28.

29,
30.
31.

32.

33
34,
35.

36.
37.

38.
39,
. Modify the data summing example so that bytes are added together instead of words.
41,
42,

43.

44,
43,
46,
47,

48.

Repeat Question 23 for a far CALL located in code segment 0400H.
What are the final SP values in Questions 23 and 24?

Explain the operation of near and far RETurns.

What are all of the activities following an INT  16H?

What does INTO do in this sequence of instructions?

MOV AL, 30H
MOV BL, O0EOH
ADD AL, BL
INTO

What instructions are needed to add AL, BL, and DL together, and place the result in
CL? Do not destroy BL or DL.

‘What is the difference between MOV AX,0and SUB  AX,AX? There may be more
than one difference to comment on.

Multiply the contents of AX by 0.125. Because fractional multiplication is not available,
you must think of an alternate way to solve this problem. Assume that AX is unsigned.
What does this sequence of instructions do?

MUL BL
DIV CL

What are the largest two decimal numbers that may be multiplied by MUL? Repeat for
IMUL.

Find the volume of a cube whose length on one side has been placed into BL. The vol-
ume should be in DX when finished.

Write the appropriate AND instruction to preserve bits 0, 3-9, and 13 of register BX,
and clear all others.

What OR instruction is needed to set bits 2, 3, and 5 of AL?

Show how ROL can be used to rotate a 32-bit register composed of AX and BX, with
AX containing the upper 16 bits.

Why is it important for SAL to preserve the value of the MSB?

Why must a subroutine contain RET as the final instruction?

Write a subroutine to compute the area of a right triangle whose side lengths are stored
in AL and BL. Return the result in AX.

Write a subroutine that will compute the factorial of the number contained in DL. Store
the result in word location FACTOR.

A data byte at location STATUS controls the calling of four subroutines. If bit 7 is set,
ROUT1 is called. If bit 5 is clear, ROUT?2 is called. ROUTS3 is called when bits 2 and
3 are high, and ROUT4 is called if bit 0 is clear and bit 1 is set. These conditions may
all exist at one time, so prioritize the routines in this way: ROUT1, ROUT3, ROUT?2,
anci RCUT4.

Write a routine to swap nibbles in AL. For example, if AL contains 3E, then it will con-
tain E3 after execution.

Write a subroutine that will increment the packed-decimal value stored in COUNT and
reset it to 00 each time it reaches 60.

Write a subroutine that sets the zero flag if AH is in the range 30 to 212, and clears the
zero flag otherwise.

Show the instructions needed to count the number of 1s found in AL. For example, if
AL contains 10110001, the number of 1sis 4.

Write a routine that determines if BH contains a palindrome. A palindrome {in binary)
is a pattern of Os and 1s that reads the same forward and backward. For example,
11000011 is a palindrome, and 11001000 is not,




140

CHAPTER 4 80xB6 INSTRUCTIONS, PART 2

49,

50.

51,

52.

33
34.

35.
56.
57.

58.

61.

62.

‘What instructions are necessary to determine the largest number contained in BX, CX,
and DX? The number should be placed in AX when found.

Repeat Question 49 for the smallest number in AX, BX, CX, and DX.

Show the instructions needed to solve this equation:

AX = (5BX + CX/3¥/DX

Registers AX, BX, and CX contain the respective values 2000H, 1000H, and 3000H.
What is the result of CMPXCHG BX,CX?

What does IMUL BX,CX,12 do?

‘What is the result of dividing the decimal number 100,000,000 by 10247 Show how
this can be done using IDIV,

What is the result of executing CDQ if EAX contains 8F005000H?

What does XADD BX, CX do if BX contains 000AH and CX contains 1000H?
Register ECX contains the value 07E98600H. What happens when these instructions
are executed?

(a) BSF EBXECX

() BSR EDX,ECX

The AX register contains the value ABCDH. What are the results of executing the fol-
lowing?

(a2 BT AX,]1

(b) BTC AX)S

(c) BFS AX,10

(d) BTR AX,14

If the zero flag is set, what does SETNZ CL do?

If AX and BX contain 2468H and 1357H, respectively, what are the contents of each
register after execution of the following?

(a) SHLD AX,BX,6

(b) SHRD BXAX,6

Because the BOUND instruction causes problems with INT 05H in the MS-DOS en-
vironment, can you devise an equivalent set of instructions that tests the bounds of an
array index? If the index is out of bounds, jump to the label BADINDEX.

How is the stack changed when ENTER 2,0 executes? The initial stack pointer is at
offset 1EQOOH and BP contains 1E20H.



CHAPTER 5
Interrupt Processing

OBJECTIVES

In this chapter you will learn about:

. The differences between hardware and software interrupts

The differences between maskable and nonmaskable interrupts
Interrupt processing procedures

The vector address table

Multiple interrupts and interrupt priorities

. Special function interrupts

. The general requirements of all interrupt handlers

L4 L4 Ll -

KEY TERMS

Context Interrupt request

Environment Interrupt vector table

Interrupt acknowledge cycle Non maskable interrupt
5.1 INTRODUCTIGN

The 80x86 provides a very flexible method for recovering from what are known as cata-
strophic systemn faults. Through the same mechanism, external and internal interrupts may
be handled and other events not normally associated with program execution may be taken
care of. The method that does all of this for us is the 80x86 interrupt handler. In this chap-
ter we will see that there are many kinds of interrupts. Some of these deal with issues that
have always plagued pregrammers (such as the divide-by-zero operation), while still oth-
ers may be defined by the programmer. The emphasis in this chapter is on the definition of
the numerous interrupts available, Actual programming examples designed to handle
interrupts will be covered in the next chapter.

Section 5.2 explains the differences between hardware and software interrupts, Sec-
tion 5.3 gives details on the processor’s interrupt vector table. The entire process of how an in-
terrupt is handled is presented in Section 5.4, followed by a description of multiple interrupts
in Section 5.5. Section 5.6 explains the special interrupts incorporated into the 80x86, such as

141
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the divide-by-zero interrupt. Examples of actual interrupt service routines in Section 5.7 are
presented next, with troubleshooting techniques completing the chapter in Section 5.8.

5.2 HARDWARE AND SOFTWARE INTERRUPTS

An interrupt is an event that causes the processor to 5top its current program execution and
perform a specific task to service the interrupt. We are all interrupted many times during the
day. A ringing telephone or doorbell, a knock on the door, or a question from a friend all in-
dicate the need to communicate with you. The situation is much the same with the micro-
processor. The interrupt is used to get the processor’s attention. Interrupts may be used to
inform the processor in an alarm system that a fire has started or a window has been
opened. In a personal computer, interrupts are used to keep accurate time, read the key-
board, operate the disk drives, and access the power of the disk operating system.

Two kinds of interrupts are available: hardware and software interrupts, Hardware
interrupts are generated by changing the logic levels on either of the processor’s hardware
interrupt inputs, These inputs are NMI (nonmaskable interrupt) and INTR (interrupt
request). INTR can be enabled and disabled by the state of the interrupt-enable flag (IF).
The CLI (clear interrupt-enable flag) instruction clears IF, which disables INTR. The STI
(set interrupt-enable flag) instruction sets IF, allowing INTR to respond to requests. This
means that INTR can be masked (disabled). NMI gets its name from the fact that its oper-
ation cannot be disabled. NMI always causes an interrupt sequence when it is activated.
Chapter 8 shows that a rising edge is needed on NMI to trigger the interrupt mechanism,
and that INTR is level sensitive, requiring a high logic level to interrupt the processor.

~Software interrupts are generated directly by an executing program. These types of
interrupts are also called exceprions. Some instructions, like INT and INTO, initiate inter-
rupt processing when they are executed. Other instructions are capable of generating an
interrupt when a certain condition is met. DIV and IDIV, for example, cause a type-0 in-
terrupt (divide error) whenever division by 0 is attempted. '

What happens when a software and hardware interrupt occur at the same time? The
processor has a technique for handling this situation; it requires that the interrupts be pri-
oritized. Table 5.1 shows the interrupt priority scheme used by the 80x86.

Interrupts with the highest priority are divide-error, INT, and INTO. NMI and INTR
have lower priorities, with single-step having the lowest. If both hardware interrupts are ac-
tivated simuitaneously, NMJ will be serviced first, with INTR pending until it gets its
chance to be recognized by the processor. If a divide-error and NMI cccur simultaneously,
divide-error will be recognized first, followed by NML

In the next section we will examine the details of the interrupt vector table, which is
accessed when any type of interrupt is initiated.

TABLE 5.1 Interrupt priorities

interrupt Priority
Divide-error Highest
INT, INTO

NMI

INTR

Single-step Lowest
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5.3 THE INTERRUPT VECTOR TABLE

All types of interrupts, whether hardware or software generated, peint to a single entry in
the processor’s interrupt vector table. This table is a collection of 4-byte addresses (two
for CS and two for IP) that indicate where the processor should jump to execute the asso-
ciated interrupt service routine, the code designed to handle the specific interrupt. Because
256 interrupts are available, the interrupt vector table is 1,024 bytes long. The 1KB block
of memory reserved for the table is located in the address range 00000 to 003FFH. Some
earlier processors automatically loaded their first instruction from address 0000 after a
reset. The 80x86 fetches its first address from lecation FFFFOH. This indicates that we are
able to begin program execution without first having to place values into the interrupt vec-
tor table. If we plan on using any interrupts, it will be necessary to initialize the required
vectors within the table. This can be done easily with a few MOV instructions.

Figure 5.1 shows the organization of the interrupt vector table. Each 4-byte entry
consists of a 2-byte IP register value followed by a 2-byte CS register value, This indicates
that interrupt service routines are considered far routines. Notice that some of the vectors
are predefined. Vector 0 (the same as type-0) has been chosen to handle division-by-zero
errors. Vector 1 (type-1) helps to implement single-step operation. Vector 2 is used when
NMI is activated. Vector 3 (breakpoint) is normally used when troubleshooting a new pro-
gram, Vector 4 is associated with the INTO instruction. Vector 5 is used when the BOUND
instruction reports 'an out-of-range index. Vectors 6 through 18 perforim various housekeep-
ing duties. Some of these vectors (10, 11, 14} are operational only in protected or virtual-
8086 mode. Table 5.2 shows the associated vector assignments. Vectors 19 through 31 are
reserved by Intel for use in their products. This does not mean that these interrupt vectors
are unavailable to us, but that we should refrain from using them in an Intel machine unless
we know how they have been assigned.

TABLE 5.2 Interrupt/exception vectors

— Vector Description
0 Divide arror
1 Debugger call (single-step)
2 NMI
3 Breakpoint
4 INTO
5 BOUND range exceeded
6 Invalid opcode
7 Device not available
8 Double fault
9 Reserved
10 Invalid task state segment
3 1 Segment not present
12 Stack exception
3 13 General protection
. 14 Page fault
3 15 Reserved
16 Floating-point error
17 Alignment check
18 Machine check
_ 18- Reserved
32-255 Maskable interrupts (nonraserved}
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FIGURE 5.1 interrupt
vector table

> Type O: Divide-etror

Vector 1 ¢ &1 > Type 1: Single-step

7 Type 2: NMI

> Type 3: Breakpoint

l Type 4: Overflow

> Type 5

Predefined or
reserved

> Type 31

AN

> Type 32

\ Available to
programimer

Vector 255

Vectors 32 through 255 are unassigned and free for us to use. To initialize an
interrupt vector, we must write the 4 bytes of the interrupt service routine address into the
table locations reserved for the interrupt. A short example shows one way this can be
done.
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M EXAMPLE 5.1

The interrupt service routine for a type-40 interrupt is located at address 28000H. How is
the interrupt vector table set up to handle this interrupt?

Solution: An easy way to determine the address within the interrupt vector table that is
used by an interrupt is to multiply the interrupt number by 4. Multiplying 40 by 4 and con-
verting into hexadecimal gives 000AOH as the starting address of the vector for INT  40.
The interrupt service routine address 28000H can be generated by many different com-
binations of C8 and IP values. If CS is loaded with 2800H and IP with 0000, we get the
correct address of 28000H. Thus, it is necessary to write these two address values into
memory starting at 000AQH. The short section of code shown here is one way to do this:

PUSH Ds ;save current DS address
MOV AN, O ;set new DS address at 0000
MOV DS, AX

MOV DI, 00AOH ;joffget for INT 40 vector
MOV WORD PTR [DI],0 ;etore IP address

MOV WORD PTR [DI + 2],2800H ;store C8 address

POP DS iget old DS address back

The PUSH DS instruction is used to save the current value of the DS register on the
stack. Because we need to access memory in the 00000 to 003FFH range, it is convenient
to load DS with 0000 and use DI as the offsset into the vector table. Notice that the first word
written is 0000, which goes into locations 000AOH and O00A 1H. Then the CS value 2800H
is written into locations 000A2H and 000A3H. Figure 5.2 provides a snapshot of memory
after these instructions execute. Now, when INT 40 executes, it will cause a jump to the
interrupt service routine located at address 28C000H. The POP DS instruction restores the
old value of the DS register.

Figure 5.2 also shows the comtents of memory for the vector associated with INT
41. What is the address of the ISR? As usual, the two words have been byte-swapped. The

FIGURE 5.2 ISR address for Memory
INT 40H and INT 41H . Data
Address i

7 INT 40

> INT 41
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word at address 000A4H is 1FOCH. The word at address 000A6H is 3400H. The effective
address created by the addition of these two words is 35F00H, which is the address of the
ISR for INT 41.

The machine code for INT 40 is CD 28 (note that 28H equals 40 decimal). The ma-
chine code for INT 41 is CD 29. All INT instructions begin with CD as their first byte and
have the interrupt number as the second byte. The only exception to this rule is INT 3,
breakpoint, which has only the byte CC as its opcode.

In the examples presented later, we will see other ways in which the interrupt vector
table can be initialized.

5.4 THE INTERRUPT PROCESSING SEQUENCE

In Chapter 4 we were introduced to the interrupt process in the coverage of the INT and INTQO
instructions. These software interrupts initiate a sequence of steps in which the flags and re-
turn address are saved prior to loading CS and IP with the ISR address. The same process is
followed for hardware interrupt NMI, which automatically generates a type-2 interrupt. The
sequence initiated by INTR (when interrupts are enabled) is slightly different, because the
processor must first read the interrupt number from the data bus. When interrupts are enabled,
INTR causes the processor to perform two interrupt acknowledge cycles. In the 8088, ex-
ternal devices recognize these cycles by examining the state of the INTA output, which goes
low during each cycle. The first low-going pulse on INTA is used to indicate to other devices
on the system bus that the processor is beginning an interrupt acknowledge cycle. In mini-
mum mode this indicates that the processor will not acknowledge a hold request until the in-
terrupt acknowledge cycle completes. In maximum mode the processor activates its LOCK
output to prevent a system bus takeover during the interrupt acknowledge cycle.

The second low pulse on INTA indicates that the interrupt number should be placed
onto the lower byte of the processer’s data bus. A special peripheral designed to respond to
the 8088's interrupt acknowledge cycle is the 8259A programmable interrupt controller,
which we will cover in Chapter 11.

In the Pentium, output signals M/I0, D/C, W/R, and ADS all go low to indicate an
interrupt acknowledge cycle.

Once the interrupt number is read from the data bus, the processor performs all of the
steps that we are familiar with. Let us review the overall process once more.

Get Vector Number

The processor obtains the interrupt number in one of three ways. First, the interrupt type num-
ber may be specified directly using one of the INT instructions. Second, the processor may au-
tomatically generate the interrupt type number, as it does for INTO, NMI, and divide-error.
Third, it may have to read the interrupt type number from the data bus (after receiving INTR).

Once the interrupt number is obtained, it is used to form the location within the
interrupt vector table that contains the requested ISR address.

Save Processor Information

Once the interrupt vector is known, the processor pushes the flag register onto the stack. This
is done to preserve some of the processor’s internal state at the time of the interrupt (a very
necessary step if we are to resume normal execution later). Once the flags are pushed,
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FIGURE 5.3 Stack contents during
an interrupt

New SP——= SP- 6

— ]

5| »~ Flags

the processor clears the interrupt enable and trace flags to disable INTR while interrupt
processing is taking place. Next, the IP and CS values at the time of the interrupt are pushed
onto the stack. Figure 5.3 shows how the stack is used when an interrupt occurs. The contents
of the flag register at the time of the interrupt were 06C2H. The address of the instruction that
was about to be fetched when the interrupt occurred was 1109:3C00 (in CS:IP format).

Fetch New Instruction Pointer

Once the return address has been pushed, the processor can fetch the new values of IP and
CS out of the interrupt vector table and begin execution of the interrupt service routine. The
address generated by the interrupt number is used to read the two ISR address words out
of the table.

One word of caution: Because the stack contains the information needed to return to
the interrupt point, we must be careful not to change the contents of stack memory or alter
the stack pointer in any way that would prevent the correct information from being popped
off. The processor will not remember anything about the interrupt and relies only on the
data popped off the stack for a proper retum.

55 MULTIPLE INTERRUPTS

In the course of program execution, chances are good that eventually two interrupts might
request the processor’s attention at the same time. For example, just as division-by-zero is
attempted in an executing program, NMI is also activated. The processor needs to “break
the tie” when this happens and recognize one of the two interrupts first. When we examined
Table 5.1, we saw that divide-error has a higher priority than NMI. So, in our current ex-
ample, divide-error will be recognized first, and the following sequence of steps will occur:

e e A R R e o Bl T M R R S D s o

1. Divide-error is recognized.
2, The flags are pushed.
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The retum address (CS and IP) is pushed.

The interrupt-enable and trace flags are cleared.
NMI is recognized.

The new flags are pushed.

The new return address is pushed.

The interrupt-enable and trace flags are cleared.
The NMI ISR is executed.

10. The second return address is popped.

11. The second set of flags is popped.

12. The divide-error ISR is executed.

13. The first return address is popped.

14, The first set of flags is popped.

15. Execution resumes at the instruction following the one that initiated the divide-error.

£ 00 anith B

It is easy to see that the stack plays an important role during this process,

A more common occurrence of a multiple interrupt is seen when the processor’s trace
flag is set. The trace flag, wien set, puts thesprocessor into single-step mode, where a type-1
interrupt is generated after completion of every instruction. If the current instruction is INT
or INTO, you can see that two interrupts will need servicing: the INT or INTO interrupt and
the single-step interrupt. Single-step has the lowest priority of all interrupts and thus gets
recognized last. We will see how single-stepping with the trace flag can be a useful tool when
debugging a program. .

5.6 SPECIAL INTERRUPTS

We will now examine the specific operation of a few selected interrupts. Some may be very
useful to implement, while others may never be needed in a program for proper operation.
Even so, you are better off knowing how each one works and when to use it.

Divide-Error

Figure 5.4 shows the contents of four memory locations that contain the code for these two
instructions:

B3 00 MOV BRL,0
F6 F3 DIV BL

The first instruction is located at address 05100H. The second instruction is located at ad-
dress 05102H, Because DIV BL is a 2-byte instruction, the instruction must be located at
address 05104H. This address becomes the return when DIV~ BL generates a divide-error
interrupt.

The interrupt service routine for divide-error can do anything the user wishes to re-
cover from the error. One programmer may wish simply to load the accumulator with 0 or
some other number, while another may want to display an error message on the user’s
display screen.

Because divide-error is a type-0 interrupt, its address vector is stored in memory
locations 00000 through 00003,
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> MOV BL.O

~ DIV BL

LREU.I.I‘I‘I address for divide-error

FIQURE 5.4 Instruction sequences
causing a divide-error Interrupt

Single-Step

This interrupt relies on the setting of the trace flag in the flag register. When the trace flag
is set, the processor will generate a type-1 interrupt after each instruction executes. Re-
member from the interrupt processing sequence that after the flags are pushed the proces-
sor clears the trace flag, disabling single-stepping while it executes the trace ISR, An
extremely useful debugging tool can be written and used within the trace ISR. This single-
step debugger may be programmed to display the contents of each processor register, the
state of the flags, and other useful informatton after execution of each instruction in a user
program. Because the trace flag is cleared before the ISR is called, we need not worry about
single-stepping through the trace ISR.

You may remember from our coverage of 80x86 instructions in Chapters 3 and 4 that
there are no instructions available that directly affect the state of the trace flag. There are
other techniques that can be used to do this. For instance, a copy of the flags can be loaded
into AX by first pushing a copy of the flag register onto the stack and then popping them
into AX. Then an OR instruction can be used to set the trace flag. Once this is done, the
flags are restored by pushing AX back onto the stack and then popping the flags. The in-
structions needed to accomplish this are:

PUSHF

POP AX

OR AX,100H
PUSH AX
POPF

Omnce this is done, the processor will enter and remain in single-step mode until the trace
flag is cleared. This can be done with the same set of instructions, replacing the OR with
AND AX 0FEFFH,
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B EXAMPLE 5.2

Assume that the trace flag is set and that the trace ISR displays the contents of AX on the
screen after each instruction executes. What do we expect to see when this group of in-
structions executes?

MOV AX,1234H
INC AL
DEC AH
NOT AX

Solution: Because the trace flag is set, a single-step interrupt will be generated after
each of the four instructions. When the first instruction completes, the trace ISR will dis-
play AX=1234. The second instruction will increase AL to 35, causing the ISR to display
AX=1235 next. The third instruction will decrease AH to 11, The trace ISR will then display
AX=1135. Finally, after all bits in AX are inverted, the trace ISR will display AX=EECA,
We will see that the personal computer has built-in routines capable of displaying messages
and data on the screen, so writing a trace ISR is not as complicated a task as it appears, ll

The ISR address vector for single-step must be stored in memory locations (0004
through 00007,

NMI

Because NMI (non maskable interrupt) can never be ignored by the processor, it finds useful
application in events that the computer absolutely must respond to. One such event is the dis-
astrous power-fail. The processer unfortunately forgets the contents of its registers and flags
when power is turned off and thus has no chance of getting back to the correct place in a pro-
gram if its power is interrupted. One way to prevent this from happening and provide a way
for the processor to resume execution is to use NMI to interrupt the processor at the beginning
of a power-fail. Because the computer’s power supply will continue to supply a stable voltage
for a few milliseconds after it loses AC, the processor has plenty of time to execute the neces-
sary instructions. Suppose that a certain system contains a srall amount of non-volatile mem-
ory. This type of memory retains its data after it loses power and acts like RAM when power
is applied. So, in the event of a power-fail, the NMI ISR should store the contents of each
processor register in the NVM. These values can then be reloaded when power comes back
up. In this fashion we can recover from a power-fail without loss of intelligence,

The ISR address vector for NMI is stored in memory locations 00008 through
0CO0BH.

Breakpoint

This interrupt is a type-3 interrupt but is coded as a single byte for reasons of efficiency.
Breakpoint aids in debugging in the following way: a program being debugged will have
the first byte of one of its instructions replaced by the code for breakpoint (CC). When the
processor gets to this instruction, it will generate a type-3 interrupt. The ISR associated
with breakpoint is similar to the trace ISR and should be capable of displaying the proces-
sor register contents and also the address at which the breakpoint occurred. Before the ISR
exits, it will replace the breakpoint byte with the original first byte of the instruction. Fig-
ure 5.5 shows how the breakpoint routine makes a copy of the first byte in the NOT AL in-
struction stored at location 06200H. The first byte of the instruction (F6H) is copied into a
temporary location and then replaced by the breakpoint instruction code CC. Some people
like to refer to this as setting the breakpoint. Once the breakpoint is set, a fetch from ad-
dress 06200H will initiate a breakpoint interrupt.

B L 3 e B B e R e A A A e i e T ) AT ot B R N S WA
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FIGURE 5.5 Setting a breakpoint Memory
g Data

Address E

06200 :
NOT AL
06201

{(a) Original instruction code
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TEMP| F6
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{b) First instruction byte is replaced by INT 3 (breakpoint)

Clearing the breakpoint is accomplished by copying the instruction byte from the
temporary location back into its original location.

W EXAMPLE 5.3

A programmer wishes to find out if a conditional jump takes place. Where should the pro-
grammer place the breakpoint instruction? The code being tested looks like this:

CMP AL,OQ
JNZ  XYZ
NOT AL

XYZ: INC AL

Solution: The programmer has two choices for placement of the breakpoint instruction.
1t could be placed in the location occupied by NOT AL, which would cause a breakpoint
when the INZ does not jump to XYZ. It could also be placed in the location eccupied by INC
AL, activating when the INZ does take place. Either way, the programmer will know the
results of the CMP and JNZ instructions {by the presence or absence of a breakpoint).

The ISR address vector for breakpoint is stored in memory locations 0000CH
through 0000FH.

Overfiow

This type-4 interrupt is initiated only when the INTO instruction is executed with the over-
flow flag set. Its applications, like divide-error, tend to be of a corrective nature. You may
think of overflow as the watchdog for multi-bit addition and subtraction operations, much
like divide-error watches out for division-by-zero. If the overflow flag is cleared, INTO
will not generate an interrupt (essentially operating as a NOP in this case).
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M EXAMPLE 5.4

Will the following sequence of code generate an overflow interrupt?

MOV AL, 70H
MOV BL, 60H
ADD AL,BL
INTO

Solution: Yes. Although the numbers in AL and BL can both be interpreted as positive
signed numbers, the sum (DOH) looks like a negative signed number. In this case the over-
flow flag is set and INTO will generate an interrupt. ll

The ISR address vector for overflow is stored in memory locations 0G010H through
00013H. '

INTR

Up to now we have only discussed the basics of this hardware interrupt signal. Let us take
a closer look. No interrupt is generated by INTR unless the interrupt-enable flag (IF) is set.
This can easily be accomplished with the STI (set interrupt-enable flag) instruction. INTR
must remain high until sampled by the processor, unlike NMI, which is a rising-edge trig-
gered input. It is therefore necessary when using INTR.to allow it to remain high only untl
an interrupt acknowledge cycle begins. For 8088 systems, the 8259 A programmmable inter-
rupt controller, which we will cover in Chapter 11, automatically interfaces with INTR and
INTA. If the power of this peripheral is not needed, then custom interrupt circuitry must be
designed. First, we need the INTR connection. The circuit shown in Figure 5.6 uses a flip-
flop to condition the INTR input. A D-type flip-fiop is used to convert the high-level
requirement of INTR into an edge-sensitive request. Arising edge on MINT (maskable in-
terrupt) will clock a 1 through the flip-flop, placing a high level on INTR. When the 8088
recognizes INTR and begins its interrupt acknowledge cycle, INTA will go low. This will
clear the flip-flop and remove the INTR request. MINT must go low and back high again
for another interrupt to be recognized. Once again, the Pentium uses different signals to
indicate an interrupt acknowledge cycle. Figure 5.7 shows how the signals are decoded to

generate an INTAK signal.

T \
47K Pentium
D » INTR
M0 ————0
MINT —P> &R 8088 pi
' )D— INTAK
INTA Wik ;
ADS ——ow—q

FIGURE 5.6 INTR conditioning circuitry

FIQURE 6.7 Decoding an interrupt
acknowledge cycle on the Pentium
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FIQURE 5.8 Circuitry nesded to place +5V

an 8-bit interrupt number onto data bus
Dip TR \
switch

Ot ADy
Octal
buffer

0 74LS

0—0/ O] 8088

INTA

*All switches must be pulled up with individual resistors.

During the second low-going pulse on INTA, the processor will expect an interrupt
number to be placed onto the data bus. The additional circuitry of Figure 5.8 uses a tri-state
buffer to jam the 8-bit interrupt number onto the data bus when INTA goes low, You may
notice that the interrupt number will appear on the data bus twice, once for each low-going
transition of INTA. The processor will ignore the first appearance because it tri-states the
data bus during the first transition of INTA. The 8-bit interrupt number wili appear on the
data bus but will be ignored by the processor until the second transition of INTA, The DIP
switch allows any of the 256 interrupt codes to be used. The DIP switch is currently set to
produce interrupt code 3CH. On the Pentium, the interrupt vector is applied to data bus
signals DO through D7.

For systems that require additional interrupts but still do not require the use of the
82594, a few additional parts are needed to expand this simple interrupt circuit into a more
complex one with more interrupts and a prioritization scheme. Figure 5.9 shows an inter-
rupt circuit that allows up to eight levels of prioritized interrupts. The 74L.58148 priority en-
coder will output a 3-bit binary number whenever any of its eight inputs go low. Also, only
the highest priority input is recognized. So, if INT and INT are both low, INT; is recog-
nized and the output becomes 011. Note that the output is actually the inverted binary value
of the input that is active. When any input is grounded, the GS output will go low. This
causes 2 1 to be clocked through the D-type flip-flop, signaling an INTR and latching the
priority encoder’s output in the 74LS374 octal flip-flop. When INTA goes low in
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+5V
47K é
Priority Octal \
ﬁo do encoder latch .1 AD,
INT, —Q{1
INT, ————2 Az [0
— 74L8 74LS
INT3 —————eeC) 5 148 A1 -« 374
8088
INT, —————ql4 Ao
INT;, ———Q5 -D QF
— -t
]:NTﬁ _O 6
INT, —— o7 GS ADy
H = A OE
r i 3
= INTA
47K
+5V —~AAA——1D Q > INTR
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FIQURE 5.9 Prioritized interrupt circuitry

acknowledgment of the INTR signal, the D-type flip-flop is cleared (removing the INTR
request) and the output of the octal flip-flop is enabled, placing the interrupt number onto
the data bus. A similar circuit may be used with the Pentium. The bit pattern stored in the
octal flip-flop is 11(?27)000 for any interrupt. Specifically, INT, causes the outputs of
the 74L.S148 to become 111, giving us the interrupt number F8H. INT, generates 110 at the
148’s output, for an interrupt code of FOH. Take the time to find the other six interrupt num-
bers right now. Do you see a pattern emerge?

5.7 INTERRUPT SERVICE ROUTINES

The interrupt service routine referred to many times in this chapter is the actual section of
code that takes care of processing a specific interrupt. The ISR for a divide-error is neces-
sarily different from one designed to handle breakpoint or NMI interrupts.

T AT
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Daone automatically by
CPU

Save return
address and
flags om stack,

Interrpt
occurs

Execution

resumes ISR

FIGURE 5.10 Storing environment during interrupt processing

Even though these interrupt service routines are written to accomplish different
goals, there are portions of each that, for the sake of good programming, look and operate
the same. Recall that any time an interrupt occurs, the processor pushes the flags and return
address onto the stack before vectoring to the address of the ISR. Clearly, we must see that
the ISR will change the data in various registers while it is processing the interrupt. Because
we desire to return to the same point in our program where we left off before the interrupt
occurred and resume processing, we insist that all prior conditions exist upon return. This
means that we must return from the ISR with the state of all registers preserved. It is now the
responsibility of the ISR to preserve the state of any registers that it alters. Figure 5.10 shows
how this is done. In this example, DIV BL causes a divide-error interrupt. The first thing the
ISR does is save the processor registers on the stack. These registers are saved with the
PUSH instruction. You will need a PUSH for each register you need to save (or you can push
all the registers with PUSHA). The contents of all processor registers, including the flags,
are often called the environment or context of the machine. Putting a copy of everything
onto the stack saves the environment that existed at the time of the interrupt.

When the bedy of the ISR finishes execution, it is necessary to reload the registers
that were saved at the beginning of the routine. The POP instruction is wsed for this
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purpose, POPs must be done in the reverse order of the PUSHes. An ISR that uses AX, BX,
and CX would look something like this;

ANISR: PUSH AX ;save registers
FPUSH BX
PUSH CX
;body of ISR
BPOP CX ;jget registers back
FOP BX
POP AX
IRET ;return from interrupt

Saving all registers is preferable, and will save you much heartache in the future, when you
find that saving one or two registers was insufficient as the needs of the routine became
more complex. In this case, use POPA to restore all registers.

A few examples of actual interrupt service routines will prepare you for writing your
own later. Try te find similarities between each routine.

An NM! Time Clock

Figure 5.11 shows a simple way to provide the processor with some timekeeping intelli-
gence. In this application, the processor’s NMI input is connected to a 60-Hz clock source.
Thus, the processor gets interrupted 60 times per second. The only task the NMITIME ISR
needs to perform is to decrement a counter until it reaches 0, and then call the far routine
ONESEC. ONESEC is then called once every second. The counter is decremented once for
each NMI signal. Other code is needed to initially set the count to 60, with NMITIME re-
setting it automaticatly on each O count.

NMITIME: DEC COUNT ;decrement 60th’s counter
JNZ EXIT ;did we go to 07
MOV COUNT, 60 iyes, reset counter and
CALL FAR PTE ONESEC ;call ONESEC

EXIT: IRET

The user program must reserve room for the COUNT location in its data segment area.
COUNT DB 60 is all that is needed to reserve the byte location. Initialization software is

Schenitt
trigger

47X
NMI
120V %
6.3 VAC
60 Hz l 80x86

FIGURE 5.11 Interrupt circult for NMITIME
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also needed to load 60 into COUNT and place the ISR address for NMITIME into the inter-
rupt vector table. One way to do this would be:

MOV COUNT, 60 ;init 60th’s counter

PUSH DS ;jsave current DS address

SUEB AX,AX ;jset new DS address to 0000
MOV DS, AX

LEA AX,NMITIME ;load address of NMITIME ISR
MOV  [8],AX ;store IP address

MOV AX,CS . ;and CS5 address

MOV {0AH] ,AX

POP DS rget old DS address back

The offset of NMITIME within the code segment is stored in locations 00008 and 00009,
and the CS value in locations 0C00AH and GO00BH. The value of the DS register remains
unchanged after execution of the initialization software.

Notice that NMITIME does not destroy a single register. In this example we can get
by without having to save anything on the stack.

ONESEC can be used to do a number of things. Most likely, it will update a second
set of count locations that keep track of the seconds, minutes, and hours for a 12- or
24-hour clock. Software with access to these counters will be able to use the passage of
time in an accurate way.

A Divide-Error Handler

This routine is used to handle a division-by-zero. Because the AX and DX registers may be
undefined as a result of division by 0, DIVERR will load AX with 0101H and DX with 0.
This guarantees that 8- or 16-bit division always ends up with a non-zero result. DIVERR
also calls a special routine called DISPMSG, which is used to output an ASCII text mes-
sage on the display screen of the computer. The ASCII message must end with a “$” char-
acter, and the address of the first byte of the message must be loaded into the S1 register
prior to calling DISPMSG.

DIVERR: PUSH 51 ;save current SI value
MOV AX,101H ;load result with default
SUB DX,DX ;elear DX
LEA SI,DIVMSG ;init pointer to error message
CALL FAR PTR DISPMSG ;output error message
poP SI ;get old 8T value back
IRET '

PUSH and POP are used to preserve the contents of SI. The error message must be located
in the program’s data segment and look similar to this:

DIVMSG DB ‘Division by zerc attempted!$’

The first byte of the text message (“D") will be located in the address associated with the
label DIVMSG. The last byte of the message is the required “$” character.

An ISR with Multiple Functions

This interrupt service routine will be used to perform one of four different functions when
it is executed. The ISR is called with an INT 20H instruction. Register AH is examined
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upon entry into ISR20H to determine what should be done. If AH equals 0, AL and BL
will be added together, with the result placed in AL. If AH equals 1, the registers will
be subtracted. Multiplication occurs when AH equals 2, and division when AH equais 3.
Any other values of AH cause ISR20H to return without changing either register, Using
AH in this way lets us do more than one thing with INT 20H. This technique is com-
monly used when we write programs for 80x86-based PCs running a disk operating sys-
tem. One interrupt might have many different functions, all of which interface with a disk
drive, display device, or printer connected to the computer. We will see specific examples
of these kinds of special-function interrupts in the next chapter. The code for this ISR
looks like this:

ISR2(0H: CMP AX,4 ;AH must be 0-3 only
JHC EXIT
CMP AH, 0 ;ig AH 072
JZ ADDAR
CMP AH,1 ;is AH 17
JZ SUBAB
CMP AH, 2 ;is AH 27
JZ MULAR
DIV BL +AH is 3, use divide function
EXIT: IRET
ADDARE: ATID AL, BL ;add function
! IRET '
SUBAB: SUB AL, BL ;subtract function
TRET
MULAR: MUL BL rmultiply function
IRET

The method of using a register value to select an interrupt function is also used by MS-
DOS programs that require the use of operating system functions. For example, the
instructions

LEA DX, MESSAGE
MOV AH, 9
INT 21H

select the MS-DOS Display Message function of INT 21H. The function number is
passed to INT 21H through register AH. The address of the ASCII message to display
must be placed in DX prior to the intermupt.

We will make extensive use of the MS-DOS interrupts in Chapter 6,

The initialization code required for ISR20H is:

PUSH DS ;save old DS address

SUB  AX,AX ;s5et new DS address to 0000
MOV o3, A%

LEA AX,ISR20H 1load address of ISR2Z0H
MOV [80OH],AX ;store IP address

MOV AX,CS ;and C8 address

MOV [B2H] , AX

POP DS ;get old DS address back

It is easy to verify that 4 times 20H is 80H, the interrupt vector table address required.
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58 TROUBLESHOOTING TECHNIQUES

It pays to remember the details of interrupt processing when troubleshooting a program.
Many times the fault of erratic execution in an 80x86-based system is a'poorly written or
incomplete interrupt handler. Reviewing the basic principles can help eliminate some of
the more obvious problems.

. A valid stack must exist to save all of the information required to support the inter-
rupt handler.

. A typical interrupt pushes the current flags and return address (CS:IP).

. Vector addresses are equal to four times the vector number.

. In the interrupt vector table, the handler address is stored in byte-swapped form, with
IP as the first word, and CS as the second.

. It may be necessary to save and restore registers (via PUSH/POP) in the interrupt
handler.

. Use IRET (return from interrupt) to return from an interrupt handler. RET does not
work properly with interrupts,

. For an interrupt to work, its vector must be loaded with the starting address of the
handler, and the handler code must be in place as well.

These points are a minimal set of programming tips. You will discover others as you begin
writing your owr interrupt handlers. '

 SUMMARY

B e e i s

We have seen that there is a fixed process used by the 80x86 to implement and process an in-
terrupt. The CPU, when interrupted, saves the flag register and program counter on the stack,
clears the trace and interrupt-enable flags, and loads the interrupt service routine address
from the interrupt vector table. The interrupt vector table occupies memory locations 00000
through O03FFH and contains pairs of words that represent the execution addresses for each
of the 256 interrupts. These pairs correspond to IP and CS values of each ISR. The interrupt
number used to access the table may be internally generated by the processor, or may be sup-
plied by external hardware during an interrupt acknowledge cycle. The processor has only
two hardware interrpts: NMI and INTR. NMI cannot be disabled, but INTR can.

Interrupts are caused through software or by an external hardware request. The soft-
ware interrupt may be generated intentionally by the programmer via INT and INTO, or by
accident, via a run-time error such as division-by-zero. All interrupt service routines should
preserve the state of any registers used to allow a proper return.

Three examples of actual interrupt service routines were also presented, followed by
a short set of troubleshooting tips.

STUDY QUESTIONS

1. What is the processor’s environment? Why is it important to save the environment dur-
ing interrupt processing? '
2. Explain the different ways interrupts are generated.,
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P

13,

14,

15.
16.

17.
18.

19,

20.

2L

22.

23.

26.

27.

. How is INTR disabled? How is it enabled?
. What is the interrupt vector table address for an INT 21H?
. The address of the ISR for INT  25H is 03C0:9AE2 (in CS:IP format). Show how this

address is stored within the interrupt vector table,

. What is the effective address of the ISR in Question 57
. Write the instructions necessary to place the ISR address of Question 5 into its proper

place in the interrupt vector table.

. Show the contents of stack memory after an interrupt has been inittated. Assume that

the stack pointer is at address 3COOH prior to the interrupt and that CS, IP, and the flag
register contain 0400H, 1890H, and 0182H, respectively.

. What interrupt number has a vector table address range of 00280H to 00283H?
10,
11.
12,

Which interrupt is recognized first, NMI or single-step?

Repeat Example 5.2 with an initial AX value of E03FH.

‘What high-priority event might require the use of NMI in a computer designed for air-
craft engine control?

An analysis of a computer power failure showed that the computer had valid voltage
levels for 2.5 milliseconds. Suppose that the microprocessor had an average instruc-
tion execution time of 0.2 microseconds. How many instructions can be executed dur-
ing the power failure?

Explain why an orderly software shutdown is possible in Question 13, Assume that the
shutdown involves pushing all processor registers onto a stack in NVM.

In Example 5.4 what is the highest AL value that will not cause an INTO interrupt?
Design an INTR circuit that has only two inputs: XINT and YINT. Both signals are
active low. XINT should generate interrupt number 90H, and YINT, 91H.

What are all eight interrupt numbers for the circuit in Figure 5,97

Modify the interrupt circuit of Figure 5.9 so that interrupt numbers 48H through 4FH
are produced.

If the ONESEC procedure called by NMITIME took more than 18 milliseconds to
execute, would any problems arise?

What changes must be made to NMITIME if the frequency of the NMI clock is
1800 Hz? We still want to call ONESEC once per second,

What is the result of executing INT 20H with AX containing 0303H and BL con-
taining 047 Refer to ISR20H in Section 5.7 for details.

Rewrite ISR20H so that four new functions are added. These functions are:

AH=05H : NOT AL

AH=10H : AND AL,BL
AH=20H : OR AL,BL
AH=80H : XOR AL,BL

Figure 5.12 shows the contents of a few locations within the interrupt vector table.
‘What will the new program counter be when the interrupt that uses these locations is
processed?

. What INT instructien is required in Question 237
. How is the single-step interrupt useful for examining the operation of a running

program?

During an interrupt acknowledge cycle, 30H is placed on the data bus. Where is the
ISR address fetched from?

The flag register contains 0346H. Will INTO generate an interrupt? Is trace enabled?
Are interrupts enabled? '
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FIQURE 8,12 For Question 23

28,

29,

30.

3L

What do you imagine are some of the problems with these two interrupt service
routines:

ISR1: PUSHE AX ISR2: PUSH BAX
PUSH BX PUSH CX
i ;
1bogy s body
; H
POP AX FOR BX
IRET POP AX

RET

Write an interrupt service routine that will multiply the contents of AX by 7. If the new
vatue of AX is greater than 8400H, call the far routine OVERSCAN. Note: OVERSCAN
destroys AX, BX, and DI

What instructions are necessary to load a copy of the return address (CS:IP) into reg-
isters AX and BX, from inside the interrupt service routine? What stack operations
may be used?

Use DEBUG to execute these three instructions:

MOV DL, 41
MOV AH,2
INT 21

What are the results? Remember to use “p” and not “t” to execute INT  21.
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CHAPTER 6

An Introduction to Programming
the 80x86

OBJECTIVES

In this chapter you will learn about:

. Breaking down a large program into small tasks

. How to write a software tester

. Reading character strings from a keyboard

. Packing BCD digits into a byte

. Item search and lookup in a data table

. Comparison of data strings

. Sorting algorithms

. The use of condition flags to return results from a routine

. Binary and BCD math

. ‘Writing a routine to perform a complex mathematical function
. Open- and closed-loop control systems (simplified theory)

. How to convert binary numbers to decimal numbers, and vice versa
. Insertion of an item into a linked-list

. The operation of stacks and queues

KEY TERMS

Binary-to-decimal Function Normalization
conversion Integrated development Nuil
Bubble sort environment Open-loop control system
Command recognizer Iterative formula Polling .
Closed-loop control system LIFO structure Pseudocode
Decimal-to-binary Linked-list Specification
conversion Node Structured programming
FIFO structure

165
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6.1

INTRODUCTION

Getting the most use out of your microprocessor requires expertise both in designing the

el e P i)

hardware around it and in writing the code that it will execute. The purpose of this chapter
is to familiarize you with some of the standard programming principles as they apply to the
80x86. We will limit ourselves to writing assembly language in this chapter, using only the :
power of the 80x86 instruction set. Hopefully, you will see that many complex tasks may i
be performed in this way, without the use of external peripherals, which will be covered in -j

Chapters 10 and 11.

Section 6.2 explains how large programming jobs are broken down into smaller
tasks. Section 6.3 shows how a software driver program is written to test a new code
module. Sections 6.4 and 6.5 deal, respectively, with collecting data and simple search
techniques for use with data tables (or arrays). Section 6.6 details the various string oper-

ations. Integer sorting is covered in Section 6.7 and is followed by a detailed treatment of
binary and BCD mathematical routines in Section 6.8. Section 6.9 shows two examples of
the processor in control applications. Section 6.10 gives examples of binary and decimal
conversion techniques. Section 6.11 discusses three basic data structures: linked-lists,
stacks, and queues. The chapter concludes with another set of troubleshooting tips in
Section 6.12.

6.2 TACKLING A LARGE PROGRAMMING ASSIGNMENT

Writing a large, complex program from scratch is a difficult job, even for the most seasoned
programmers. Even if this could be done easily, other considerations exist to complicate
matters. The final program must be tested to ensure correct operation. It is a rare occurrence
for a new program to work perfectly the first time. Typically, an integrated development
environment (IDE) containing a C compiler, assembler, and debugger is used during pro-
gram development,

For these reasons, a more sensible approach is to break down the large program into
smaller tasks. Each task may be thought of as a subroutine to be called, when needed, by
the main program. The subroutines will each perform a single task and, thus, will be easier
to individually test and correct, as necessary. The technique of writing a large program in
this way is often referred to as structured programming. We will not concern ourselves
with all the details of structared programming. Instead, we will study a sample program-
ming assignment and use the techniques previously mentioned to break down the assign-
ment into smaller jobs.

The Assignment

The programming assignment is presented to us in the form of a specification. The speci-
fication describes the job that must be performed by the program. It also contains informa-
tion concerning any input and output that may need to be performed, and sometimes a limit
on the amount of time the program may take to execuie.

Consider the following specification:

Specification:  Subroutine WORDCQUNT

Purpose: To generate a data table of all different words contained in a paragraph
of text, and a second data table containing the frequency of occurrence of
each word.
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Restrictions: Do not distinguish between uppercase and lowercase characters. Ignore
punctuation, except where it defines the end of a word. No words will ap-
pear more than 255 times.

Input: A data tabie, headed by symbol TEXT, that contains the paragraph to be
analyzed, represented by ASCII codes. The length of the. paragraph text is
undefined, but the last character in the text will atways be “$.” This char-
acter will not appear anywhere else in the text.

Qutput: A data table, headed by symbol WORDS, that contains a list of all dif-
ferent words encountered in the paragraph text. Each word ends with “.”,
and the entire table ends with “$.” A second data table, headed by sym-
bol COUNTS, contains the frequency counts for each entry in WORDS.

There is sufficient detail in the specification for us to determine what must be done. How
to do it is another matter.

Breaking Down the Program into Modules

Once we understand what is required of the program through information presented in the
specification, the next step is to break down the program into smaller modules. This means
that subroutine WORDCOUNT will actually become a main subroutine, which calls other
subroutines. The idea is to create a subroutine to accomplish only one task, We must iden-
tify the other subroutines needed. This step of the process requires skill and practice. When
you have given it enough thought, you might agree that these subroutines are required:

INITIALIZE Initialize all pointers, counters, and tables needed,

GETWORD Get the next word from the paragraph text.

LOCKUP Search WORDS to see if it contains the present word.

INSERT Insert new word into WORDS,

MAKECOUNT Make a new entry in COUNTS.

INCREASE Increase frequency count in COUNTS for a word found by
LOOKUP.

There may, of course, be other required routines, depending on who is writing the code.
None of the identified routines performs more than one task.,

Omce the input and output for each subroutine are identified, the code can be written
for each one and the subroutines tested.

Testing the Modules

Testing of each subroutine module is done separately through a special software testing
program. The tester supplies the subroutine with sample input data and examines the sub-
routine’s output for cerrectness. It is up to the programmer to select the type and quantity
of the sample data. We will look at an example of a software tester in Section 6,3,

When all modules have been tested and verified for proper operation, they can be
combined into one large module—WORDCOUNT in our example—and this module can
be tested also.

Creating the Final Module

WORDCOUNT, as mentioned before, will consist of calls to the subroutines identified
in the section on breaking down the program into modules. Pseudocode, a generic pro-
gramming language, can be used to determine the structure of WORDCOUNT (and of the
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other subroutines as well). The following pseudocode is one way WORDCOUNT may be -
implemented: -

subroutine WORDCOUNT
INITIALIZE
repeat
GETWORD
if word found then :
LOOKUP .;i
if word found then '
INCREASE
else
INSERT
MAKECQUNT
while word found
end WORDCOUNT

WORDCOUNT is implemented as a loop because the length of the paragraph text is un :
known. The only way out of the loop is to have GETWORD fail to find a new word in the text
(that is, by reaching the **$"). This approach satisfies another requirement of structured pro- 1
gramming: routines should contain one entry point and one exit point. Many of the routine -
examples that we will study in this chapter will be written in this fashion. The programmer .
decides how the REPEAT-WHILE and IF-THEN-ELSE statements are implemented. :

Using the C Language

Writing in pseudocode is nseful, but writing statements in an actual programming language
is also useful. For example, here is the C code used to implement the WORDCOUNT sub-
routine (called a function in C): |

void wordcount {}
{
initialize(}:
do
{
found = getword();
if (found)
{
gotword = lookup(};
if {gotword}
increasze()};
alse
{
insert{);
makecount {};
}
}
} while(!found);
}

As we saw with the pseudocode shown previously, the wordcount(} function has one entry
point and one exit point. The getword(} and lookup() functions return values that are tested-
in the if() and if-else statements. Note that we are not concerned with writing compiler-ready
code when first developing a program, but we want to get as close as possible and use good:
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programming habits so that a minimum of work is needed to finish the code. This inctudes
proper indenting of statements, matching braces { ], and proper syntax.

Standard Control Structures

The if() statement can be coded in many different ways. One way to code the if() statement
might look like this:

if (found == 1) MOV AL, FOUND
{ CMP  aL,1
lookup () ; JNZ NEXT
} CALL LOOKUP
NEXT: ---

Here, the value of the “found” variable will determine if the lookup() function is called. The
CMP instruction#iyyused to determine if AL contains 1. If it does not, a jump to NEXT i§
performed. If Alt does contain 1, the INZ will not take place and the CALL LOOKUP
instruction will execute instead.

Other structures include the do-while() and while(). The do-while() structure looks
like this:

do
{
statements;
} while (cond'ition);

Coding the do-while() structure depends on the type of condition being tested. A sample
structure and its associated code may look like this:

counter = 100; MOV BX,100

do AGAIN:

{
getdata(}; CALL GETDATA
processdatal); CALL PROCESSDATA
counter = counter - 1; DEC BX

} while (counter != 0}); JNZ AGAIN

One important point about using loop counters is that the loop-count register (BX in this
example} must be altered during execution of the statements within the loop.

The while() structure is slightly different, performing the condition test at the begin-
ning of the loop instead of the end. One example of a while() is:

while (char (= *A’}
{

statements;
}

The corresponding machine instructions for this loop might look tike this:

WHILE: CMFE AL, ‘A’
JZ NEXT
<statementss

JMP WHILE
NEXT: =

Here, it is important to modify the loop variable (AL in this case) somewhere within the
loop, to avoid getting stuck inside it
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Another programming structure that is useful is the switch() statement. The structure
of the switch() statement may look like this:

switch{item)

{
case item-1 : statement-1; break:
case item-2 : statement-2: break;

case item-x : statement-x;

}

Each item (1...x) is checked for a match with the itemn at the beginning of the switch() state-
ment. Only the statement associated with the matching item is executed. The number of items
to match is not limited. An example of a switch() statement with three choices is as follows:

switch{selvalue)

{ .
case 0 : counter = 0; break;
case 1 : counter = counter + 1; break;
cage 2 : counter = counter - 1;

}

In this example, the sefvalue variable must contain a value from 0 to 2 to select one of the
three statements, The corresponding assembly language for this switch() statement is:

CMF AL, 0 ;is it 02
JNZ C1
MOV BL, 0 ;clear counter
JMP NEXT
Gl CMP AL, 1L ;ie it 17
JNZ c2
INC BL ;increment counter
JHP NEXT
Cc2: CMP AL, 2 ;is it 27
JNZ NEXT ;no matches
DEC BL ;decrement counter

NEXT: —---

In this example, the selvalue variable is stored in AL and the counter is represented by BL.
Note that the conditional jump JNE may be used in place of INZ if desired, because they
are equivalent. The same is true for conditional jumps JZ and JE. '
Some programmers use a modified form of the switch() structure that allows execution
of a statement when no match is made with any item. The pseudocode for this structure is:

switch{item)

{
case item-1 : statement-1; break;
case item-2 : statement-2; break;

case iltem-x : statement-x; break;
default : default-statement;
}

It is a simple matter to execute the default statement when no matches are found by per-
forming a JNZ. Others are more comfortable drawing a flowchart for a programming task,
and then converting the flowchart into the appropriate instructions. Figure 6.1 shows a
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FIGURE 6.1 A flowchart and its
associated assembly language
instructions

LEA SLDATA DATA DB 100,3,17,25,60,85,97,105

MOV AH,[SI]

BACK: INC 51

P heiasewie

MOV BH,[SI] value using pot

CMP AH,BH
INC BACK

MOV DX,S1

flowchart used to illustrate the process for searching an array of data values for one that is
larger than the others.

, Each process or decision block in the flowchart is converted into one or mere assem-
bly language instructions. The size of the data values used in the array help determine the
operands that must be used in some of the instructions (AH and BH for byte-size values
versus AX and BX for word-size values).

Remember that there are no fixed methods for converting pseudocode or flowcharts
into machine instructions. However, once you know how the standard control structures
are written in assembly language, the conversion from pseudocode or flowchart is straight
forward.
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6.3 WRITING A SOFTWARE TESTER

The programs presented in the remaining sections of this chapter are written as subroutines -
(or procedures) that must be calied to perform their functions. As we saw in the previous
section, there may be many subroutines combined in a single application, with each °
subroutine possibly written by a different person. Thus, each programmer must test (and
correct if necessary) the subroutine he or she has written. In this section we see how a new
programming module is tested with a software tester program. The tester executes the new
module with data supplied by the programmer and verifies that the module performs the as-

sociated task correctly.
The following procedure was written to solve the quadratic equation Y = 5X2 — 2X +

6, where the value for X is stored in AL and the result of the equation (Y) is returned in AX:

QUAD PROC NEAR

MOV BL, AL ;save copy of input wvalue
MUL BL jcompute X2
MOV CX,5
MUL cx ;compute 5X"2
XCHG DX, AX ;jsave temporary result
MOV AL, 2
MUL BL ;compute 2X
» SUB DX, AX jcompute 5X°2 ~ 2X
XCHG DX, 3X jget current result into AX
ADD AX, 6 joompute 5X*2 - 2X + 6
RET

QUAD ENDP

The tester program must pass an X value into the procedure and check the returned value

for accuracy. Multiple test cases are preferable because they will show how the routine per- !
forms over a range of input values. This requires the programmer to first determine what |

the correct results should be. Consider these input and output pairs:

X Input Y Output
0 6

1 g

10 4868
100 49806

The seftware tester presented here will send each X-input value to the procedure one ata |
time and check for a match with the expected Y-output value each time. If all four tests
pass, the tester assumes the new routine is acceptable. If any one test fails, an error mes- |

sage is output,

;Program TESTQUAD,ASM: Software tester program for QUAD procedure.
.MODEL SMALL

.DATA
X1 DB 0 stest case 1
¥l DW 5
X2 DB 1 ;test case 2
Y2 DwW 9

DL S R S




8.3 WRITING A SOFTWARE TESTER 173

X3 DB 10 jtest case 3
Y3 oW 486
%4 DB 100 ;test case 4
Y4 DwW 49806
PASS DB ‘Procedure passes.’,0DH,0aH, '§"
FAIL DB ‘Procedure fails.,,0DH, OAH, *§°
.CCDE
. STARTUP
MOV AL, X1 1load first test value
CALL QUAD ;compute result
CMP AX, Y1 11look for match
JNZ BAD
MOV AL, X2 rload second test value
CALL QUAD ;compute result
CMP AX, Y2 ;look for match
JINZ BAD
MOV AL, X3 ;load third test wvalue
CaLL QUAD ;compute result
CMP A¥,¥3 :lock for match
JNZ BAD
MOV AL, X4 ;load fourth test wvalue
CALL QUAD ;compute result
CMP AX,Y4 11look for match
JNZ  BAD
LEA DX, PASS ;jset up pointer to pass message
JMP SEND ;g output message
BAD: LEA DX,FAIL ;set up polnter to fail message
SEND: MOV AH, S ;display string function
INT 21H ;D08 call
LEXIT

QUAD PROC NEAR

MOV BL, AL ;save copy of input value
MUL EL ;compute X2

MOV C¥,5

MUL CX ;jcompute 5X72

XCHG DX, AX ;8ave temporary result
MOV AL, 2

MUL BL ;compute 2X

SUB DX, AX ;compute 5X"2 - 2X

XCHG DX,AX ;get current result into Ax
ADD AX, 6 jocompute 5X72 - 2X + 6
RET

QUAD ENDP

END

If more test cases are needed, the test data should be arranged as a data table so that a loop
can be used to step through each test case,

Some procedures may require only a single test case to determine whether they func-
tion correctly. In any case, if the new procedure should fail, it may be necessary to use
DEBUG to single-step through the tester program until the error is found.

Writing tester programs for the routines presented in the remaining sections should
be a rewarding programming experience.
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6.4 DATA GATHERING

When a microprocessor is used in a control application, one of its most important tasks is
to gather data from the external process. These data may be composed of inputs from dif-
ferent types of sensors, parallel or serial information transmitted to the system from a sep-
arate source, or simply keystrokes from the user’s keyboard.

Usually, a section of memory is set aside for the storage of the accumulated data, so
the processor can alter or examine it at a later time. The rate at which new data arrive, as in
keystrokes from a keyboard, may be very slow, with a new item arriving every few mil-
liseconds or so. When the data rate is slow, the processor will waste valuable execution
time waiting for the next new data item. Therefore, an efficient solution is to store the data
as they arrive, and process them only when all items have been stored. We will examine
two examples of gathering data in this section. The first example deals with keyboard
buffering and the second example deals with packing BCD numbers.

The Keyboard Buffer

One of the first things anyone involved with computers learns is that interesting things
happen when you hit return. All keystrokes up to return must be saved for processing after
return is hit. The subroutine presented here, KEYBUFF, is used to store these keystrokes
in a buffer until return is hit. The processor will then be free to examine the contents of the
keyboard buffer at a later time. KEYBUFF makes use of an INT  21H function, which is
used to get a keystroke from the keyboard. The ASCII code for the key is returned by INT
21H in the lower byte of AL. INT 21H takes care of echoing the key back to the user’s
display. An important point to keep in mind is that INT 21H will not retum a value in
AL until a key is struck.

The ASCII codes for the keys entered are saved in a buffer called KEYS, which is
limited to 128 characters. No code is provided to prevent more than this number of key-
strokes. Can you imagine what problems occur when the 129th key is entered?

In the current data segment...
KEYS DB 128 DUE(?)

KEYRUFE PROC  FAR

LEA DI,KEYS ;DI points to start of buffer
NEXTKEY: MOV AH,1

INT 21H ;read keystroke and echo to screen

MOV [DI],AL ;save key in buffer

INC DT ;point to next buffer location

CMP AL, 0DH ;oontinue until return is seen

JNZ NEXTKEY

RET

KEYBUFEF  ENDP

An important feature missing in this example is the use of special codes for editing. No
means are provided for editing mistaken keys entered by the user. At the very least, the -
user should be able to enter a backspace to correct a previous error. You are encouraged to -
solve this problem, and the other one dealing with limiting the number of keystrokes,
yourself,

3
3
4
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FIGURE 6.2 Packing two BCD First Second
digits together dgf;t d‘izg,it
34H == A5y on
'l' Decimal l
04 == value =02
N\ 7/
0100 0010
42H
Packing BCD Numbers

Any program that deals with numbers must use one of two approaches to numeric process-
ing. The program must treat the numbers either as ASCTI, floating-point, binary values, or
BCD values. The use of binary operations provides for large numbers with a small number
of bits (integers over 16 million can be represented with only 24 bits) but is limited in ac-
curacy when it comes to dealing with fractions. The use of BCD provides for greater accu-
racy, but requires software to support the mathematical routines, and this software greatly
increases the execution time required to get a result. Even so, BCD numbers have found
many uses, espeeially in smaller computing systems. The example we will study here is
used to accept a multidigit BCD number from a keyboard and store it in a buffer called
BCDNUM. The trick is to take the ASCII codes that represent the numbers 0 through 9 and
convert them into BCD numbers. Two BCD numbers at a time are packed into a byte as
shown in Figure 6.2. BCONUM will be limited to 6 bytes, thus making 12-digit BCD num-
bers possible. The subroutine PACKBCD will take care of packing the received BCD num-
bers into bytes and storing them in BCONUM. No error checking is provided to ensure that
no more than 12 digits are entered, or that the user has entered a valid digit. If the number
entered is less than 12 digits long, the user hits return to complete the entry. All numbers
will be right justified when saved in BCDNUM. This means that numbers less than 12 dig-
its long will be filled with leading zeros.

In current data segment...

BCDNUM DR 6 DUP(?)
PACKBCD PROC FAR
LEA DI, BCDNUM ipoint to beginning of buffer
MOV CX,6 ;init loop counter
CLEARBUFF: MOV BYTE PTR [DI],0 ;clear all bytes in BCDNUM
INC DI ;with this loop
LOOF CLEAREBUFF
DEC DI jmove te end of buffer
GETDIGIT: MOV AH,1 yget a number from the user
INT 21H
CMP AL, QDH ;done?
JZ DONE
SUB AL, 30H jremove ASCII bias
MOV BL,AL ;save first digit

MOV AH,1 ;get another number



176

CHAPTER 6 AN INTRODUCTION TC PROGRAMMING THE 80x86

INT 21H
CMP AL, ODH ;done?
JZ SAVEIT
SDE AL, 30H ;remove ASCII bias
MOV CL. 4 ;prepare for 4-bit shift
SHL BL,CL ;move BCD digit, into upper nybble
CR AL, BL spack both digits into AL
MOV [DI],AL rsave digits in buffer
DEC DI ;decrement pointer
JHE GETDIGIT
SAVEIT: MOV [DI],BL rsave last digit in buffer
DOME : RET
PACKECD ENDP

The loop at the beginning of PACKBCD writes zeros into all 6 bytes of BCDNUM. This is
done to automatically place all leading zeros inte the buffer before any digits are accepted.
Notice also that DI has been advanced to the end of the buffer when the loop has finished.
We need DI to start at the end of BCDNUM because we decrement it to store the digits as
they are entered. INT  21H is used to get a BCD number from the user {(assuming that no
invalid digits are entered). Subtracting 30H from the ASCII values returned by INT 21H
converts the ASCII character code (35H for 5} into the correct BCD value. The SHE and
OR instructions perform the packing of two BCD digits into a single byte. The input num-
ber 12345 is stored as 00 00 00 05 34 12. You should experiment with other formats.

Programming Exercise 6.1: Modify the keyboard buffer routine KEYBUFF so
that the user may not enter more than 128 keys. KEYBUFF should automatically return if
128 keys are entered.

Programming Exercise 6.2: Modify KEYBUFF to aliow for two simple editing fea-
tures. If a backspace key is entered (ASCII code 08H), the last key entered should be

deleted. (What problem occurs, though, when backspace is the first key entered?) The sec- |
ond editing feature is used to cancel an entire line. If the user enters a Control-C (ASCII |
code 03H), the contents of the entire buffer are deleted. 1

Programming Exercise 6.3: Modify KEYBUFF to include a count of the number of
keys entered, including the final return key. This number should be stored in COUNT on
return from KEYBUFE.

Programming Exercise 6.4: Modify KEYBUFF so that all lowercase letters (a—z) are

converted to uppercase letters (A-Z) before being placed in the buffer. All other ASCH -
codes should remain unchanged. ;

Programming Exercise 6.5: Modify KEYBUFF so that the contents of the buffer are ]
displayed (using display string from INT 21H) if Conwrol-R is entered, and the buffer s

cleared if Control-C is entered. -1,

Programming Exercise 6.6: Modify the PACKBCD routine so that a maximum of
12 digits may be entered. PACKBCD should automatically return after processing the
12th digit.
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Programming Exercise 6.7: Modify the PACKBCD routine to scan the buffer after
the entire number has been entered and eliminate leading zeros,

6.5 SEARCHING DATA TABLES

In this section, we will see a few examples of how a block of data may be searched for sin-
gle or multibyte items. This technique is a valuable tool that has many applications. In a
large database, information about many individuals may be stored. Their names, addresses,
social security numbers, phone numbers, and many other items of importance may be
saved. Finding out if a person is in the database by searching for any of the items just men-
tioned requires an extensive search of the database. In an operating system, information
about users may be stored in a special access table. Their user names, account numbers, and
passwords might be included in this table. When a user desires to gain access to the system,
his or her entry in the table must be located by account number or name and the password
checked and verified. Once on the system, the user will begin entering commands. The
commands entered must be checked against an internal list to see if they exist before
processing can take place. In a word processing program, a special feature might exist that
allows a search of the entire document for a desired string. Every occurrence of this string
must be replaced«by a second string. For example, the author may notice that every occur-
rence of “apples” must be changed to “oranges.” If only one or two of these strings exist,
the author will edit them accordingly. But if “apples” occurs in 50 different places, it be-
comes very time consuming and ineffictent to do this manually. Let us now look at a few
examples of how a data table may be searched.

Searching for a Single ltem

The first search technique we will examine involves searching for a single item. This item
might be a byte or a word value. The following subroutine searches a 100-element data
table for a particular byte value. Upon entry to the subroutine, the byte to be searched for
is stored in ITEM., The item may or may not exist within the data tabie. To account for these
two conditions, we will need to return an indication of the result of the search. The carry
flag is used to do this. If the search is successful, we will return with the carry flag set. If
the search fails, we return with the carry flag cleared. Figure 6.3 shows a flowchart for the
search process.

In current data segment...
VALUES LB 100 DUPR(?}
ITEM DB ?

FINDBYTE PROC FAR

LEA 51,VALUES ;jinit data pointer
MOV C¥,100 +init loop counter
% MOV AL, ITEM iload AL with szearch item
; COMPARE : CMP AL, [81] jcompare item with data in table
g JZ FOUND
; INC 51 ;point to next item
LOOP COMPARE ;econtinue comparisons

ik i udE S R



178 CHAPTER B AN INTRODUCTION TO PROGRAMMING THE 80x86

FIGURE 6.3 Flowchart used to
search for a single data item
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CLC iclear carry flag, search failed
_ RET
FOUND;: STC ;set carry flag, item found
RET

Notice how STC and CLC have been used to directly modify the carry flag, depending on
the results of the search. Using the carry flag in this manner allows the programmer to write
much simpler code. For example, only two instructions are needed to determine the result
of the search:

CALL FINDBYTE
JC SUCCESS

Of course, other techniques may be used to indicate the results. The nice thing about using
the flags is that they require no external storage and can be used whenever a binary condi-
tion (true/false) is the result,

Searching for the Highest Integer

When working with data, it often becomes necessary to find the largest value in a given set
of numbers. This is useful for finding the range of the given set and also has an application
in sorting. MAXVAL is a subroutine that will search an array called NUMBERS for the
largest positive byte integer. No negative numbers are allowed at this time. The result of the
search is passed:back to the caller in the lower byte of BX.

In current data segment...

NUMBERS DB 128 DUP(?)

MAXVAL PROC FAR
LEA 5I,NUMBERS ;init data pointer
MOV BL, 0 ;assume 0 is largest to begin with
MOV CX,128 ;init loop counter

CHECKIT: CMP [SI],BL ;compare current value with new data
JC NOCHANGE ;jump if new value is not larger
MOV BL, [8I] ;load new maximum value

NOCHANGE: INC 51 ;point to next byte
LOOP CHECKIT ;econtinue until all hytes checked
RET

MAXVAL ENDP

Using JC after the compare operation treats all bytes as unsigned integers, Other forms of
the cenditional jump will allow signed numbers to be detected as well.

Programming Enercise 6.8: Modify the FINDBYTE data search subroutine so that
the length, in bytes, of the data table is passed via LENGTH. The maximum length of the
data is 1,024 items.

Programming Exercise 8.9: Modify FINDBYTE so that the position of ITEM within
VALUES is returned in POSITION, if the search is successful. For example, if [TEM is
the first element, POSITION should be 0. If ITEM is the 11th element, POSITION should
be 000A. -

\\\
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Programming Exercise 6.10: Modify the MAXVAL subroutine so that negative
numbers (represented in 2’s complement notation) may be included in the data.

Programming Exercise 6.11: Modify the MAXVAI subroutine in two ways: (1) The
memory address of the maximum value is returned in DI, and (2) comparison of posi-
tive word values is performed if AL equals 00 upon entry to MAXVAL, and comparison of
byte values is performed otherwise.

6.6 STRING OPERATIONS

As previously defined, a string is a collection of bytes or words that represent information.
For example, the display string function (AH = 9) of DOS’s INT  21H requires strings of
the form:

ANYSTRING DB 'Thisg is a text string.$’

in which the end of the string is indicated by the “$"” character. What is required to process
a display string? Assume that register DX has been loaded with the starting address of
ANYSTRING (via LEA DX,ANYSTRING). The SENDOUT routine shown here reads
string characters one at a time and outputs them to the display until the “$” character is seen.

SENDOUT PROC FA&R

MOV 5I,DX ;use SI as string pointer
GETCHAR: MOV DL, [8I] ;read a string character
CMP DL, ‘& ;end of string?
JZ EXIT ;jump if match
MOV AH, 2 ;display character function
INT 21H +D0OS call
INC SI ;point to next string character
JMP GETCHAR ;and repeat
EXIT: RET
SENDOUT ENDP b

One disadvantage of the SENDOUT routine is that it is not possible to output the “$” char-
acter to the display, because it is the end-of-string marker. One way to fix this would be to
use a byte value of 0 to terminate the string, as in:

NEWSTRING DB ‘This string ends differently.’,0

The CMP instruction must be changed to CMP DL,0 to use this new format.
There are many other uses for text striggs. They can specify a DOS file name (and
path), as in; "

RUNFILE DB ‘C: \PROGRAMS\ RUNME , COM'
or a list of abbreviated days of the week:
DAYS DB ‘MonTueWedThuFriSatSun’

In the remainder of this section we will examine a number of techniques that use text strings
to perform useful operations.
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Comparing Strings

A very important part of any program that deals with input from a user involves recogniz-
ing the input data. Consider the password required by most users of large computing
systems. The user must enter a correct password or be denied access to the system. Because
the password may be thought of as a string of ASCII characters, some kind of string com-
parison operation is needed to see if the user’s password matches the one expected by the
system. The following subroutine compares two strings of 10 characters each, returning
with the carry flag set if the strings are exactly the same. If you think of one string as the
password entered by the user and the other as the password stored within the system, you
will see how they are compared.

In current data segment...

STRINGA OB ralphabetic’

STRINGR DB ‘alphabet ¢

CHKSTRING PROC FAR
MOV 81,0 ;init character pointer
MOV CX,10 ;init loop counter

CHECKCHAR:: MOV AL,STRINGA{SI]! ;get character from STRINGA
CcMP AL, STRINGB[SI] ;compare with STRINGB character
JINZ ' NOMATCH ;even one difference causes failure
INC 5T ;point to next character
LOOP CHECKCHAR ;check all elements
8T ;strings match
RET

NOMATCH CLC ;strings are different
RET

CHESTRING ENDF

The two strings used in the example are not identical because the last two characters are
different.

A Command Recognizer
Consider a small single-board computer system that allows you to do all of the following:

Examine/alter memory (EXAM)
Display memory (DUMP)

Execute a program (RUN)

Terminate program execution (STOP)
Load a program into memory (LOAD)

thp W

Each of the five example commands has a specific routine address within the memory map
of the system. For example, the DUMP command is processed by the code beginning at ad-
dress 04A2C. The command recognizer within the operating system of the small com-
puter must recognize that the user has entered the DUMP command and jump to address
04A2C. This requires that both a string-compare operation and a table lookup be per-
formed. The following routine is one way this may be accomplished:

In current data segment...
COMMANDS DB 'EXAMT
DB ‘DUME’
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DB ‘R 7
DB ‘STCPR’
DB 'LOAD!
JUMPTABLE D DOEXAM
oW DODUMP
D DORUN
DwW DOSTOPR
DwW DOLCAD
COMBUFF DB 4 DUP{?)
RECOGNIZE PROC FAR
LEA BX, COMMANDS ;point te command table
MOV DI,0 ;init index within JUMPTABLE
MOV C¥5:5 ;init loop counter
NEXTCOM: PUSH CX ;save loop counter
MOV CX, 4 ;prepare for command matching
MOV 5I,0
CHEMATCH: MOV AL, [BX + 8I] ;get a table character
CMP COMBUFF[SI},AL ;rand compare it with command
JNZ NOMATCH
INC 5I ;point to next character
LOOP, CHKMATCH ;continue comparison
POP CxX ;mateh found, fix stack
JMP JUMPTABLE [DI] ;jump to command routine
NOMATCH ; POP CX iget loop counter back
ADD BX, 4 ipoint to next command text
ADD DI,z2 ;and next routine address
LOOP  NEXTCOM ;1go check next command
JME COMERRCR scommand not found

RECOGNIZE ENDP

The set of valid commands begins at COMMANDS. The addresses for each command
routine begin at JUMPTABLE. The command entered by the user is saved in the 4 bytes
beginning at COMBUFF. The purpose of RECOGNIZE is to compare entries in COM-
MANDS with COMBUFF. Every time a match is not found, a pointer (DI) is advanced to
point to the next routine address in JUMPTABLE. When a match is found, DI will peint to
the start of the routine address saved in memory. This routine address is then used by JMP.
If none of the commands match the user’s, a jump is made to COMERROR (possibly a rou-
tine that will output an error message saying “lllegal command™).

Accessing a Simple Database

In this example we will see how a simple database is defined and accessed through the use
of string operations. The database is composed of predefined records that contain useful in-
formation about employees at a fictitious business. A sample record from the database
looks like this: |

B ‘Jennifer Indigo, CS/AT, 2676, A7',0DH
which corresponds to the following record format:
<First Name>blank<Last Name>comma<dept:>comma<phone>Comma<roon><ors

where each <item is referred to as a field and is terminated by a specific character (such
as blank or comma). As you can see, a record is terminated with the code for carriage
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return. Any number of records may be strung together to make up the database. In this ex-
ample, the following database is used:

DBASE DB *James Antonakos, EET, 2356, B20',UCH
DB ‘Mike Figher, RWA, 2376, &1%8‘,0DH
DB ‘Dave Guza, MPC, 2389, BZ6', (ODH
DB rJennifer Indigo, CS5/AT, 2676, A7',0DH
DB ‘William Robinson, LIS, 2300, J2',QDH
DB ‘Michele Tanner, ILY, 2143, B45',0DH
DB ¢ ;end of database

Notice that the length of each record is different. This is due to the varying length of each
first name, last name, department, and room numbes. For simplicity, records are limited to
a maximum length of 64 characters, which allows for lengthy names. Even so, as the data-
base shows, the different length of each record prevents us from assuming that the starting
character in each field is in a known position, For this reason we must search the database
for information when we need it. The procedure shown here, LASTNAME, scans the cur-
rent database record (pointed to by DI) for the individual’s last name and displays it. The
processor’s SCAS instruction is used to find the first blank character in the record, which
indicates the end of the first name. SCAS automatically adjusts DI during the scan, so that
it points to the first letter of the last name when SCAS completes. A similar search method
is used to find the end of the record after the last name is printed out.

Upon entty to LASTNAME, register DI must point to the beginning of a record in
the database. Upon exit, DI will peint to the beginning of the next record. The last name is
displayed on the screen as it is read. It is assumed that the DS and ES registers have been
set up accordingly.

LASTNAME PROC NEAR

MOV AL, 20H ;character to find

MOV CX, 64 ;max length of record

CcLD ;set auto increment

REPNZ  SCASEB ;ekip to beginning of last name
DISPNAM: MOV DL, [DI] :1load string character

CMP DL " ;past end of last name?

JZ FIXEND ;Jump if so

MOV AH, 2 ;otherwise, output character to display

INT 21H D08 call

INC DI radvance to next character

JMP DISPNAM ;and repeat
FIXEND: MOV AL, ODH ;character to find

MOV CX, 64 ;max length of record

REPNZ SCASE ;gkip to end of record

RET

LASTNAME ENDP

If LASTNAME is called repeatedly, each last name in the database will be found, A tester
program to do this, and to format the output with carriage return and line feed codes, might
display these results:

Antonakos

Fisher

Guza

Indigo

Robinson

Tanner
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Similar roatines can be written to access and display any group of items from each record.
These routines can also be used to create other databases. For example, LASTNAME can be
modified to copy just the last name into a new area of memory where a database of last names
is being constructed. In this case, other string instructions, such as MOVS, might be useful.

Programming Exercise 6,42: Modify the SENDQOUT routine so that a carriage return
and a line feed are output when the “$” character is encountered at the end of the string.

Programming Exercise 6.13: Rewrite the CHKSTRING procedure using the
CMPSB instruction. Remember that both strings are located in the current data segment
and adjust the ES register accordingly.

Programming Exerclse 6.14: The CHECKSTR subroutine is limited for two rea-
sons. First, the starting addresses of the two strings are set when the subroutine is entered.
Second, the length of the two strings is fixed at 10 characters apiece. Modify CHECKSTR
so that registers SI and DI are loaded from the addresses stored in locations STRING1 and
STRING?2 and the string length is loaded from LENGTH.

Programming Exercise 6,15: Using a modified version of CHECKSTR, write a rou-
tine that will count the number of occurrences of the word “the” in the block of text. The
text block begins at address 3000 and ends at address 37FF.

Programming Exercise 6.16: Rewrite the RECOGNIZE procedure using the
CMPSW instruction. Remember that both strings are located in the current data segment -
and adjust the ES register accordingly.

Programming Exerclse 6.17: The command recognizer RECOGNIZE works only
with uppercase commands. Rewrite the code so that uppercase and lowercase commands
may be recognized. For example, “DUMP” and *‘dump” should be identical in comparison.

Programming Exercise 6,18: Write a command recognizer that will recognize single- |
letter commands. The commands may be either uppercase or lowercase, and have the fol- -
lowing addresses associated with them:

A: 20BE
B: 3000
C. 588C
D: 2900

Programming Exercigse 6.19: Modify the LASTNAME procedure so that the last
name is copied into a buffer, defined as:

LNAME B i3 DUP{?}

The last name written into the LNAME buffer should be terminated with a “$” character.
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Programming Exercise 6.20: Write a routine called PHONELIST that scans the cur-
rent database record for the first name and phone fields and displays them on the screen, as in:

James 2356
Mike 2376
etc.

Be sure that each phone number begins in the same column.

6.7 SORTING

It is often necessary to sort a group of data items into ascending (increasing) or descending
order, On average, the search time for a sorted list of numbers is smaller than that of an un-
sorted list. Many different sorting algorithms exist, with some more efficient than others,
The sorting algorithm covered here is called a bubble sort. A bubble sort consists of many
passes over the elements being sorted, with comparisons and swaps of numbers being
made during each pass. A short example should serve to introduce you to the technigue of
the bubble sort. (;onsider this group of numbers:

710639

It is necessary to perform only four comparisons to determine the highest number in the
group. We will repeatedly compare one element in the group with the next element, start-
ing with the first. If the second element is smaller than the first, the two numbers will be
swapped. This technique is illustrated in Figure 6.4, By this method, we guarantee that
after four comparisons the largest number is at the end of the array. Check this for yourself.
Initially, 7 and 10 are compared and not swapped. Then 10 and 6 are compared and
swapped because 10 is greater than 6. The new array looks like this:

761039

Next, 10 and 3 are compared and swapped. Then 10 and 9 are compared and swapped. At
the end of the first pass, the array is:

763910

It is not necessary now to ever compare any of the elements in the array with the last one,
because we know it to be the largest. The next pass will only compare the first four num-
bers, giving this array at the end of the second pass:

637910
The third pass will produce:
367910

and you may notice now that the array is sorted. However, this is due to the original
arrangement of the numbers; for completeness, a final pass must be performed on the first
two numbers. Note that the five numbers being sorted required four passes. In general,
N numbers will require N — 1 passes. The subroutine SORT presented here implements a
bubble sort. DX is used as the pass counter, registers AL and BL are used for swapping el-
ements, and CX is used as a loop counter, The number of elements to be sorted is saved as
a word count in NVAL. The appropriately sized DUP statement is needed for VALUES,
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FIGURE 6.4 Bubble sorting i
a set of 5 integers 7 10 6 3 9
7 6 10 3 9
First -> \/:
pass<
7 6 3 14 9
7 6 3 9 10
“~
£ ——: :—
4] 7 3 9 10
Second
6 3 7 9 10
L
Third
pm{ | 3 | 1 6 7 9 10

with only sixteen locations reserved in this example. Also, only positive integers may be
sorted (because of the use of JINC in the comparison).

In current data segment...

VALUES DB 16 DUP(7?}
NVALS DwW ?
SCRT PRCC FAR
MOV DX, NVALS ;get number of data items
DEC DX ;subtract 1 to start
DOPASS: MOV CX, DX ;init loop counter
MOV SI,0 ;init data pointer
CHECK: MOV AL,VALUES[SI] ;get first element
CMP VALUES[SI + 1],AL jcompare with second element
JNC MNOSWAP
MOV BL,VALUES[SI + 11 iswap elements

MOV VALUES[SI + 1],AL
MOV VALUES[SI),BL

NOSWAP: INC 81 . ;point to next element
LOOP  CHECK ;econtinue with pass
DEC bX ;jdecrement pass counter
JNZ DOPASS ;until finished
RET

SORT ENDP
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By advancing SI in steps of one, memory references VALUES[SI] and VALUES[SI+1]
always access the next two elements in the VALUES array. When it is necessary to swap
them, temporary variable BL is used to hold the contents of the second location while it is
being replaced by the contents of the first location. The stack may be used for this purpose
also, but at the expense of additional execution time. The use of different conditional jump
instructions will allow for negative numbers to be sorted as well.

Programming Exercise 8.21: Modify the SORT routine so that signed and unsigned
numbers are allowed.

Programming Exercise 6.22: Modify the SORT routine so that it exits us soon as an
entire pass fails to produce a single swap,

Programming Exercise 6.23: Modify the SORT routine so that it sorts only array el-
ements that lie between the addresses contained within S (starting address) and DI (end-
ing address). For example, if SI contains 03A7 and DI contains 03B2, only the twelve num-
bers in the address range 03A7 to 03B2 are sorted.

6.8 COMPUTATIONAL ROUTINES

This section covers examples of how the 80x86 performs standard mathematical functions.
Because the processor has specific instructions for both binary and BCD operations, we
will examine sample routines written around those instructions. Math processing is a major
part of most high-level languages and the backbone of specialized application programs,
such as spreadsheets and statistical analysis packages. Most processors, however, are lim-
ited in their ability to perform complicated math. When complex functions such as SIN(X)
or LOG(Y) are needed, the programmer is faced with a very difficult task of writing the
code to support them. Even after the code is written and judged to be correct, it will most
likely be very lengthy and slow in execution speed. For this reason, some systems are de-
signed with math coprocessor chips. These chips are actually microprocessors themselves
whose instruction sets contain only mathematical instructions. Adding a coprocessor elim-
inates the need to write code to perform the math function, SIN(X)} is now an instruction
executed by the coprocessor. The main CPU simply reads the result from the coprocessor.
The coprocessor available for the 80x86 is the 80x87 floating-point coprocessor, which we
will examine in Chapter 11.

The examples we will see in this section deal only with addition, subtraction, multi-
plication, and division. We will, however, also look at a few ways these simple operations
can be applied to simulate more complex ones.

Binary Addition

Binary addition is accomplished with ADD and ADC. Both perform addition on registers
and/or memory locations. The example presented here is used to find the signed sum of a
set of data. The data consists of signed 8-bit numbers. Because it is possible for the sum to
exceed 127, we use 16 bits to represent the result.
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Tn current data segment...
SCORES DB 200 DUPI(?)
SUM DW ?

TOTAL  PROC  FAR

LEA SI1, 8CORES sinit pointer to data
MOV X, 200 7init loop counter
MOV BX,0 ;clear result

ADDEM: MOV AL, [5I] ;load AL with value
CBW raign extend into 16 bits
ADD BX,AX ;add new value to result
INC SI ;jpoint to next data item
LOOP ADDEM : tdo all values
MOV SUM, BX ;save result in memory
RET

TOTAL ENDFP

Even though the data consists of signed 8-bit numbers, we can perform 16-bit additions if
we first use CBW to extend the signs of the input numbers (from 8 to 16 bits).

Binary Subtraction

Binary subtraction is implemented by SUB and SBB. Both instructions work with memory
locations and/or registers. The example presented here shows how two blocks of memory-
may be subtracted from each other. One application in which this technique is useful-
involves digitally encoded waveforms. Suppose that two analog signals, sampled at an
identical rate, must be compared. If the difference is computed by subtracting the binary
representation of each waveform and the resultant waveform is displayed by sending the
new data to a digital-to-analog converter, we will see a straight line at the output if the
waveforms are identical. WAVE] and WAVE?2 are labels associated with the 2K wond-
blocks of memory that must be subtracted. Because of the addressing mode used, the:
resulting data will overwrite the data saved in WAVE2's area,

In current data segment...
WAVEL LW 2048 DUP({?)
WAVE2 DW 2048 DUP({?)

SUBWAVE PROC FAR ;
LEA SI,WAVEl ;init pointer to beginning of WAVEL .

LEA DI,WAVEZ iinit pointer for WAVEZ2
MOV (X, 2048 1init loop counter

SUBEM : MOV AX, [8I] 1get sample from WAVEL :
SUB [DI],AX isubtract and replace WAVE2 sample
ADD sI,2 radvance WAVEL pointer ;
ADD DI,2 radvance WAVEZ pointer
LOOP SUBEM ;do all samples
RET

SUBWAVE ENDP

Binary Multiplication

Two instructions are available for performing binary multiplication. MUL (unsigned multi-
ply is used to muitiply 8-, 16-, or 32-bit operands, one of them contained in the accumulator, ]

-

]
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FIQURE 6.8 8-, 16-, and 32-bit MUL BL
multiplication AL (8 bits)

X BL (8 bits)
AX {16 bits)

MUL BX

AX (16 bits)
X BX (16 bits)
DX:AX (32bits)

t_ lower 16 bits

upper 16 bits

MUL EBX

EAX (32 bits)
X EBX (32 bits)
EDX :EAX (64 bits)

lower 32 bits
upper 32 bits

IMUL {signed multiply) generates a signed result using signed operands of 8, 16, or 32 bits
each. In both cases, the results are stored in AX/EAX or AX/EAX and DX/EDX, as illus-
trated in Figure §.5. When 64-bit precision is not enough, we must tum to an alternate
method to perform the math.

The example presented here is used to perform 64- by 32-bit multiplication on un-
signed integers. The 96-bit result represents a significant increase over the 64 bits the proces-
sor is limited to, The method used to perform the multiplication is diagrammed in Figure 6.6,
The 64-bit operand is represented by two 32-bit halves, A and B. The 32-bit operand is rep-
resented by C. Multiplying B by C will vield a 64-bit result. The same is true for A and C,
except that A is effectively shifted 32 bits to the left, making its actual value much larger. To
accommodate this, 32 zeros are placed into the summing area in such a way that they shift
the resuit of A times C the same number of positions to the left. This is analogous to writing
down a 0 during decimal multiplication by hand. The lower 32 bits of the result are the same
as the lower 32 bits of the BC product. The middle 32 bits of the result are found by adding
the upper 32 bits of the BC product to the lower 32 bits of the AC product. The upper 32 bits
of the result equal the upper 32 bits of the AC product, plus any carry out of the middle
32 bits. In the following routine, registers EDX and EAX contain the 64-bit value we know
as AB (with EDX holding the upper 32 bits). Register EBX contains the 32-bit multiplier C.

In current data segment...

LOWER b 2
MIDDLE DD ?
UPPER DD ¥

MULTIPLY PROC FAR

PUSH EDX ;save a copy of EDX (A} on stack
MUL EBEX ;do B times C

MOV LOWER, EAX ;save partial results

MOV MIDDLE, EDX

FOF E&X ipop stack {A) into EAX

MUL EBX ;do A times C

ADD MIDDLE, EAX ;generate middle 32-bits of result

ADC EDX, D ;increment EDX if carry present
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FIGURE 6.6 Diagram of A l ‘ B I A
64~ by 32-bit multiplication

32 32 S Inputs

S
BC l
64 ? Summing
area
AC 1| o |
64 32 J
96-bit result
MOV UPPER, EDX ;save Upper 32-bits of result
RET
MULTIPLY ENDF

It should be possible to relate the code of this example to Figure 6.6, Generating the indi-
vidual AC and BC products is easily done via MUL. Adding the upper 32 bits of the BC
product to the Jower 32 bits of the AC product is accomplished by using the ADD instruc-
tion. Any overfiow out of the middle 32 bits will be placed into the carry flag. This carry is
then added to the upper 32 bits of the AC product to complete the operation.

Binary Division
The 80x86 supports binary division with its DIV and IDIV (unsigned and signed division)

instructions. Both instructions can divide a 64-bit quantity by a 32-bit quantity as well
as other operand sizes, as shown in Figure 6.7. The 64-bit result is composed of a 32-bit

FIGURE 6.7 8-, 16-, and 32-bit DIV BL

division AX (16 Dbits)
BL (8 bits)
quotii/ wminder
AL {8 bits) AH (8 bits)
DIV BX
DX:AX (32 bits)
BX (16 bits)
quotient remainder
AX (16 bits) DX (16 bits)
DIV_EBX
EDX : EAX (64 hits)
EBX (32 bits}
quotient remainder

EAX (32 bits) EDX (32 bits)
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quotient and a 32-bit remainder. When the quotient is too large for the destination register,
a type-0 interrupt will be generated on completion of the instruction. Many applications
exist for the division operation. It can be used to find averages, probabilities, factors, and
many other items that are useful when we are working with sets of data: The following sub-
routine is used to find a factor of a given number when supplied with another factor. For ex-
ample, FACTOR will return 50 as a factor, when 6 and 300 are supplied as input (because
300 divided by 6 equals 50 exactly). FACTOR will return 0 if no factor exists (for exam-
ple, 300 divided by 7 gives 42.857143, which is not an integer; thus, the two numbers can-
not be factors),

In current data segment...

NUMBER DQ ? ;64d-bit input number
FACTOR1 oD 7 132-bit input factor
FACTORZ oD ? i :32-bit cutput facter
FACTOR PROC FAR
LEA ESI, NUMBER ;point te input number
MOV EAX, [EST] iload input number intoc EDX:EAX
MOV EDX, [ESTI+4]
DIV FACTORL ;divide by input factor
¢Mp EDX, 0 ;was divisibn even?
JNZ NOFACTOR
MOV FACTORZ , EAX ;save output factor
JMF EXIT
NOFACTOR: MOV FACTORZ, 0 ;elear output factor
EXIT: RET
FACTOR ENDE

Because the remainder appears in EDX, we examine it for 60000000 to see if the divisien
was even.

BCD Addition

In the binary number system, we use 8 bits to represent integer numbers in the range 0 to
255 (00 to FF hexadecimal). When the same 8 bits are used to store a binary coded decimal
(BCD)} number, the range changes. Integers from 0 to 99 may now be represented, with the
10s and 1s digits using 4 bits each. If we expand this reasoning to 16 bits, we get a 0 to
65,535 binary integer range, and a 0 to 9999 BCD range. Notice that the binary range has
increased significantly. This is always the case and represents one of the major differences
between binary and BCD numbers. Even so, we use BCD to solve a nasty problem en-
countered when we try to represent some numbers using binary. Consider the fractional
value 0.7. It is impossible to exactly represent this number using a binary string. We end up
with 0.101100110014. . . . The last four bits (0011) keep repeating. So, we can get very
close to 0.7 this way (0.699999 . . .), but never actually get 0.7. When we use this binary
representation in a calculation, we will automatically generate a roundoff error. The pur-
pose of BCD is to eliminate the roundoff error (at the cost of a slower computational rou-
tine). This feature of BCD makes it attractive for applications involving decimal numbers,
such as calculators, cash registers, and automotive electronics.

For the purposes of this discussion, we will nse a BCD representation that consists of
4 bytes stored in consecutive memory locations. The first byte is the most significant byte.
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The fourth byte is least significant. All BCD numbers stored this way (0 to 99999999) will
be right justified. Examine the following two numbers and their memory representations to
see what is meant by right justification:

34298: 00034298
7571364:07 57 13 64

We can increase the range of numbers by adding more bytes of storage per number. Each
new byte gives two additional BCD digits. Furthermore, we could also add an additional
byte to store the exponent of the number. A single byte could represent exponents from 127
to — 128 if we used signed binary numbers. Standards exist that define the format of a BCD
number (and of binary numbers as well, for use with floating-point units), but we will not
cover them at thig time.

The example presented here shows how two BCD numbers (each stored in memory
at NUMA and NUMB) can be added together. The DAA (decimal adjust for addition) in-
struction is used together with ADC to perform the BCD addition. ADC will add 2 bytes
together, each containing two BCD digits. The result will be corrected by DAA, with the
carry flag containing any carry out of the most significant digit. For example, if 37 and 85
are added, the carry will equal 1 and the result operand will contain 22, Because we have
defined the 4-byte storage array for a BCD number to be right justified, it is necessary to
begin adding with the least significant byte in the array. The result is stored in NUMB,
overwriting the BCD number already saved.

In current data segment...

NUMA DB 4 DUP(?)
NUMB DB 4 DUP(?)
ADDBCD PROC FAR
MOV S8I,3 ;inlt pointer to LSB
MOV CX, 4 ;init loop counter
CLC ;clear carry to start
DECIADD: MOV AL, NUMA[SI] ;get first BCD number
ADC AL,NUMB[SI] ;add second BCD number
DAA ;correct result into BCD
MOV NUMB[SI].,AL ;save result
DEC sI ;point to next pair to digits
LOOP DECIADD ;do all digits
RET
ADDBCD ENDFP

Upon return from the subroutine, the carry fiag will contain any carry out of the MSB,

BCD Subtraction

BCD subtraction is implemented in much the same way as BCD addition, and the subrou-
tine presented here uses the same 4-byte BCD number definition covered in the previous
section. The difference in this routine is that the addresses of the two BCD numbers are as-
surned to be contained in registers SI and DI upon entry, Assuming that SI points to NUMA
and DI t6 NUMB, two different subtractions are possible.

S S Y S et s
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In current data segment...
NUMA DB 4 DUP (7}
NUMB DB 4 DUP {?)

AMINUSB PROC FAR

XCHG BSI,DI ;awap polinters
BMINUSA: MOV  CX,4 ;init loop counter
ADD 81,3 ;adjust pointer to end of BCD number
ADD pI,3
CLC tclear carry flag to start
DECISUBR: MOV AL, [DI) ;get first number
SBB AL, [8I] 1subtract second number
DAS ;adjust result into BCD
MOV [DI],AL ;8tore result
DEC SI ;adjust pointers
DEC DI
LOQOP DECISUB ;do all digits
RET
AMINUSE ENDP

Upon return, the carry flag will indicate any borrow from the MSB. If the carry flag is set
upon return, the result of the subtraction is negative. The result will replace the contents of
NUMB when BMINUSA is the entry point to the subroutine, Entering at AMINUSB will
cause the result to replace NUMA.

BCD Muitiplication

Because BCD multiplication is not directly implemented on the 80x86, there are at least
two ways it can be simulated. One method is to convert both BCD numbers into their bi-
nary equivalents and then use IMUL to find the result. Of course, the binary result will have
to be converted back into BCD. A procedure to accomplish this method is as follows:

BCDMUL1 PROC FAR

LEA SI,NUM1 ;point to first BCD number
CALL TCBINARY ;convert into binary

MOV BX,A¥X ;save result here

LEA SI,NUM2 ;point to second BCD number
CALL TOBINARY ;and convert it to binary
IMUL BX ;find the signed product
CALL TOECD jconvert result into BCD
RET

BCDMUL1 ENDP

The two conversion routines, TOBINARY and TOBCD, operate as follows: TOBINARY
converts the BCD number pointed to by SI into a signed binary number and returns it in
AX. TOBCD converts the signed binary number in DX:AX into a BCD number and saves
it in memory at BCDNUM,

A second approach is to do all the math in BCD, This will require a number of repet-
itive additions to generate the answer. The need for this looping will, unfortunately, slow
down the execution speed. This disadvantage is overcome by the ability to multiply large
BCD numbers. BCDMUL?2 will multiply two 2-digit BCD numbers stored in the lower
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AX| - 59 | Multiplicand
X BX| - | 27 |Muldplier
AX 59 59 AX
Second product CL X2 x7 CL} First product
AX| 1 18 ) AX| 04 13
X 10 J
J, ion Save result
AX| 11 80 BP{ 04 13
' N
Get result back
BCD
AX + BX
AX| 15 93

FIGURE 6.8 Multiplylng two BCD numbers

byte of registers AX and BX. The BCD result will be placed in AX. Further programming
easily extends the input numbers into additional digits,

The multiplication performed by BCDMUL2 is detailed in Figure 6.8. As the figure
shows, the product resulting from the 10s digits of the multiplier is shifted left one BCD
digit, to simulate the result of multiplying by 10.

BCDMULZ2 PROC FAR
MOV AH, O 1hix AX
PUSH AX ;save copy of AL on stack
MOV CL,BL ;find the lz product
AND CL, 0FH
CALL FAR PTR ALTIMESCL
MOV BP,AX ;jgave ls product for later
POP AX ;get AL back
MOV CL, 4 iprepare for shift
SHR BL, CL ;jmove upper BCD digit into lower half
MOV CL,BL ;find the 10s product
CALL FAR PTR ALTIMESCL
MOV CL, 4 ;prepare for shift
SHL AX,CL jmultiply BCD value by 10

MOV BX, BF iget ls product back

{0 e R A S R
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ADD AL, BL ;form lower half of result
DAA
ADC AH, BH i form upper half of result
XCHG AL,AH ;DAA only works on AL
DAA
XCHG AL,AH
RET
BCDMUL2 ENDE
ALTIMESCL PROC FAR
MOV CH, 0 ;fix loop counter
MOV DL, AL ;save AL
MOV A¥,0 ;clear result
AGAIN: ADD AL, DL ;perform repetitive additions
DAA ;until product is found
ADC AH, 0
LQOP AGAIN
RET

ALTIMESCL ENDP

Notice how a subroutine is used to make the overall process easier 0 code and read.
Although we have not shown it in this example or in previous examples, it is assumed
that a valid stack pointer has been assigned to save the subroutine return address and other
information. Note also that neither BCDMUL1 nor BCDMUL2 checks for multiplication
by {.

BCD Division

All of the BCD operations we have examined so far have ignored treatment of exponents.
A collection of subreutines that perform BCD math must have methods of dealing with ex-
ponents or be very limited in its applications. As previously mentioned, we can add a sin-
gle byte to our BCD format to include exponents in the calculations. A single byte gives a
signed integer range from — 128 to 127, This slightly changes the format of the BCD num-
bers represented and requires normalization of the numbers before conversion, Normal-
ization is necessary because we have no way of storing a decimal point within the binary
data we use to represent a number. Through normalization, we end up with a standard rep-
resentation by altering the mantissa and adjusting the exponent accordingly. For example,
576.4 and 5.764E2 are equal, as are 23497.28 and 2.349728E4. In these examples, both
numbers have been normalized so that the first digit of the mantissa is always between 1
and 9. This method works for fractional numbers as well. Here, we have 0.0035 equaling
3.5E-3. The addition of an exponent byte to our format, together with the new technique of
normalization, will require that we now left justify our BCD numbers. Representing these
numbers in our standard format gives

5764: 02 57 64 GO 00
23497.28: 04 23 49 72 80
0.0035: FD 35 00 00 00

where the first byte is used to represent the signed binary exponent. Notice the 2’s comple-
ment representation of the exponent —3 in the third set of data bytes.

Adding exponent capability to our BCD format complicates the routines we have al-
ready seen. The addition routine (as well as subtraction} will give valid results only when
we are adding two numbers whose exponents are equal. Because this is rarely the case, we
need to adjust the exponent of one number before doing the addition. For instance, if we
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wish to add 5027 and 394, we must first normalize both numbers:

5027: 03 50 27 00 00
394: 02 39 40 00 00

Because the exponents are different, we have to adjust one of the numbers to correctly add

them. If we adjust the number with the higher exponent, we may lose accuracy in our an-
swer. It is much safer to adjust the smaller number. This gives us
5027 03 50 27 00 00
394: 03 03 94 00 00

It is clear now that BCD addition of the 4 trailing bytes will give the correct answer. Notice .

that we have not changed the value of the second number, only its representation,

BCD multiplication and division also require the use of exponents for best results,
Unfortunately, it is not a simple matter of adding exponents for multiplication and sub-
tracting them for division. Special rules are invoked when we multiply or divide two neg-
ative numbers. In any case, we must take all rules into account when writing a routine that
will handle exponents.

i

;

The BCD division routine presented here keeps track of exponents during its caleu-

lations, The subroutine NUMALIGN adjusts the dividend so that it is always 1 to 9 times
greater than the divisor. NUMALIGN modifies the exponent of the dividend as well, Sub-
routine MSUB performs multiple subtractions. The number of times (0 to 9) the divisor is
subtracted from the dividend is returned in the lower 4 bits of AL. Both routines use S and

DI as pointers to the memory locations containing the BCD representations of the dividend -
and divisor. Register BX accumulates the individual results from MSUB into a 4-digit :
BCD result. The exponent is generated by the EXPONENT subroutine, which uses the ini- -
tial exponent values plus the resuits of ALIGN to calculate the final exponent, which is re- -

turned in the lower byte of AX.

In current data segment...

DIVIDEND DB 5 DUP (7} ;reserve 5 bytes {one for exponent)
DIVISOR DB 5 DUP (?}
BCDDIV PRCC FAR
LEA 81, DIVIDEND ;init peinter to dividend
LEA DI,DIVISOR ;init pointer to divisor
MOV AL, O ;clear exponent accumulator
MOV CX, 4 ;init loop counter
DIVIDE: CALL FAR PTR NUMALIGN ;align numbers
CALL FAR PTR MSUB .;perform multiple subtractions
PUSH CX ;save loop counter
MOV CL, 4 ,
SHL BX,CL ;shift result one digit left
POP CX ;get loop counter back
AND (AL, OFH ;mask out result from MSUB
OR BL,AL :save result in BL
LOOF . DIVILDE jecontinue for more precision
CALL FAR PTR EXPONENT :generate final exponent
RET
BCDDIV ENDP

BCDDIV does not check for division by 0, but this test could be added easily with a few ::;

instructions.

h

Ty i
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Deriving Other Mathematical Functions

Once subroutines exist for performing the basic mathematical functions (addition, subtrac-
tion, muitiplication, and division), these subroutines may be used to derive more complex
functions. The examples presented here show how existing routines can be combined to
simulate higher level operations. All of the examples to be presented assume that the fol-
lowing multiprecision subroutines exist:

Routine Operation

ADD (BP) = (S} + {DI)
SUBTRACT (BP) = (81) — (DI
MULTIPLY (BP) = (SI) x (DI}
DIVIDE (BP) = {S1) / (DI}

In all cases, SI and DI point to the two input numbers upon entry to the subroutine and BP
points to the resultt Thus, (SI) means the number pointed to by SI, not the contents of SI.
By defining the routines in this way, we can avoid discussion about whether the numbers
are binary or BCD. _

The first routine examined is used to raise a number to a specified power (for example,
5 raised to the 3rd power is 125). This routine uses the binary number in AL as the power.
The number raised to this power is pointed to by SI. The final result is pointed to by BP.

POWER PROC FAR
CALL FAR PTR COPY imake a copy of the input number
MAKEPOW: CALL FAR PTR MULTIPLY ;compute next power result
XCHG BP,SI juse result as next input
DEC AL ;continue until done
JNZ MAKEPOW
XCHG BP,SI ;final result is pointed to by BP
RET
POWER ENDE

POWER is written such that the power must be 2 or more. Negative powers and powers
equal to 0 or 1 are not implemented in this routine (they are left as an exercise). COPY is a
subroutine that makes a copy of the input number pointed to by SI. The copied number is
pointed to by DI.

The next routine is used to generate factorials. A factorial of a number (for example,
5! or 10! or 37!} is found by multiplying all integers up to and including the input number.
For instance, 5! equals I X 2 X 3 X 4 X 5. This results in 5! equaling 120. Do a few fac-
torial calculations yourself, and you will see that the result gets very large, very quickly!
FACTORIAL will compute the factorial of the integer value stored in AL. The result is
pointed to by BP.

FACTORIAL PROC FAR

LEA SI,0NE ;init seguence counter

LEA DI, ONE ;init first multiplier
NEXTNUM CALL FAR PTR MULTIPLY ;compute partial factorial

. XCHG BP,DI ;juse result a= next input

CALL FAR PTR INCREMENT ;increment sequence counter

DEC AL jeontinue until done

JNZ NEXTNUM

XCHG BP,DI ;result pointed to by BP

RET

FACTORTIAL ENDP



CHAPTER 8 AN INTRODUCTION TO PROGRAMMING THE 80x86

FIGURE 6.2 Finding square roots
n ration number :
by Newton's iteratio UL . estimate

Estitnate = )

Example; Find square root of 42
Initial Estitnate: 21

Number

of iterations Estirnate
0 21
1 11.5
2 7.57608
3 6.55992
4 6.48121
5 6.4807

(6.4807)% = 41,999

INCREMENT is a subroutine that performs a specific task: add 1 to the number pointed to §
by SI. We use INCREMENT to generate the sequence of integers that get multiplied to-
gether, The symbol ONE refers to a predefined storage area in memory that contains the
value 1 in standard format.

The next routine, ROOT, computes square roots. The formula, and an example of
how it works, is presented in Figure 6.9 and is called an iterative formula. This means that
we must run through the formula a number of times before getting the desired result. No-
tice in Figure 6.9 how each new application of Newton’s square root formula brings the es-
timate of the answer closer to the correct value. After applying the formuia only five times, 2
we have a result that comes very close to the square root. A few more iterations will in- :-'
crease the accuracy of the result even more. Fewer iterations are needed when the initial
estimate is close to the desired value. For instance, if the original estimate used in Fig- 4
ure 6.9 was 7 instead of 21, fewer iterations would have been needed to get to 6.4807. The
routine presented here implements the formula of Figure 6.9:

In current data segment...

NUMBER DB 5 DUP(7?)

ESTIMATE DB 5 DUP({?)

ROOT PROC FAR
LEA SI,NUMRBER ;point to input number
LEA DI, TWO :predefined constant 2
CALL FAR PTR DIVIDE ;calculate original estimate
LEA BX,ESTIMATE jsave estimate
CALL FAR PTR SAVE
MOV CX,10 ;prepare for 10 iterations

ITERATE: LEA S5I,NUMBER
LEA DI, ESTIMATE
CALL FABR PTR DIVIDE ;number / estimate
XCHG BP,SI ;use result in following addition?®
CALL FAR PTR ADDER ; {number / estimate) + estimate
XCHG BP,SsI juse result in following division
LEA DI, TWO
CALL FAR PTR DIVIDE ;entire formula implemented now
LEA BX,ESTIMATE ;save new estimate
CALL FAR PTR SAVE
LOOP ITERATE

. RET
ROOT ENDPE
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FIGURE 6.10 Generation of by

infinite series Sy
& =2"_
n!

n={}

0 1 2 3 4
=X 3 X xr X
Sotutytytagt
- S S o)
=1+x+ Tt ettt
Examnple: Find ¢!

Number

of termns Result
1 1
2 2
3 2.5
4 2.66666
5 2.70833
6 2.71666

2.71805

:
(¢! = 2.7182818)

The subroutine SAVE is used to make a copy of the number pointed to by BP. The copy is
stored in memory starting at the location pointed to by BX. The XCHG instruction is
used to swap pointers, thus making the results of ADDER and DIVIDE available for the
next operation. '

The last example we will examine is used to compute powers of base e, From calcu-
lus, it can be shown that an infinite series of terms can be used to generate the result of rais-
ing e (2.7182818) to any power, as Figure 6.10 illustrates. Notice that only the first seven
terms are needed to get a reasonable amount of accuracy. Many complex functions can be
represented by an infinite series, which we can then implement in software using a loop op-
eration. The following routine generates the first ten terms of the exponential series, using
the POWER and FACTORIAL routines already discussed. We assume, however, that
POWER and FACTORIAL give valid results for all input values (including 0 and 1).

In current data segment...

X DB 5 DUP {?)
TEMP DB 5 DUP {?)
ETOX DB 5 DUP {?}
EFCWER FROC FAR
LEA 8I,ZERO ;ipredefined constant 0
LEA DI, ETOX
CALL FAR PTR COPY ;clear result
MOV Ccx¥,10 ;init leop counter
NEXTERM; LEA ST, X jcompute numerator

MOV AL, CL

CALL FAR PTR POWER

LEL BX, TEMP ;8ave numerator
CALL FAR PTR SAVE

MOV AL,CL :

CALL FAR PTR FACTOCRIAL
LEA SI,TEMP ;divide to generate term
XCHG BP,DI

CALL FAR PTR DIVIDE

XCHG BP,DI ;add current term to result

jcompute dencminator
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LEA 5I,ETOX
CALL FAR PTR ADDER
LEA BX, ETOX ;8ave result
CALL FAR PTR SAVE
LOGOP NEXTEEREM
RET
EFOWER ENDE

Again, XCHG is used to redirect output results back into the math routines. XCHG is also ;
used to swap pointers for storing results in memory. ETOX contains the final result when !

EPOWER finishes execution.

These examples should serve to illustrate the point that complex mathematical func-
tions can be implemented with a small amount of software. Once a library of these routines

has been defined and tested, even more complex equations and functions may be im-

plemented. All that is needed is a CALL to the appropriate subroutine (or collection of ;:

subroutines).-

Programming Exercise 6.24: Modify the TOTAL routine so that 32-bit numbers are
added together. Return the sum in registers DX and AX, with DX containing the upper

16 bits of the sum.

Programming Exercise 6.25: Write a subroutine called BIGMUL that will compute

the 128-bit result obtained by multiplying two 64-bit integers. The two input numbers

should be in registers EAX and EBX on entry to BIGMUL., Use the MULTIPLY subrou- :

tine in your code to implement a process similar to that shown in Figure 6.6,

Programming Exercise 6.26: Use the FACTOR subroutine to find all factors of

the number saved in a new variable, INVALUE. Place the factors into a data array called
FACTORS,

Programming Exercise 6.27: Write a subroutine called BIGADD that will perform a ;

BCD addition of all 32 bits in registers EAX and EBX. Place the result in ECX.

Programming Exercise 6.28: Write a subroutine called TOBINARY that will con- |
vert the BCD number pointed to by DI into an unsigned binary number. The result should ;

be returned in AX.

Programming Exercise 6.29: Write a subroutine called TOBCD that converts the
unsigned 16-bit binary number in DX into a BCD number. The result should be returned in 4

DX also.

Programming Exercise 6.30: Write a subroutine that performs BCD division by §
first converting the BCD numbers to binary. DIV should be used to perform the division.
The result should be converted back into BCD. Use TOBCD and TOBINARY in your 3

subroutine.

Programming Exercise 6.31: Modify the POWER subroutine so that any integer §

power can be used, including negative powers and 0.

il
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Programming Exerclse 6.32: Change FACTORIAL so that factorials of 70 or more
are not allowed. Return 0 as the result in these cases.

6.9 CONTROL APPLICATIONS

In this section, we will examine two examples of how the 80x86 may be used in control ap-
plications. Control systems are designed in two different ways: open-loop and closed-loop
systems. Figure 6.11 shows two simple block diagrams outlining the main difference be-
tween these two types of control systems. An open-loop control system uses its input data
to affect changes in its outputs and has no feedback. A closed-loep control system con-
tains a feedback path where data concerning the present output conditions is sampled and
supplied along with the external inputs. A burglar alarm is an example of an open-loop con-
trol system. The system may be designed to monitor sensors at various windows and doors.
It may also include circuitry to digitize readings from temperature sensors. When any of
the sensors detects an abnormal condition (for example, a window opening), the computer
may be directed to dial an emergency phone number and play a recorded help message.

A typical application of a ctosed-loop control system involves the operation of a motor.
Suppose we want to control the speed of the motor by making adjustments to an input voltage
to the system. The speed of the motor is proportional to the input voltage and increases as the
input voltage increases. We cannot simply apply the input voltage to the motor’s windings, for
it may not be large enough to operate the motor. Usually an amplifier is involved that is capa-
ble of driving the motor. But a problem occurs when the motor encounters a load (for exam-
ple, by connecting the motor shaft to a pump). The increased load on the motor will cause the
maotor speed to decrease. To maintain a constant speed in the motor at this point, we need an
increase in the input voltage. We cannot hope or expect the operator to constantly watch the
motor and adjust the input voltage accordingly. For this reason, we add a feedback loop,
which is used to sample the motor speed and generate an equivalent voltage. An error voltage
: is generated by comparing the actual speed of the motor (the voltage generated by the feed-
back circuit) with the desired speed (set by the input voltage). The motor speed voltage may
be generated by a tachometer connected to the output of the motor. The error voltage is used
to increase or decrease the speed of the motor until it is operating at the proper speed.

Let us look at how the processor might be used to implement the two control systems

just described.

FIGURE 8.11 Control system -

block diagram: (a) opan-loop | Control Outputs
and {b) closed-loop i pelements

Cutputs

(b
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A Computerized Burglar Alarm

In this section, we will use the 80x86 to monitor activity on 100 windows and doors in a
small office building. The office building consists of four floors, with fifteen doors and ten
windows on each floor. The alarm console consists of an electronic display containing a la-
beled light-emitting diode for each window and door and a serial data terminal capable of
displaying ASCII information. The operation of the system consists of two tasks: (1) illu-
minating the appropriate LED for all open doors and windows, and (2) sending a message
to the terminal whenever a door or window opens or closes. It is necessary to continuously
scan all of the windows and doors to detect any changes. The circuitry used to monitor the
doors and windows and drive the LED display is connected to the processor’s system bus
so that all 1/O can be done by reading and writing to ports. Figure 6.12 shows the assign-
ments of all input and output devices for the first floor of the office building.

As the figure shows, fifteen door and ten window inputs are assigned for the first
floor. Whenever a door or window is open, its associated bit will be low. To sample the bits,

* the processor must do an I/0 read from the indicated port (7000 to 7003). Floors 2, 3, and

4 are assigned the same way, with the following port addresses:
Floor 2: 7004-7007
Floor 3: 7008-700B
Floor 4: 700C-700F

The door and avindow LEDs for the first floor are illuminated when their respective
bits are high. The processor must do an 1/0 write to ports 7800 through 7803 to activate
LEDs for the first floor. The other-floor LEDs work the same way, with these port addresses
assigned to them:

Floor 2: 78047807
Floor 3: 7808-780B
Floor 4: 780C-780F

The serial device used by the system to communicate with the ASCII terminal is dri-

ven by a subroutine called CONSOLE. The 7-bit ASCH code in the lower byte of register
AL is sent to the terminal when CONSOLE is called.

Knowing these definitions, we can design a system to constantly monitor all 100 doors |

and windows. The technique we will use is called polling. Each input port will be read and

examined for any changes. If a door or window has changed state since the last time it was -
read, a message will be sent to the terminal, via CONSOLE, indicating the floor and

door/window number. Because we need to remember the last state of each door and window,

their states must be saved. A block of memory, called STATUS, will be used for this purpose.

STATUS points to a 16-byte block of memory, which we will think of as four blocks of 4 bytes

each. Each 4-byte block will store the bits for all doors and windows on a single floor.

‘When the program first begins operations, the state of each deor and window is un-
known. For this reason, we initialize STATUS by reading all system inputs when the pro- -
gram starts up. The code to perform the initialization is contained in a subroutine called -

INIT, and is as follows:

In current data segment...

STATUS DB 16 DUP (?}
INIT PROC FAR
LEA DI, STATUS ;init pointer teo STATUS
MOV DX, 7000H ;jinit pointer to first input port

MOV C¥,16 ;init loop counter

T P I e L e
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SYSREAD:

INIT

FIGURE 6.12 Burglar alarm I/O
assignments: (a) system inputs a
{b) system outputs

IN
MOV
NOT
ADD
ouT
SUB
INC
INC
LOOP
RET
ENDP

nd
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First-floor
’ doors

First-floor
e windows

First-flocr
door LEDs

> First-floer
window LEDs

AL, DX ;read system information
[DI],AL ;save it in memory
AL ;complement input data
DX, 800H rEet up output port address
DX, AL ;update display
DX, 800H ;generate next input port address
DX
DI ;point to next STATUS location
SYSREAD
FPort
address Bit assignment
7 0
7000 B, D, B; D, ﬁa D, D, b,
7 ¢
7001 X | Dy [ D3 | Dz | D)) | Dy Dy | Dy
7 o
7002 Wy | Ws | Ws W, | W, | W, W, | Wo
7 4]
7003 X | X | X | X | X | x [ W] W
(8)
Port
address Bit assignment
7 0
7800 | DL; | DLg | DL | DL, | DLy | DL, | DL, | DL,
7 0
7801 X DLy |DLj3| DL | DLy | DLyg | DLy | DLg
7 0
7802 | WLy | WL | WLy | WL, | WL, | WL, | WL, | WL,
7 0
7803 X X X X X X | WLy Wle

L)
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FIGURE 6.13 Detecting state  Previous Next
changes with XOR door sgkm do‘}or state

Door stayed open.
Door closed,

Door opened.

Door stayed closed.

R
- o - o{m

L= 1 s

—_—
0 - Door open
1 — Door closed :
When INIT completes execution, the display has been updated to show the state of all :
100 doors and windows, and STATUS has been loaded with the same information. :
Once the initial states are known, future changes can be detected by using an Exclu- -
sive OR operation. Remember that Exclusive OR produces a 1 when both inputs are dif- :
ferent. Figure 6.13 shows how state changes can be detected with Exclusive OR. To incor-
porate this into the program, XOR is used during updates to detect changes. Note that up to
sixteen changes at once can be detected by XORing entire words. It is then a matter of
scanning the individual bits to determine if any state changes occurred, A subroutine called
DETECT will do this for us. DETECT will sense any state changes and send the appropri-
ate message (for example, first fioor: door 12 opened) to the terminal. When DETECT is
called, data registers AX, BX, and DX will be interpreted as follows: ;

AX: Contains current door or window states.
BX: Contains door or window state changes.
DX: Bit 8 cleared means AX contains door information.
Bit 8 set means AX contains window information, :
Bits 0 and 1 contain the floor number (0—first, 1—second, 2—third, 3—fourth) '
We will not cover the code involved in getting DETECT to do its job. You are encouraged
to write this routine yourself, preferably using a rotate or shift instruction to do the bit test- -

ing. Because DETECT will have to output ASCII text strings (for example, “First floor,”
“Second floor,” “opened”), the following code may come in handy:

In current data segment...

MSG1 DB ‘First floor %’

MsG2 DB ‘Second floor §°

MSG3 DB ‘Third floor $’

MSG4 DB ‘Fourth floor 5°

MSG5 DB rdoor §7

MSG6 CB ‘window §'

MSG? DB ‘opened $”

MSG8 DB ‘closed 87

SEND PROC FAR
MOV AL, [81] ;get a message character
CMP AL, "5 1end of message character?
JZ EXIT
CALL FAR PTR CONSOLE ;send character to terminal
INC SI ;point to next character
JMP SEND

EXIT: RET

SEND ENDP
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The SEND subroutine must be entered with register SI pointing to the address of the first
character in the text string to be sent. SEND could be a subroutine called by DETECT dur-

ing its analysis of the door and window states,

Using DETECT, the

becomes:
CALL FAR PTR INIT iget initial states and update display
MOV cxX, 0 ;start with first floor doors
MOV DX, 7000H ipoint to first input port
LEA 51, STATUS ;point to STATUS information
IN AL, DX 1get deoor data
NOT AL
ADD DX, 800H ;update display
ouT DX, AL
MOV AH, AL ;save first eight door states
SUB DX, 800H ;point to next door
INC DX
IN AL, DX ;get remaining door data
NOT AL
ADD DX, B00H ;update display '
ouT DX, AL
XCHG  AL,AH ;correct AX for DETECT
NOT AX
MOV BL, {81} ;get past door status
MOV BH, [SI + 1]
ADD 81,2 ;advance to next status group
XOR BX,AX ;ocompute stage changes
XCHG CX,DX ;get floor number into DX
CALL FAR PTR DETECT ;iind deoors that have changed
XCHG CX,DX ;get port address back
SUB DX, 800H ;point to window data
INC DX
IN AL, DX ;get window data
NOT AL
ADD DX, 800H ;update display
ouT DX, AL
MOV AH, AL ;save first eight window states
SUR DX, 800H ipoint to next window
INC DX
IN AL, DX ;get remaining window data
NOT AL
ADD DX, 800H ;update display
ouT DX, AL
XCHG AL,AH jcorrect AX for DETECT
NOT AX
MOV BL, [8I] jget past window status
MOV BH, [SI + 1]
ADD 51,2 ;advance to next floor
XOR BX, A¥ ;compute state changes
OR CX,100H ;jzet bit-8 in CX
XCHG CX,DX ;get floor number into DX
CALL FAR PTR DETECT ;find windows that have changed
XCHG CX,Dx ;get port address back
AND CH, 0 jclear bit-8
SUB D¥, 8060H ;point toe next floor
INC DX

code to poll all doors and windows in the office building
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INC CX ;increment floor counter

CMP- Ccx.,4 ;jdone?

JZ REFEAT

JME NEWFLOCR ;both JMPs2 are needed since

JMP BEGIN ;relative range has been exceeded

While you write DETECT, do not forget that the main routine uses a number of registers
and that these registers should not be altered. The stack would be a good place to store them
for safekeeping.

A Constant-Speed Motor Controfler

In this section, we will see how the 80x86 may be used in a closed-loop control system to §
maintain constant speed in a motor. The schematic of the system is shown in Figure 6,14. §
The speed control is a potentiometer whose output voltage varies from 0 to some positive
voltage. This voltage is digitized by an 8-bit analog-to-digital converter, such that O volts
is O0H and the most positive voltage is FF. The processor reads this data from port 8000. §
For a purely digital speed control system, this circuitry is eliminated and the speed is set
directly by software.

The motor speed is controlled by the output of an 8-bit digital-to-analog converter }
(with appropriate output amplifier, capable of driving the motor). The motor’s minimum " 4
speed, 0 RPM, occurs when the computer outputs 00 to the D/A (by writing to port 8020). '_3
The motor’s maximum speed occurs when FF is sent to the D/A. A tachometer is connected
to the motor shaft through a mechanical coupling. The output of the tachometer is digitized
also. Again, the minimum and maximum tachometer readings correspond to 00 and FE. A 3
purely digital system would use a digital shaft encoder instead of a tachometer and A/D.
The tach is read from input port 8010H.

Each converter is calibrated with respect to a common reference. In theory, a 17 from 3
the SPEED A/D causes a 17 to be sent to the MOTOR D/A, which in turn causes the TACH
A/D to read 17 when at the proper speed. In practice the relationship is not so linear, due 3
to external effects of deadband, friction, and other losses in the motor.

Used if speed is

not set by software

————————————— ] Power
amplifier

1
!
| 8000
: In
Speed ﬁ) | 80X86 Out
| 8010

~1In

Can be replaced by a
digital encoder

FIQURE 6.14 Constant-speed motor controfler
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The purpose of the program is to operate the motor at a constant speed by comparing
the SPEED data with the TACH data. When SPEED equals TACH, the motor is turning at
the desired speed. When SPEED is less than TACH, the motor is spinning too fast. When
SPEED is greater than TACH, the motor is rotating too slowly. The idea is to subtract the
TACH value from the SPEED value. The difference determines how much the motor speed
should be increased or decreased.

SERVO: MOV AL, O :initial motor speed is (0 RPM
MOV DX¥,8020H
ouT DX, AL

GETSPEED: MOV DX, 8000H ;read new speed value
™ AL, DX
MOV AH, AL ;save speed here
ADD DX, 10H ;and new tachometer wvalue
IN AL, DX
CMP AH, AL ; SPEED minus TACH
JG INCREASE
JZ GETSPEED ;no change
XCHG AL,AH
THCREALSE:; SUB AH, AL jocomput e error value

MOV AL,AH

CALL FAR PTR GAIN

MOV DX,8020H ;oubtput new motor speed
JuT DX, AL 4

JMF GETSPEED

Because the motor’s speed will not change instantly from very slow to very fast, or vice
versa, the program will loop many times before the motor gets to the proper speed. For
safety or functional reasons, it may not be desirable to try to change the motor speed from
slow to fast instantly. Instead, the program should ramp up to speed gradually by limiting
the size of the error voltage presented to the D/A during speed increases. Subroutine GAIN
is used for this purpose, to alter the contents of AL before AL is output to the motor D/A.
The ramp up/down speed of the motor, and therefore the response of the closed-loop sys-
tem, will be a function of the operation of GAIN.

Programming Exercise 6.33: Write the DETECT subroutine used by the computer-
ized burglar alarm,

Programming Exercise 6.34: An office complex consisting of sixty-four offices and
sixteen hallways is to have its lighting controlled by a computer. Each office has one switch
to controtl its light. Hallways have a switch at each end. Each switch is assigned a bit posi-
tion in a particular memory location that can be read by the computer, and a clesed switch
represents a (. Each light (think of all lights in a haliway as a single light) is also assigned
a certain bit in a memory location that the computer can write to. A logic 1 is needed to turn
on any light. How many byte locations are needed for all I/O? Write a program that will
constantly monitor all switches and adjust the complex lighting as necessary.

Programming Exercise 6.35: Modify the SERVO program so that the motor’s speed
will ramp up during periods where a large speed increase is desired.
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6.10 NUMBER CONVERSIONS

When information is exchanged between a human and a computer, it is often necessary to
perform a conversion from one number system to another. For example, when numeric dig-
its are entered on a keyboard, their ASCII codes must first be converted into decimal val-
ues and then the individual values must be combined into a single, equivalent binary num-
ber. In general, this process is referred to as decimal-to-binary conversion, Likewise
when the computer generates a binary result, the result is often convened into the corre-
sponding ASCII codes for output to the display screen or for storage in a text file. The tech-
nique used to perform this transformation is called binary-to-decimal-conversion. In this
section, we will look at examples of each type of conversion.

Decimal to Binary

This conversion takes a three-digit sequence of ASCII digits and converts them into an
equivalent unsigned 8-bit number. For example, the ASCII digits “1" — “7* — “2” are
converted into the hexadecimal number ACH (10101100 binary). The three-digit ASCII se-
quence can specify any number from 0 to 255 decimal. The DTOB procedure presented
here uses the ASCII digits stored in memory locations HUN, TEN, and ONE as the deci-
mal input number. The ASCII bias of 30H is subtracted from each number to get an actual
decimal value, The HUN value is multiplied by 100 and the TEN value is multiplied by 10.
These values are combined with the value from ONE to get the final unsigned 8-bit result,
which is stored in BINVAL. Note that negative numbers are not allowed.

In current data segment...

BINVAL LB ?

HUN LB 7

TEN DR ?

ONE DEe ?

DTOB FROC FAR
MOV AL, HUN ;get hundreds digit
SUB AL,30H ;jremove ASCII bias
MOV BL,100 ;multiply by 100
MUL BL
MOV CX, 2X ;save temp result
MOV AL, TEN ;get tens digit
SUB AL, 30H ;remove ASCII bias
MOV BL,10 roultiply by 10
MUL BL
ADD CX,AX ;add to temp result
MOV AL, ONE ;get ones digit
8UB AL, 30H ;remove ASCIT bias
ADD CL,AL ;add to get final result
MOV BINVAL,CL ;save conversion value
RET

DTOB ENDP

Input values that exceed 255 (256 to 999) will not produce a correct result because only the
lower byte of CX is saved,
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A different approach to this conversion process is shown in the following C code:

result = 0;
do
{ .
gotdigit = getdigit{):
if (gotdigit}
{
result = result * 10;
result = result + digit;
}
} while(gotdigit);

In this code, the getdigit() function gets the next digit from the user (if any) and puts its
value into the “digit” variable. A sample execution may go like this:

. result = 0

. getdigit() returns with digit = 1 (gotdigit is true)
Lresult=10*0=0

.result=0+1=1

. getdigit() retumns with digit = 7 (gotdigit is true)
result = 10*1 = 10

Lresult =10+ 7 =17

. getdigit() returns with digit = 2 (gotdigit is true)
Lresult = 10* 17 = 170

10, result =170+ 2 = 172

11. getdigit() rerns without a new digit (gotdigit is false)

VR B W -

The size of the input number that can be converted depends on the size of the “result”
variable. Assuming the size is 16 bits, here is one way to translate the C code into assem-
bly language:

MOV CX,0
BAK: CALL GETDIGIT
JZ FIN
MOV AX,10
MUL CX
ADD AL, BL
ADRC AH, 0
MOV CX,aX
JMP BAK
FIN: RET

The GETDIGIT subroutine returns with the zero flag set if there is no new digit from the
user. Otherwise, the digit value is returned in BL. The result is kept in CX, which is ini-
tialized to 0 and multiplied by 10 each time a new digit is returned.

Binary to Decimal

This conversion technique takes an unsigned 8-bit quantity and converts it into a three-digit
sequence of ASCII digits. For example, the hexadecimal number 81H converts to the
ASCII codes 31H, 32H, and 39H, which represent the decimal number 129. The unsigned
8-bit input number can specify any decimal value from 0 to 255.

Examine the BTOD procedure. The unsigned 8-bit input value is stored in BINVAL.
This input number is converted into decimal in two steps. First, it is divided by 100 to get
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the hundreds digit. Then, the remainder is divided by 10 to get the tens and ones digits.
Each digit is converted into ASCII by adding 30H to it. The three-digit ASCII result is
stored in three memory locations: HUN, TEN, and ONE. HUN will take on only the ASCII :
codes for “0,” “1,” or “2.” TEN and ONE can be any ASCII code from “0" to “9.” Placing
the result in memory allows further processing (possibly leading O suppression) before the |
result is sent to the display or output in some other way.

In current data segment...

BINVAL DB 7
HUN DB ?
TEN DB ? ;
ONE DB ?
BTOD PROC FAR :
MOV AL, BINVAL ;load binary input value
SUB AH, AH iprepare for division by 100
MOV BL,100
DIV BL ;get hundreds digit 5
ADD AL, 30H ;convert into ASCII digit '
MOV HUN, AL ;and save
XCHG AL,AH jget remainder
SUBR 'AH,AH " ;prepare for division by 10
MOV BL,10
DIV BL ;jget tens digit
ADD AL,30H ;econvert into ASCIT digit
MOV TEN, AL ;and save
ADD AH, 30H sconvert ones digit into ASCIIT
MOV ONE, AH ;and save
RET
BTOD ENDF

What other types of conversion might be useful? Ideally, we would like to have all of the -
common bases represented: binaty, octal, decimal, and hexadecimal. Conversions between 4
any two of these bases are straightforward. Additionally, we might want to allow negative
integers as well and increase the range of integers to 63,335 ot higher. Furthermore, you
should consider how a loop may be used (dividing by 10 each time through the loop), so

that the same code works for all sizes of input numbers. E

Programming Exercise 6.36: Modify the DTOB procedure so that negative integers
are included. The range of signed integers represented with 8 bits is —128 to +127. -

Programming Exercise 6.3T: Modify the DTOB procedure so that the ASCII digits |
are entered from the keyboard, Allow a positive integer range from 0 to 65,535,

Programming Exerclse 8.38: Modify the BTOD procedure so that leading zeros are ;
replaced by blanks. For example, if the result is “0” — *5” - “9.” the leading 0 in the hun-
dreds position gets replaced by a blank, giving “ ™ — 3" — “0.”
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Programming Exercise 6.39: Modify the BTOD procedure so that the ASCII digits
are output to the display screen. Allow a signed range of integers from —32,768 to
+32,767.

6.11 DATA STRUCTURES

In this section we will examine a number of different data structures. Data strictures are
organized groups of data that must be accessed in a certain way. The organization of the
data within a structure is up to the programmer. The data structures covered here (linked-
lists, stacks, and queues) are often used by programmers to solve many different types of
programming problems.

Linked-Lists

A linked-list is a collection of data elements called nodes that is created dynamically.
Dynamic creation means that the size of the linked-list is not fixed when it is first created.
As a matter of fact, it is empty when first created. As an example, if we want to reserve
enough room in memory for 100 integer bytes, we use

DATA DB 100 DUP (7}

This assembler directive is used because we already know how many numbers are going to
be used. The beaunty of a linked-list is that its size can be changed as necessary, either in-
creased or decreased, with a maximum size limited only by the amount of free memory
available in the system. This method actually saves space in memory, because it does not
dedicate entire blocks of RAM for storing numbers. Rather, a small piece of memory is al-
located each time a node is added to the linked-list. A node is most commonly represented
by a pair of items. The first item is usually used for storing a piece of data. The second item
is a pointer,; it is used to point to the next node in the linked-list. Figure 6.15 contains an ex-
ample of a three-node linked-list. Each node in the list stores a single ASCII character. The
beginning of the linked-list, the first node, is pointed to by P. The nodes are linked together
via pointers from one node to another. The last node in the list, node 3, contains 0 in its
pointer field. We will interpret this as a pointer to nowhere {(and thus the last node). The
empty pointer is commonly called null.

The actual representation of the node on a particular system can take many forms,
Because the linked-list must reside in memory, it makes sense to assign one or more loca-
tions for the data part (or data field), and two locations for the pointer part (also called the
pointer field). Why two locations for the pointer field? Because all nodes reside in memory.
To point to a certain node, we must know its address, which occupies 16 bits.

For this discussion, assume that all nodes consist of 4 data bytes and 2 address bytes.
. Consider a subroutine called GETNODE that can be called every time a new node is
added to the linked-list. GETNODE must find 6 bytes of contiguous (sequential) memory

FIGURE 6.15 A sample Node 1 Node 2 Nods 3
linked-list
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Node 1
P 7800
10000
A Node 2
7sm Node 3
! 0000
2052

FIGURE 8.18 A linked-list with address assignments

to allocate the node. When it finds them, it will return the starting address of the 6-byte
block in register SI. Let us take another look at our example linked-list, only this time ad- -
dresses have been added to each node. Figure 6,16 shows how the pointer field of each -
node contains the address of the next node in the list. The address in the pointer field of é
node 3 indicates the end of the list. The pointer P may be a register containing 1000, the ad-
dress of the first node in the list. To generate this list, GETNODE has been called three
times. GETNODE returned different addresses each time it was called. First came 1000,
then 7800, and finally 2052. Linked-lists do not have to occupy a single area of memory,
Rather, they may be spread out all over the processor’s address space and still be connected
by the various pointer fields. '

To add a node to the linked-list, a simple procedure is followed. First, a new node is
allocated by calling GETNODE. Register SI holds the address of this new node. The
pointer field address of this new node, which will have to be modified to add it to the list,
starts at SI plus 4 (because the data field occupies the first 4 bytes). To add the new node
to the existing list, a copy of the pointer P is written into the pointer field of the new node, -
Then, to make the new node the first node in the list, P is changed to the address of the new 3
node. Figure 6.17 shows this step-by-step process, assuming that register DI is used to |
store P. Once the new node has been inserted, its data field, now pointed to by DI, may be
loaded with new data. Assume the new data comes from register AL, Note from Fig- °
ure 6.17 that insertion of the new node into the beginning of the linked-list has changed
its contents from “CAY" to “SCAT." The code to perform the insertion described in Fig-
ure 6.17 is as follows:

INSERT PROC FAR

CALL FAR PTR GETNODE ;get a new node from storage pool
MQV [SI + 4],DI ;load pointer field with P

MOV DI,SI ;update pointer P to new node

MOV [DI],AL ;load data field with AL

MOV [DI + 1],20H ;pad rest of data field with blanks

MOV [DI + 21,20H
MOV [BI + 3],20H
‘RET

INSERT ENDP

ASCII blank codes (20H) are used to fifl the remaining three data bytes in the data field, ;

Linked-lists are ordinarily used to represent dynamic data structures, such as trees, in
memory. The data field may be used to store ASCII characters (as in this example), inte-
gers, Boolean data, and even pointers to other linked-lists. Linked-lists are very useful -
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1. GETNODE retums new nade,

Node
R | BO80O
BORO
2, Pointer field of new node is loaded with P.
Node
' P =
1000 el 7800 —>-vow
DI 1000
BO80 1000
3. Pointer P to list is changed.
P ——] 1000 o L 5 T800 —a-0a e
BO8O 1000
DI B8O
4. Data field of new node is loaded.
p—n—_‘_ ‘5 1000 —-tes
/ B0%0

AL 5

ASCH code for *S” in lower byte of AX
FIQURE 6.17 Adding a node to a linked-list

tools employed in the functions of operating systems. They are also supported by computer
languages such as C.

Many computations are greatly simplified by the use of a software-controlled stack
or queue. Expression evaluation and round-robin selection algorithms are just two exam-
ples of where a stack and a queue are used. The method of implementation is not critical;
either may be designed as a special form of a linked-list or simply as fixed-size memory
structures. The latter approach will be used here, with address registers pointing to the
stack and queue memory structures,

Stacks

A stack is an area in memory reserved for reading and writing special data items, such as
return addresses and register values. For example, a CALL instruction automatically
pushes a return address onto the stack (using SP). Registers may be pushed onto the stack
(written into stack memory) with a PUSH instruction, as in:

PUSH AX

where the entire contents of AX are written into the stack area pointed to by SP. SP is
automatically decremented by 2 during execution.
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Itemns previously pushed onto the stack can be popped off the stack (read out of mem-

ory) in a similar fashion; for example, when executing
POP  AX

stack memory is read out into AX, and SP is automatically incremented by 2 during exe-
cution. Thus, we see that using a stack requires manipulation of a stack-pointer register.
One characteristic of a stack is that the last item pushed is always the first item

popped. For this reason, stacks are commonly referred to as a LIFO (last in first out)

structure,

It is possible, and often necessary, for a programmer to design a custom stack area for

use within a program. For instance, suppose that a programmer requires a stack that allows

only eight words to be pushed onto it. The 80x86 has no mechanism for limiting the
amount of pushes (or pops) onto a stack. If this is necessary, a set of stack procedures must -
be written. The following routines implement a stack that allows a maximum of eight

pushes. The SPUSH routine is used to place data onto the stack. The data pushed must be _

in AX. If the push is successful, a success code of 00H will be returned in the lower byte of
BX. If more than eight pushes are attempted, the routine retumns with error code 80H in the |
lower byte of BX, without pushing any data. The SPOP routine is used to remove an item

from the stack. If a pop is attempted on an empty stack, error code OFFH is returned in BX.

Successful pops return data in AX. The stack-pointer register is SP and is assigned the ad-
dress of a free block of memory from the storage pool by a routine called MAKESTACK.
MAKESTACK must be called before the stack can be used. MAKESTACK also assigns
addresses to SI and DI, which are used by SPUSH and SPOP to determine when a stack °
operation is possible. The structure of the stack is indicated in Figure 6.18. DI points to the
bottom of the stack structure and SI points to the top. SP points to the stack location that -::

will be used for the next push or pop.

FIGURE 6.18 Software-controiled
stack structure

Top of
stack pointer

e S

> Memory for 8 words

L Bottom of

stack pointer

;
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Examine the following routines to see how SI and DI are used to check for legal
pushes and pops.

SPUSH: CMP &SP, SI ;ok to push?
JZ STKFULL 1No,go return error code
PUSH AX ;push AX onto stack '
SUB BL,BL ;indicate a successful push
JME  NEXT

STEFULL: MOV BL, 80H istack full error code
JMP NEXT

SPOP: CMP SP,DI ;0k to pop?
Jz STKEMPTY ino,go return error code
POP AX ;pop AX off stack
SUB BL,BL ;indicate a successful pop
JMP NEXT

STKEMPTY: MOV BL, OFFH ;stack empty errocr code

NEXT: i

Note that multiple stacks can be maintained by saving the contents of SP, 81, and DI and
loading new addresses into each register.

Queues

Queues are also memory-based structures, but their operation is functionally different from
that of a stack. In a queue, the first item loaded is the first item to be removed. For this rea-
son, queues are referred to as FIFQ (first in first out) stroctares. Figure 6.19 shows a di-
agram of a queue that has had the data items “A,” “B,” and “C” loaded into it, “A” was
loaded first, “C” last. When we begin removing items from the queue, the “A” will come
out first (unlike the stack structure, which would have popped “C” first).

FIQURE 6.19 Software-contirolied Memory End of
queue structure queue pointer

¢ Memory for 8 words

L Beginning of

queue pointer
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A routine called MAKEQUEUE is used to assign a block of memory from the stor-
age pool. MAKEQUEUE initializes four registers whose use and meanings are as follows:

Register Use/Meaning

8P Polnter for write operation

8P Pointer for read operation

Di Contains end-of-queue address

s Contalns beginning-of-queue address

Initially, SP, SI, and BP are all loaded with the same value. The address placed into DI is
determined by the desired size of the queue.

Before an item can be written into the queue, SP must be compared with DI. If SP
equals DI, it is necessary to reload SP with SI's address. This allows SP to wrap around the
end of the queue (a similar technique is used to wrap BP around when reading). Next, SP
is used to write the data item into memory. Then SP is decremented by 2 to prepare for the
next write.

Data is removed from the queue by the read-pointer register BP. After the data is
read, BP is decremented by 2. Note that sericus data errors result when BP reads a location
that has not been written into by SP yet. For this reason it is necessary to pay special atten-
tion to the positions of SPrand BP within the queue. This part of the queue software is left
for you to devise on your own. The routines presented here perform write and read opera-

" tions with wraparound, but with no error checking.

INQUEUE: CMP Sp,DI ineed to wrap around?
JNZ NOADJSP ino
MOV SP, 51 ;ves, reload SP

NOADJSP: PUSH AX iwrite data into gueue memory
JMP NEXT

QUTQUEUE: CMP BP,DI ineed to wrap around?
JNZ NOADJEP ino
MOV BP,SI ;yes, relcad BP

NOADJBP: MOV A¥X, [BP] ;read data out of gueue memory
SUB BP, 2 ;adijust read pointer

NEXT: e

In both routines, AX is used as the queue data register.

Programming Exercise 6.40: Write a subroutine called SEARCH that wili search
the data fields of a linked-list for a certain piece of data, The data item to be located is saved
in DL.

Programming Exercise 6.41: Modify the INSERT subroutine so that new nodes are
added to the end of the linked-list, not the beginning. -

Programming Exercise 8.42: Show how two stacks can be maintained by saving
copies of all stack-related registers.

Programming Exercise 6.43: Show how a queue can be controlled without the use of
PUSH and POP instructions.
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This chapter dealt mainly with individual programming modules that performed a single
chore. In each case, the subroutine was already developed and tested for you; limitations of
the routines were also mentioned.

How is a subroutine created from scratch? The answer is: lots of different ways.
Every programmer will use his or her own individual techniques to create a new set of in-
structions to solve a problem. Some may prefer to use flowcharts or pseudocode, others
feel comfortable writing the instructions from scratch. Let us look at one method 1o create
a new subroutine.

First comes the problem. It may be something like this:

“Write a FAR subroutine catled FIND7 that counts the number of times the value 7 ap-
pears in an array of 100 word-size integers. The starting address of the array is the label
VALUES. Return the result in AL."”

This specification is very clear about what needs to be done. We begin by framing the sub-
routine:

FIND7 PROC FAR
RET
FIND7 ENDP

Next, we add the instructions that will allow 100 passes through the loop.

FIND7 PROC FAR
MOV CX,100

AGAIN:
LOOR AGAIN
RET

FIND7 ENDP

Using register CX does not interfere with the requirement that we return the result in reg-
ister AL and has the added advantage of being automaticatly used by the LOOP instruction
to control the number of passes.

Now, in addition to initializing CX, we must initialize AL and a pointer to the VALUES
array. AL must be initialized to zero, because it represents a count (there really may be zero
7s in the data).

FIND7 PROC FAR
SUB AL,AL
LEA SI,VALUES
Hov CX, 100
AGAIN:

LOCP  AGAIN
RET
FIND? ENDP
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All that remains is the actual loop code. What we want to do, 100 times, is examine a data
item from the VALUES array, compare it with 7, and, if equal, increment the Al register.
This is done as follows:

FIND7 PROC FAR
SUB AL, AL
LEA SI,VALUES
MOV CX,100

AGAIN: CMP BYTE PTR {(SI],7
JNZ NOTEQ
INC AL

NOTEQ:
LOOP RGAIN
RET

FIND? ENDP

Is there anything left 1o do? Yes, it is very important to adjust the pointer register SI with
each pass through the loop, so that the CMP instruction always reads a new data item from
the VALUES array. Because the size of each data item in VALUES is a word, ST must be
incremented by two each pass.

The final FIND7 subroatine looks like this:

FIND7 FROC FAR
SUB AL, AL
LEA SI,VALUES
MOV CX,100

AGAIN: CMP BYTE PTR [SI],7
JNZ NOTEQ
INC AL

NOTEQ: ADD 51,2
LOOE AGATIN
RET

FIND7 ENDP

FIND?7 is now ready to be combined with a tester program for evaluation.

This step-by-step approach, or one you develop on your own, will become very
automatic with practice, It requires familiarity with the most basic programming chores:
initialization, counting, looping, and comparing. It is worthwhile to invent your own pro-
gramming problems as well, and then try to write the instructions to solve them.

SUMMARY

In this chapter we examined a number of different applications the 80x86 is capable of per-
forming. These applications find widespread use in industrial and commercial settings. In
addition, we covered many different techniques, such as code conversion, table lookup,
sorting, and mathematical processing with both binary and BCD numbers. The overall idea
is to get a sense of how the instructions can be combined to perform any task that we imag-
ine. Many more applications are possible and we have only scratched the surface here, but
the routines presented in this chapter should serve as a foundation on which to build when
you try to write an application of your own,
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STUDY QUESTIONS

o8]

10.

11.
12.
13.
14.
13,

. What is an advantage of writing programs with psendocode?
. Is it possible for a software tester to fully test a new piece of code?
. How must the DS and ES segment registers be initialized for the routines presented in

Section 6.67

. Suppose that the number of integers to sort is fixed to a maximurm of 32. Is there a dif-

ferent sorting technique that will sort the input numbers with fewer loops/passes than
a bubble sort? If so, explain your technique.

How must the format for storing BCD digits be changed to allow for fractional num-
bers like 0.783 or 457.05?

How might exponents be processed in numbers like 35E3 or 2.6E-77?

How are round-off errors eliminated by using BCD?

Consider the normalization of two numbers, one positive and one negative. Are the
exponents adjusted in the same way for each number?

In the treatment of BCD numbers, the propesed format contained no provision for rep-
resenting negative numbers. How might the format be changed to include them?

The 5-byte BCD format discussed in this chapter uses 1 byte for a signed exponent and
4 bytes for the mantissa. What is the largest positive integer that can be represented?
Why are field terminator characters in a database record useful?

When converting from one base to another, do you find any similarities in technique?
What does a specification for a subroutine contain?
Describe how to develop a subroutine.

What is polling?

ADDITIONAL PROGRAMMING EXERCISES

1.

2,

Modify the TESTQUAD driver program so that ten values are used to test the QUAD
routine, Use a data table in your new program.

Write a subroutine called VALDIGIT, which will determine if the ASCII code con-
tained in the lower byte of AL is a digit from “0” to “9.” If so, simply retura. If not,
jump to ERROR.

. Modify PACKBCD to include signed BCD numbers. If the first character entered by

the user is a minus sign, place 80H into SIGN., If the first character is a number or a
plus sign, place 0 into SIGN.

. Write a tester program for the MAXVAL procedure. Use the following data to test the

routine:

DB 5,50,20,77,6,3,22

. Write a subroutine that will convert the BCD number stored in BCDNUM into a

binary number. Return the result in AX.

. ‘Write a subroutine called STRSIZE that returns the number of characters in a text

string. The text string is terminated with an ASCII return character (ODH). The string
begins at address TEXTLINE, Return the character count in BX.

. Write a subroutine to find the average of a block of words that starts at location

SAMPLES and whose length, in words, is saved in SIZE. Place the average in
AVERAGE.
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8.

10.

11

12,

13.

14,

16.

17.

18.

19.

20.

21.

Write a tester program for the SORT routine. Use the following data to test the
procedure:

DB 9,1.8,27364,5

Write a subroutine called JUSTIFY that will left justify any BCD number stored in the
4-byte array called BCDIN. For example, if BCDIN contains 00 05 37 19, JUSTIFY
must replace BCDIN with 53 71 90 00,

Two sample routines for performing BCD multiplication were presented in this chap-
ter. Both routines had limited precision. Build on these two routines by extending their
precision. For example, BCDMUL?2 was limited to multiplying two-digit numbers.
Write a routine that will multiply four-digit BCD numbers, using BCDMUL? as a sub-
routine.

Write a subroutine called EXPONENT that will return a signed 8-bit exponent in reg-
ister BL. Inputs to EXPONENT are SI, DI, and AX. SI and DI both point to the expo-
nent byte of the two numbers being divided (with DI pointing to the divisor exponent).
AX initially contains an exponent adjustment value (in signed 8-bit format) that must
always be added to the generated exponent value.

Write a subroutine called ZEROCHECK that examines the BCD number pointed to by
register BP and returns with the zero flag set if the BCD number is equal to 0.

Write a subroutine calied HYPOT that computes the hypotenuse of a triangle whose
sides have lengths pointed to by SI and DI. Return the result address in BP. The lengths
are stored as words, '

Find the infinite series for SIN(X) in a calculus book and implement it in a subroutine
called SIN. Use EPOWER as an example of how to do this.

. Implement COS(X) via subroutine COS. Use the following formula as a guide and

solve it for COS(X) before writing any code:
SIN?((X) + COS((X) =1

Make use of ROOT and SIN in your subroutine.

Consider the office complex for Programming Exercise 6,34 and its associated defini-
tions. Suppose for reasons of efficiency that no light may be on continuously for more
than 30 minutes after 5 p.M. For example, if an office light is turned on at 6:17 M., the
computer automatically shuts if off at 6:47. Use the PC’s system clock interrupt func-
tion to control an automatic shutoff routine for the lights. Nete: The light may be im-
mediately turned on again (for another 30 minutes) if someone in the office hits the
switch again. The automatic shutoff feature ends at 6 A.M.

Write a routine called BTOB that takes the 8-bit number in AL and displays its binary
equivalent on the screen. For example, if AL contains 4EH, “01001110” is output to
the display.

Write a routine that converts a Roman-numeral input string (such as “MCMLXXT")
and determines the decimal equivalent. Return the result in AX. '
Repeat Exercise 18 for the opposite conversion, decimal-to-Roman numeral.

Write a subroutine that returns with the zero flag set if the input coordinates in AX are
inside the rectangle defined by coordinates in BX and CX. Register BX indicates the
upper left corner (BH = row, BL = column), and CX the lower right corner.
Determine the instructions necessary to implement the flowchart shown in Figure 6.20,
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FIGURE 6.20 For Programming
Exercise 21

DATA DW 50,100,2000,30000,6




CHAPTER 7
Advanced Programming Applications

OBJECTIVES

In this chapter you will learn about:

Linking separate object files together

Creating and using an object code library
Creating and using source code macros
Predicting the execution time of a block of code
How interrupts are supported and used by DOS
How two programs can execute “simultaneously”
How memory is managed by DOS

Using information from the PC’s mouse

Writing a memory-resident program

Beating your computer at tic-tac-toe

Testing for protected-mode operation

How assembly language interfaces with C

How assembly language is used in Windows and Linux.

- -» - » - - L] L] L] L] - L] L]

KEY TERMS

C calling convention Nested macro Syscall

Conditional statement Overhead TSR (terminate and stay
Console application Paragraph resident)

Interrupt hook Parameter Windowed application
Local variable Portable programming

Macro language

Memory management Stall

7.1 INTRODUCTION

The material presented in this chapter is not a complete treatment of the many truly ad-
vanced things that can be accomplished by a good programmer and a PC. Instead, a good
subset of the more interesting and useful advanced topics has been chosen. For some,

222
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memory-resident programming might be very useful; for others, it could be instruction
execution time. You are encouraged to cover as many of the sections as you can to round
OUt your programming experience,

Section 7.2 shows how separate source files can be assembled and linked. Section 7.3
discusses the use of macros to simplify source code. Section 7.4 details the process used to
determine execution time of a group of instructions. This is followed by a second treatment
of interrupts in Section 7.5. Section 7.6 shows how a specific DOS interrupt can be used to
run more than one program at a time. Memory management is the subject of Section 7.7.
Section 7.8 shows how mouse movements can be tracked with a simple program. In Sec-
tion 7.9, a memory-resident program is discussed to illustrate how a hot key is created, An
easy-to-beat tic-tac-toe game is presented in Section 7.10. The next two sections, 7.11 and
71.12, cover protected-mode detection and C language interfacing. The chapter concludes
with 2 look at assembly language programming in the Windows and Linux environments
in Sections 7.13 and 7.14,

7.2 USING THE EXTRN AND PUBLIC ASSEMBLER DIRECTIVES

Recall that the usual process of creating an executable program (.EXE or .COM) requires
a number of sieps. These steps are as follows:

1. ‘Write source program (. ASM file)
2, Assemble program (via ML)
3. Link program (via LINK)

In a large organization, such as a computer software company, the programs being created
are the work of many individual programmers, each working on a different portion of the
main program. Their individual procedures can communicate through the use of memory
locations and registers while the program is running, but how is the main program created
from the many individval pieces written by each programmer? In this section, we will
see how separate source files can be assembled and then linked into a single executable
program,

Creating Separate Source Modules

Let us examine two source modules, The first module, from the source file DISPBIN.ASM,
looks like this:
:Procedure DISPBIN.ASM: Display value of AL in binary on the screen.
.MODEL, SMALL
.CODE

PUBLIC DISPBIN ;for linking

DISFBIN PROC FAR

MOV CX,8 jzet up loop counter
NEXT: SHL  &L,1 imove bit into carry flag

PUSH 2aX ;save number

JC ITIS1 ;was the LSB a 17

MOV DL, 30H ;load 0’ character

JHP 5AY01 ;go display it
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ITISl: MOV DL, 31H ;load ‘1’ character
SAY0l: MOV AH,Z ;display character function
INT 21H ;DOS rall
POP AX ;get number back
LOCF NEXT ¢ jand repeat
RET

DISPBIN ENDP

END
Notice the use of the statement:
FUBLIC DISPBIN

This assembler directive informs the linker that the value of DISPBIN must be made avail-
able at link time.
The second source module, from the source file TESTBIN.ASM, looks like this:

;Program TESTRIN.ASM: Test the DISPBIN display procedure.

.MCDEL SMALL

.CODE
EXTRN DISPBIN:FAR ;for linking
. STARTUF
SUR AL,AL ;jclear counter
AGATN: PUSH AX isave counter
CALL DISPBIN ;display counter in binary
MOV DL, 20H :load blank character
MOV  AH,2 rdisplay character function
INT 21H ;D08 call
MOV AH,2 ;output a second blank
INT 21H
POP AX ;get counter back
INC AL ;increment 1t
JNZ AGAIN ;and repeat until counter eguals zero
LEXIT
END

The corresponding link statement in this source module is:
EXTRN DISPBIN:FAR

which informs the linker that DISPBIN is an external far label. The value of DISPBIN will
be used by the assembler and the linker to create the correct code for the CALL DISPBIN
instruction.

When the first source module is assembled (via ML /c DISPBIN.ASM), the object
file DISPBIN.OBJ is created. TESTBIN.OBJ is created by assembling the second source
module (via ML /c TESTBIN.ASM).

The directory information for each file is as follows:

DISPBIN ORBJ 135 03-20-57 9:51a
TESTEBIN OBJ 168 03-20-97 9:55a

You might agree that the size of both object files is larger than that required by the machine
code for each module’s instructions. This is due to the fact that ML has placed additional in-
formation into each object file to indicate what public or external vartables have been used.
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Note that neither program can exist by itself. The only way to make an executable
program out of them is to combine them. This is done with a simple linker statement:

LINK TESTBIN + DISPBIN,, ;

which creates TESTBIN.EXE. . :
If TESTBIN is linked by itself (via LINK TESTBIN,,:), we get the following error
message:

TESTBIN.OBRJ{A) : error L2029 : *'DISPEIN’ : unresclved external

So, the linker is able to determine if all necessary variable requirements have been met by
matching every EXTRN reference it encounters with a PUBLIC directive for the same
variable.

Building and Using an ObjeCt Code Library

An object code library is a file that contains a collection of many individually linked code
modules. For example, an object code library called NUMOUT.LIB contains the code for
each of the following routines:

Routine Function.

DISPBIN Display AL in binary on screen

DISPHEX Display AL in hex on screen

DISPHEX_18 Display AX in hex on screen

DISPBCD Display AL in BCD on screen

DISPINT Display AL as unsigned integer on screen
DISPINT_186 Digplay AX as unsigned integer on screen

These six routines provide many different ways for outputting numerical values. Having
them already written and contained within a code library is convenient, because they need
only be linked with another module (a driver or some other main program).

To create a code library, use the LIB utility supplied with DOS. The command:

C\» LIB NUMOUT.LIB
will cause the following action by LIB:
Library does not exist. Create?

Answer y for yes to create the new library. LIB will then prompt for other inputs, but these
can be ignored by hitting return;

Operationsg: <er»
List file: <ecrs

To verify that NUMOUT.LIB was created, we can use the DIR command. The result is as
follows:

NUMQUT LIB 1,033 03-20-87 11:2%a

The reason NUMOUT.LIB is not empty is that LIB requires library files to have a certain
internal format that makes it possible to support multiple object code modules.
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To add an object code module to an existing library, we use the following command: -

Ch> LIB NUMOUT + DISPBIN;

The LIB utility will add the code for DISPBIN to the NUMOQUT.LIB llbrary This com- ':f

mand is used for each of the six DISP modules.

To use a module contained within a library file, we use the linker in a different way.

For example, to create TESTBIN.EXE using the NUMOUT library, we use this LINK

command:
Ch> LINK TESTBIN, , , NUMOUT

which causes the linker to search the NUMOUT library file for external references.
What happens when you decide to rewrite a procedure contained within a code li-
brary? The new procedure must be assembled to create an object file. Then the existing ob-

ject file must be replaced with the new one. For example, to replace NUMOUT's DISPINT -

procedure with a new version of DISPINT, use the command:
C\»> LIB -DISPINT +DISPINT

This altows the library file to be updated as the need arises.
There are many other useful output routines that could be added to NUMQUT.LIB.
What kind of procedures might be placed into a NUMIN library?

!

Programming Exercise 7.1: Write a DISPOCT procedure to display the value of AL
in octal on the screen.

Programming Exercise 7.2: Write a DISPBCD 16 procedure that outputs the BCD -

number in register AX on the screen.

Programming Exercise 7.3: Write a tester program for each of the other five display
routines. What do they all have in common?

7.3 " USING MACROS

Macros provide the programmer with a powerful new way to write programs, In this sec-
tion we will examine a number of standard macro forms and uses.

A Simple Macro
The following group of instructions is used to define a simple macro:

DISP M5z MACROC

MOV AH, 9 ;display string function
INT 21H ;DOS call
ENDM

The name of the macro is DISP_MSG, and it is defined on the first line of the macro defi-
nition (much like a procedure name is defined when used with PROC). The instructions
enclosed between MACRO and ENDM (end macro) are the contents of the macro.
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The operation of the macro during assembly is to replace all occurrences of
DISP_MSG within the source file with the MOV and INT instructions. For example, the
source statements:

LEA ©DX,ABC
DISP_MSG
LEA DX,DEF
DISP_MSG

specify two calls to the DISP_MSG macro. A macro call triggers the assembler into
expanding a macro. The resulting source code is:

LEA DX, ABC

MOV AH, S ;display string function
INT 21H :DOS call

LEA DX,DEF

MOV AH,9 ;display string function
INT 21H ;DOS call

prior to assembly. The macro provides a convenient way for the programmer to replace
groups of instructions with a single macro name. This saves the programmer time typing
in the source file and leads to smaller source file sizes (although not in a smaller exe-
cutable file).

'@ EXAMPLE 7.1

Suppose that a programmer is busy with a program requiring frequent SHL operations on
register AX. The statements:

SHL ax, 1l
SHL AX,1
SHL AX,1
SHL &AX,1

can be replaced by a single macro named SHL_AX everywhere they occur. The macro
definition will be as follows:

SHL_AX  MACRO

SHL AX,1
SHL AX,1
SHL AX,1
SHL AX,1
ENDM

A different macro definition uses the special REPT directive to repeat the four SHL
statements!

SHL_AX MACRO
REPT 4
SHL AX,1
ENDM
ENDM

Note that the two instructions:

MOV CL, 4
SHL AX,CL

wilt work just as well. B
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Adding a Parameter to a Macro

A macro becomes more useful when we are able to use it for more than one thing. 'I'he
DISP_MSG macro is useful from the standpoint that we are freed from typmg

MOV AH, 9
INT 21H

over and over again. This is improved by allowing the macro to expand into all three in-:
structions required to display a string. Consider the SEND_MSG macro shown here:

SEND_MSG MACRC ADDR

LEA DX, ADDR ;jset up pointer to string
MOV AH, 9 ;display string function
INT 21H ;DOS call

ENDM

In this macro definition, the symbol ADDR is a parameter passed to the macro for expan-
sion purposes. The source statement: h

SEND_MSG ABC
causes the ADDR symbol to become ABC. The resulting expansion looks like this:

LEA DX,ARC ;set up pointer to string
MOV  AH,9 . ;display string function
INT 21H ;D08 call

The single source statement SEND_MSG ABC is certainly preferable to typing in all three‘
instructions. 3

Because [/0 is a big part of many programs, other macros designed to assist with I!O 3
would be very useful. Two more character-based macros are as follows: :

DISP_CHAR MACRO DATA

MOV DL, DATA ;load ASCII character :

MOV AH, 2 ;display output function E

INT 21H ;DOS call

ENDM ;
CRLF MACRO

DISP_CHAR 0DH ;output a cr

DISP_CHAR 0AH ;output a 1f

ENDM

The second macro, CRLF, actually is an example of nested macro. A nested macro is a
macro that contains a macro call within its definition. So, macros can make it easier to wnte
other macros.

More than one parameter may be defined within a macro, In this case, parameter
names must be separated by & cormma in the macro definition, as in; 4

<Name:> MACRO <parameter 1>, <parameter 2>

B EXAMPLE 7.2

The macro SAXPY defined here multlphes the AX register by XVAL and adds YVAL to
the product:

SAXPY MACRO XVAL, YVAL
MUL XVAL
ADD AX, YVAL
ENDM
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When called with the following parameters;
SAXPY BX,25
we get:

MUL BX
app ax,25 B

Using Labels within Macros
Suppose that we need to replace the following group of instructions with a macro;
CMP AL, 10
JNC NOADD
ADD AL,7
NOADD: ADD AL, 30H
MOY DL, AL
MOV AH,2
INT 21H

The NOADD label will cause an assembly error if the macro is called more than once be-
cause the assembler will try to define a second NOADD symbol.

The solution to this problem is to define the label NOADD as a local variable, which
means a variable that has meaning onty inside the current macro expansion. The macro de-
finition then becomes:

HEXOUT MACRO
LOCAL NOADD
CMP AL, 10
JNC  NOADD
ADD AL,7

NOADD: ADD AL, 30H
MOV DL, AL
MOV AH, 2
INT 21H
ENDM

Every time HEXOUT is called, the assembler will define a new name for the NOADD
label.

Conditional Macro Expansion

There are times when a program is written in such a way that it can be assembled in more
than one way. For example, the program might be a numeric display application. One as-
sembly might create an executable module for decimal numbers, another for hexadecimal
numbers. :

To allow a choice during assembly, a conditional statement must be used. Consider
the following macro:

SHIFT MACRO SIZE
IF SIZE EQ 8

SHR AL, 1
ELSE

SHR AX,1
ENDIF

ENDM
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This macro uses the value of the SIZE parameter to determine which SHR instruction to
generate. The SHR  AL,1 instruction is produced by SHIFT 8. SHR  AX,1 is generated
when SHIFT 16 is used. The programmer may place as many staternents as needed
between IF and ELSE, and between ELSE and ENDIE.

The types of conditions that may be tested within the IF . . . ELSE statement are as
follows:

Test Meaning

EQ Equal

NE Not aqual

LT Less than

GT Greater than

LE : Less than or equal
GE Greater than or equal

M EXAMPLE 7.3

The MULTIPLY macro shown here moves the NUMBER value into either register BL
or BX, depending on the size of NUMBER. The appropriate MUL instruction is also
generated.

MULTIPLY MACRP NUMBER
: IF NUMBER GT 255
MOV BX, NUMBER

MUL  BX

ELSE
MOV  BL,NUMBER
MUL  BL

ENDIF

enpM W

Macro Opsrators

A number of operators are defined for use within a macro definition. Four of these opera-
tors, and their meanings, are:

% Expression

<> Literal character string
= Macro comment

& Substitute

The expression operatof (%) is used to interpret the value of a parameter, and use the value
in the expansion. For example, the macro:
MOV_AL  MACRC VAL

MOV AL, VAL
ENDM

can be called with MOV_AL 2*30, or with MOV_AL %2*30, resulting in two different
expansions, as shown here:

MOV_AL 2*30 -—» MOV AL,2*30
MOV_AL %2*30 - MOV AL, 60
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It may be necessary in some cases to work with the value of a parameter instead of the
actual parameter text.

The literal character string operators (<...>) are used in conjunction with the substi-
tute operator (&) to place a specific character string into the expanded macro instruction.
Consider the following string definitions:

STR1 DB ‘This is a message’, ODH, 0AH, &’
STRZ DB 'This is another message’,0DH,0AaH, 'S’

If many messages need to be defined in the indicated format, the literal and substitute
operators can be used in the following macro to allow easier string generation:

3_MAKE MACRO NUM, TXT
STRE&ENUM DB '&TXT',0DH, 0AH, '&°
ENDM

The S_MAKE macro must be called like this:

5_MAKE 1, «<This is a message>
S_MAKE 2, <This 1s another messagex>

You can see that the value of NUM was substituted into STR&NUM to generate STR1 and
STR2. All characters between the literal operators < and > were substituted for &TXT.
Another example of this type of substitution expansion is as follows:

SHIFT  MACRG, DIR,REG
SH&DIR  REG,1
ENCM

This macro creates SHL or SHR instructions for any register, as in the following types of
calls:

SHIFT R, &X' -= SHR AX,1
SHIFT L, BL -—= SHL BL,1

The macro comment operator (;;) prevents the comments tncluded inside a macro de-
finition from being repeated each time the macro is expanded. This avoids cluttering up the
source file with a collection of identical comments,

TESTMAC: A Macro Expansion Example

The TESTMAC program shown here uses the macro structures previously covered to per-
form useful 1/0 with the user.

; Program TESTMAC.ASM: Test macro expansion.

’

SMSG1
SMSG2
SMSG3
SMSG4
WMSG

DISP_MSG

.MCODEL SMALL
LDATA
DB ‘This message was output by the DISP_MSG macro.’,0DH, DAH, '§*
DB ‘This message was output by the SEND_MSG macro.’,0DH, 0AH, '&*
DB ' decimal ecuals §°
OB * hexadecimal.',0DH, 0AH, *$"
DE ‘Hit <C»> to continue,..$’
MACRO
MOV AH,9 ;;display string function
INT 21H ;D08 call

ENDM
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SEND_MSG

DISP_CHAR

CRLF

NUM_CUT

HIT.C

WAIT_C:

EXIT:
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MACRO ADDR

LEA DX, ADDR
MOV AH, 9
INT 21K
ENDM

MACRO DATA

MOV DL, DATA
MOV AH, 2
INT 21H
ENDM

MACRO

DISP_CHAR ODH
DISP_CHAR OAH

ENDCM

MACRO DATA, BASE
IF BASE EQ 10

MOV
MOV
CALL
MOV
CALL
ADD

AL, DATA
BL, 100
DEC_OUT
BL, 10
DEC_QOUT
AL, 30H

DISP_CHAR AH

ELSE
MOV
PUSH
MOV
SHR
CALL
FOP
CALL

ENDIF

ENDM

MACRO

AL, DATA
AX

CL, 4
AL,CL
HEXCUT
AX
HEX_OUT

LOCAL WAIT C, EXIT

SEND_MSG WMSG

MOV AH,1
INT 21H
CME AL, "¢’
JZ EXIT

CMP AL, 'C’
JINZ WAIT_C
CRLF
ENDM

. CODE

.STARTUP

LEA DX, SMSGL
DISP_M5G
SEND_MSG SM5G2
DISP_CHAR 'H'Y
DISP_CHAR ‘i’
DISP _CHAR ’.'

;8et up pointer to string
;display string function
;: D08 call

.
’
.
L

++1oad ASCII character
;idisplay output function
;:DOS call

;i 1 load number
;;1load divisor

;;find and display 100's digit
t1load divisor

; ;find and display 10’s digit
::add ASCII .bias to 1's digit
;i1display digit

1 load number

;save it

::1load shift counter
;i:8hift upper nybble down
;i1displays MS hex digit

: sget number back
ti1display LS hex digit

;read keyboard function
;DOS call
;1is character a '¢'?

;i is character a '¢'?
;:no, repeat until it is
;;output cr and 1f

;set up pointer to message
;display message

;dieplay second message
joutput *Hi.'
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CRLF

NUM_CUT 100, 10
SEND_MSG SMSG3

NUM_OUT 100, 18
SEND_MSG SMSG4

HIT C

HIT_C

LEXIT

PROC NEAR
AND Al,, OFH
ADD AL, 30H
CMP AL, "97+1
JC NOADD7
ADD AL,7
DISP_CHAR AL
RET

ENDFP

PROC NEAR
SUB  AH,AH
DIV BL

ADD  AL,30H
PUSH AX
DISP_CHAR AL'
POP AX

XCHS AH, AL
RET

ENDP

END

rand ¢r and 1f

;display 100 in decimal
;display decimal message
tdisplay 100 in hexadecimal
;display hex message

;wait for a </C

;walt for another c/C

iclear upper nybble
;add ASCII bias
1do we need alpha fix?

;add alpha bias
;display hex digit

;prepare for division
;find digit

;add ASCII bias

;save remainder
;display digit

;get remainder back
jsave new number
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Note the use of ;; in the macro definitions. This is done to keep the look of the resulting list

file uncluttered.

Let us examine a few sections of output from the list file.

0017 8D 16 (000 R

00lB B4 09
00lp ¢D 21

001F 8D 16 0031 R

0023 B4 09
0025 CD 21

LEA DX, SMSG1
DISP_MSG
1 MoV AH, 9
1 INT 21H

SEND_MSG SMSGZ ;display second message

1 LEA DX, 5M5G2
1 MOV AH,9
1 INT 21H

;set up pointer to message
;display message

Note that when a macro name is encountered, as in DISP_MSG and SEND_MSG, the in-
structions generated by macro expansion are flagged with a 1. This indicates the nesting
level for the current macro.

This is further illustrated during expansion of the CRLF macro, which calls the

DISP_CHAR macro:

003% B2 0D
003B B4 02
003D CD 21
003F B2 0a
0041 B4 02

0043 <D 21

B2 B B BB B

CRLF ;and cr and 1f

MOV DL, ODH
MOV AH, 2
INT 21H
MOV DL, 0AH
MOV AH, 2
INT 21H
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You are encouraged to examine the list file for TESTMAC for other examples of how the
macros were expanded.
The resulting output from TESTMAC’s execution is as follows:

This message was output by the DISP_MSGC macro.
This message was output by the SEND_MSG macro.
Hi,

100 decimal equals 64 hexadecimal.

Hit «C» t¢ continue...noC

Hit «C»> to continue...c

Recall that the HIT_C macro waits for ¢ or C to be entered on the keyboard.

Programming Exercise 7.4: Write 2 new macro called SENDER that has the follow-
ing calling conventions: :

SENDER (C, X --> output character "X’ wvia Function 2
SENDER 8, <Hello» --» output Hello string via Function 9

Conditional macro expansion should be used to generate the appropriate instructions.

Programming Exercise 7.5: Modify the NUM_OUT macro to include binary and'
octal (base 8) output numbers. :

7.4 INSTRUCTION EXECUTION TIMES

An important topic in the study of any microprocessor involves analysis of the execution’
time of programs, subroutines, or short sections of code. The most direct application of this
study is in the design of programs that function under a time constraint. For example, high- ;
resolution graphics operations, such as image rotation, filtering, and motion simulation, :
require all processing to be completed within a very short period of time (usually a few mil-.
liseconds or less). If analysis of the total instruction execution time for the graphics routine
exceeds the allowed time of the system, a loss in image quality will most likely result. We '
will not get quite so involved with our analysis of the instruction times. Instead, we will
look at one example subroutine and how its total execution time may be determined. We
will use the 8088 microprocessor instruction times, and then examine the differences in the
Pentium’s execution of the same code.

Instruction Cycle Analysis

TOBIN is a subroutine that will convert a 4-digit BCD number in register BX into a binary }
number. The result is returned by TOBIN in AX. TOBIN is a good example to use for exe-

cution time determination because it contains two nested loops. The number of clock:
cycles for each instruction can be determined by referring to Appendix A. Table 7.1 is an:
example of how clock cycles are determined. The number of clock cycles an instruction
takes to execute depends on 2 number of factors. Operand size is the first variable. Look at
the clock cycles required by the MOV CX instructions. The instruction itself takes four:
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TABLE 7.1 Required instruction execution clock cycles in a simple programming loop

Clock Cycles
Overhead Outer-L.oop Inner-Loop
Instructions Cycles Cycles Cycles
TOBIN PROC FAR
SuB AXAX 3
MOV DX,AX 2
MoV Cx,4 4+4
NEXTDIGIT: PUSH CX 11+ 4
SuUB BF.BP 3
MOV CX,4 4+4
GETNUM: RCL BX,1 2
RGL BR1 2
LOOP GETNUM 17/5
MOV CX,10 4+4
MUL CX 118-133
ADD AX,BP 3
POP CX 8+4
LOOP NEXTDIGIT 17/5
RET 18+ 8
TOBIN ENDP

cycles, plus another four required by the 8088 to fetch a word operand from memory. The
processor’s 8-bit data bus requires two memory-read cycles to obtain the word operand,
resulting in the additional four clock cycles.

The addressing mode used by an instruction also affects the number of clock cycles
required. Register addressing, as in the SUB AX,AX and ADD AX BP instructions,
requires fewer clock cycles than an instruction that must access memory during its execu-
tion, such as PUSH and POP. The clock cycles required for each addressing mode are in-
cluded in Appendix A. You must note that the clock cycles shown for each instruction as-
sume that the instructions have already been fetched and placed in the instruction queue.
This, in many cases, resulis in very few clock cycles for some instructions. An exception is
the LOOP instruction, which has two times listed. The smaller time is used when the jump
does nor take place. This makes sense, because the instruction following LOOP can simply
be fetched from the instruction queue. Greater time is required when the LOOP does take
place, because the queue must be flushed and reloaded. Other instructions have a variable
number of cycles as a function of the data on which they operate. MUL is a good example
of this, requiring anywhere from 118 to 133 cycles depending on the number of Is in
the operands forming the product. It is best to use the worst case execution time. Then you
will avoid nasty situations such as having to explain why the routine does not always
execute at the same speed.

The RET instruction requires an ample number of clock cycles to execute because it
must pop the C5 and IP return address off the stack. These operations require accesses to
memory, which always increase the execution time,

Table 7.1 has three columns of clock cycles. The overhead column is for instructions
that execute only once in the subroutine. They do not contribute significantly to the overall
time, but they cannot be ignored. The outer-loop and inner-loop cycles are repeated a number
of times and, thus, grow into a large number of clock cycles before the routine completes.
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Keep in mind that the overall execution time will be only an estimate, because other factors
are normally present that affect execution time. These factors include the time required to ini.
tially load the instruction queue, or the time to reload it after a jump or LOOP instruction;
however, our estimate will be within 10 percent of the actual execution time.

Rl AN O R A S ey e Tt Wt

Execution Time Calculation

]
;
To compute the execution time, we must first determine the total number of clock cycles i
needed. The inner loop requires 21 cycles (worst case) for one pass. Because the inner loop J
is designed to execute four times, this gives 84 cycles for one completion of the inner-loop
instructions. But these instructions are contained within the outer loop, which itself re- ,g
quires an additional 199 clock cycles (worst case). So, executing the outer loop once uses ]
283 clock cycles. The outer loop executes four times also, giving a total of 1,132 cycles so
far. Adding in 39 overhead cycles (do you see why overhead is not significant?) results in -
a grand total of 1,171 clock cycles for the TOBIN subroutine.

How does this number translate into an execution time? Because each clock cycle |
has a period determined by its frequency, we need to know the clock frequency at which :
the processor is running. Suppose this frequency is 5 MHz. Each cycle will then have a pe- °
riod of 200 ns. Multiplying 200 ns by 1,171 gives 234,2 jus! This is the execution time of -
TOBIN. fi

In conclusion, it is interesting to note that TOBIN can convert more than 4,200 BCD 4
numbers to binary in 1 second. :

How the Pentium Does It :

Table 7.2 lists the clock cycles required for each of TOBINs instructions when executed
on the Pentium. Note that most instructions on the Pentium require a single clock cycle to

TABLE 7.2 Required instruction execution clock ¢ycles on the Pentium

Clock Cycles
Overhead Quter-Loop inner-Loop
instructions Cycles Cycles Cycles
TOBIN PROC FAR
suUB AXAX 1
MOV DX, AX 1
MOV CX.4 1
NEXTDIGIT: PUSH CX 1
suB BR.EBP 1
MOV CX.4 1
GETNUM: RCL BX1 1
RCL BRA1 1
LOOP GETNUM 5/86
MOV CX,10 1
MUL CX 11
ADD AX,BP 1
POP CX 1
LOOP NEXTDIGIT 5/6
RET 2

TOBIN ENDP

i
!
;
E
P
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execute, This is a cornerstone of the RISC design philosophy, and is possible on the Pen-
tiurn, thanks to a number of architectural features, such as instruction and data cache, in-
struction and address pipelining, and branch prediction.

MUL and LOOP are examples of instructions that take more than one instruction to
execute. The task of multiplying large binary numbers cannot be performed in a single cycle
without placing an enormous amount of logic gates in the instruction pipeline. This is im-
practical and may even require a slower clock on the processor to ensure that the logic gates
function properly. So, instead, the multiplication is done in stages over eleven clock cycles.

As before, LOOP instructions have a pair of cycle times associated with their execu-
tion. The 5/6 cycle count for LOOP means that five clock cycles are used when the LOOP
takes place (CX is not zero) and six when the LOOP does not take place (CX is zero). Other
instructions share this feature, most notably the conditional jumps. In general, instructions
that change the flow of execution in a program cause the instruction pipeline to stall for at
least one additional cycle, as the pipeline changes its execution path. The RET instruction
at the end of TOBIN falis into this category.

Several other factors contribute to a small percentage of uncertainty about the exact
number of clock cycles required on a Pentium architecture, such as cache performance, op-
erating system overhead (page faults, task switching), and the sequence of instructions
being executed. It is still possible to get a good estimate of the number of cycles using the
techniques devetoped for the 8088’s analysis.

7.5 WORKING WITH INTERRUPT VECTORS

Recall from Chapter 5 that an interrupt is an event that causes the processor to stop its current
program execution and perform a specific task to service the interrupt. In a PC, interrupts are
used to keep accurate time, read the keyboard, operate the disk drives, and access the power
of the disk operating system. DOS assigns a number of these interrupts (INT  21H, for ex-
ample) for its own use, so we must be careful when accessing the interrupt vector table. When
it is necessary to reassign an interrupt vector, the following functions shouid be used.

DOS INT  21H, Function 35H: Get Interrupt Vector

This function is selected when the AH register equals 35H. Upon entry, the interrupt num-
ber (0 to 255) must be in register AL. Upon exit, register BX contains the interrupt handler
IP address, and the ES register contains the interrupt handler CS address.

" B EXAMPLE 7.4

g

The following instructions can be used in DEBUG to obtain the vector address of INT Z1H:

MOV AL,21
MOV AH, 35
INT 21

When these instructions are traced, we get:

 AX=0021 BX=0000 CX=0000 Dx=0000 SP=FFEE BP=0000 §1I=0000 DI=0000
- DS=1C46 Eg=1C4& 55=1C456 C5=1C46 IP=0102 NV UP EI PL NZ NA PO NC

1C46:0102 B435
P

MOV AH, 35
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BX=0000 CX=0000 DX=0000 SP=FFEE - BP=0000 5I=0000 DI=0000
ES=1C46 55=1C46 C8=1C46 IP=0104 NV UP EI PL NZ NA&A PO NC

cp2l INT 21

BX=16B4 CX=0000 DX=0000 SP=FFEE BP=0000 5I=0000 DI=0000
ES=0BF4 55=1C46 C8=1C46 IP=0106& NV UP EI PL NZ Na PO NC
AR SCASB

The resulting addresses in registers BX and ES give a vector address of 0BF4:16B4. Ml

DOS INT  21H, Function 25H: Set Interrupt Vector

This function is selected when the AH register is loaded with 25H. Upon entry, the inter-
rupt number (0 to 255) must be loaded into register AL. The CS:IP vector address of the -
new interrupt handler must be loaded into the DS and DX registers, respectively. '

Attention! Even experienced programmers may get unexpected results when an in-
terrupt vector is replaced. Usually, if an interrupt vector in a DOS machine is set improp-
erly or does not have a valid handler at the new vector address, the machine is in danger of |
crashing. Be careful when using this function. '

In Sections 7.6 and 7.9 you will examine applications designed to take over certain
DOS/BIOS interrupt functions.

VECTORS: View Entire Interrupt Vector Table

The VECTORS program shown here displays all 256 vector addresses, as initialized by
BIOS, DOS, and any other programs using them. A total of sixty-four vector addresses are |
disptayed at a time, in the familiar CS:IP address format.

; Program VECTORS.ASM: View entire interrupt vector table.

r

.MODEL SMALL

LDATA h
WMSG DB ODH, OBRH, 'Hit any key to continue...’,0DH,0AH, 0D, 0AH, s’ .

.CODE

. STARTUP

SUB AL,AL sbegin with vector 0 4
NEWV: FUSH AX ;save vector number ﬁ

CALL DISPHEX :display it ;

MOV DL, * ;load blank character 3

MOV AH, 2 ;display character function E

INT 21H ;DOS call )

MOV DL, =" ;locad egqual sign

INT 21H ;and output

MOV DL, ! :leoad ancother blank

INT 21H ;and output

EOP 2X ;get vector number back

PUSH AX rand save it again

MOV AH, 35H ;get interrupt vector function

INT 21H ;D08 call

MOV BX,ES jget interrupt segment

CALL DISPHEX_16 ;display it

MOV DL, ":f 1load colon character 3

MOV AH,2 ;display character function B

INT  21H ;DO call g
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HEXOUT PROC NEAR

NHA1:

CMP AL, 10 :+is AL greater than 107

JC NHAL ;yes

ADD AL.,7 ;no, add alpha bilas

ADD AL,30H ;add ASCII bias

MOV DL,AL rload output character

MOV AH,2 ;display character function
INT 21H ;DOS call

RET

HEXOUT ENDP

END

The program uses DOS INT  21H, Function 35H to read each vector, one at a time, from
0 to 255.
A sample execution showing the first 64 vectors is as follows:

H

00 = 011C:108A 01 0070:06F4 02 = (09B4:0016 03 = 0070:06F4
04 = 0070:06F4 05 = 1587:04E4 06 = FOQO:E14C 07 = FOUO:EF6F
08 = 0BF4:1875 09 = OBF4:1923 0A = FOOO:EF&F 0B = 0SB4:006F
0C = FOOO:EFEF 0D = FOOQ:EF6F OFE = 09B4:00B7 OF = 0070:06F4
10 = OBF4:18B3 11 = FOOOQ:FB4D 12 = FOOO:F841 13 = OBF4:18C5
14 = FOQO:E739 15 = 0BF4:19A0 16 = FOOO:EB2E 17 = FOQO:EFD2
18 = FOO0Q:E3DO 19 = 0OBF4:15%0 1a = FOOO:FEGE 1B = 0070:06EE
1C = FOOQQ:FF53 , 1D = FO00:F0A4 1E = (000:0522 1F = COQ0:5BSF
20 = 011¢C:1094 21 = OBF4:16B4 22 = DA76:02B1 23 = OA76:014A
24 = QA76:0155 25 = (BF4:19DE 26 = 0BF4:1a27 27 = 011C:10BC
28 = 1587:02E8 29 = 0070:0762 28 = (011C:10DA 2B = 011C:10DA
2C = 011C:10DA 2D = 011C:10DA 2E = 0A76:013F 2F = OF3A:306F
30 = 1C10:DOEA 31 = FOOO:FFO1 32 = 011C:10DA 33 = 011C:10DA
34 = 01l1C:10BA 35 = 011C:10DA 36 = 011C:10DA 37 = 011IC:10DA
38 = 011C:10DA 39 = (11C:10DA 3A = 011C:10DA 3B = 011C:10DA
3C = 011C:10DA 3D = (011C:10DA 3E = 011C:10DA 3F = 011C:10DA
Hit any key to continue...

The vector address for INT  21H is highlighted in bold. Note that the actual addresses on
your computer probably will be different. The vector addresses change with each new ver-

:
K
k

sion of DOS, and with the configuration specified at boot time via CONFIG.SYS and

AUTOEXEC.BAT.

Examine the entire output of the VECTORS program. Are there any interrupts that ;
contain vector address 0000:0000? There should be many of them, all indicating unused

interrupts in the BIOS/DOS environment.

Programming Exercise 7.6: Modify VECTORS so that the effective address of each
interrupt routine is displayed. For example, a vector address of 011C:10DA has an effec-
tive address of 0229A.

7.6 MULTITASKING

In an ever-increasing effort to squeeze the most processing power out of the basic micro-
processor, individuals have come up with ingenious techniques for getting a single CPU to
do many wonderful things. Consider a standard, single-CPU microcomputing system. One
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user sits at a terminal entering commands, thinking, entering more commands, waiting for
1/0 from the system (as a file is loaded in from disk or tape), and so on and on. When com-
puter specialists discovered that in this situation the CPU was wasting a great deal of time
doing I/0, they thought of a way to get more use out of the CPU. Suppose that circuitry
could be added to the system to perform the I/O operations under the CPU’s control. All the
CPU would have to do is issue a command, such as “read the disk,” and the disk controller
would do the rest of the work. This would free up the processor for other things while the
disk controller was busy reading the disk. What other things can the CPU do? The most ob-
vious answer that came to mind was service another user! Thus, the age of multitasking
was born. A microprocessor system capable of performing multitasking is able to commu-
nicate with several users, seemingly at once. Each user believes he or she is the only user
on the system. What is actually happening is that one user gets a small slice of the proces-
sor’s time, then another user gets another time slice, and the same goes for all other users.
Figure 7.1 shows a simple diagram of this operation. In this figure, we see that up to four
users are executing their programs, seemingly at the same time. A single CPU can support
more than one person at a time because of the high processing speed of the processor ver-
sus the slow thinking speed of the nsers. It is not difficult to see that the user will spend long
periods of time thinking about what to do next or waiting for I/O to appear on the terminal.
The time slice allocated to each user is designed so that it is long enough to perform a sig-
nificant number of instructions without being so long as to be noticed by the user. For ex-
ample, suppose that as many as sixteen users may be on the system at once. If the CPU
must service each user once every 1/10th of a second, the time slice required is 6.25 ms,

possibly enough to complete a user’s current program. So, even though all users are forced
to wait while the CPU services each of them (as shown in Figure 7.1), they probably do not
even notice.

The software involved in supporting a multitasking system can become very in-
volved, so we will examine only the basic details here. What exactly happens when one
user’s program is suspended so that the CPU can service a different user? Suppose that
both users have written programs that use some of the same processor registers (for exam-
ple, AX, BX, and SI are used by both programs). It becomes necessary to save one user’s
registers before letting the other user’s program take over. This is referred to as a context
switch. A context switch is used to save all registers for one user and load all registers used
by the next user. Thus, a context switch is needed every time the CPU switches users. The
routine presented here, TSLICE, will handle context switches for four different users in a
round-robin fashion. This means that user 1 will not execute again until all other users have
had their chance. To get the processor to do a context switch, we have to inform it that
the user’s time slice has expired. The easiest way to do this is to periodically interrupt the

User 1 waits while Context switches
—D-! other users are - y/ J \
serviced. ;

User | User | User | User | User | User | User | User | User | User | User
1 2 3 4 1 2 4 1 2 4 5

k]
01213456?891011‘

—_—
Time

User 3 completes work A new user gets on

during this slice of time. the systetn,
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processor (by connecting a timer circuit to the processor’s interrupt input). TSLICE is then |
actually an interrupt handler that is executed when a time slice is used up, TSLICE first’
saves all processor registers on the stack (the program counter and flags are already there, §
thanks to the processor’s interrupt handling scheme), and then finds the next user whos
should execute. The registers for this user are then loaded from its stack area and execution’}
resumes. This discussion assumes that all user programs remain in memory when not;

executing.

USER1
USERZ
USER3
USER4
WHO
STACKL
STACKZ
STACK3
STACK4

TSLICE:

GETSTACK:

SERE R RRER

PUSH
FUSH
PUSH
PUSH
PUSH
PUSH
PUSH
FUSH
PUSH
MOV
MOV
MOV
DEC
CBwW
ADD
MOV
LEA
MOV
INC
ADD
CMF

MOV
MOV
MOV
POP
POP
FOP
POP
POP
POP
POP
POP
POP
IRET

64 DUF (7}
64 DUP (7}
64 DUP (7?}

64 DUP (7}
2

) I om] o) oW

AX

BX

CxX

DX

51

DI

BP

Ds

ES
AX,DATA
DS, AX
AL, WHO
AL

AX,AX

DI, AX

BP, STACKL
{BP + DI],5P
WHO

DI,2

DI.8
GETSTACK
WHO, 1

DI,0

SP, [BP + DI]
ES

DS

BF

DI

51

DX

CX

BX

AX

" ;double accumulator

;user stack areas

jcurrent user number {1-4} .
istorage for user stack pointeraf

;save all registers

;load system data segment

;get user number r
ineed 0-3 user number for indexingj
;extend into 16 bits 3

;load index

;point to stack peointer table
;save user stack pointer
;increment user number

;point to next stack pointer
;wrap around to user 17

;jreset user number

;and index register

;load new stack pointer
jrestore new user’s registers

;g0 service new user
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One requirement of TSLICE is that all users use the same stack segment. This guarantees
that all PUSHes, CALLs, and interrupts generated by any user will place data within mem-
ory governed by the system software. The complexity of this code results from the need to
wrap around the buffer containing the stack pointers, when the context switch is from user
4 to user 1. In Chapter 14, we will see how multitasking is built into protected mode, and
how multiple tasks are managed.

BIOS INT  1CH: Timer Tick

This interrupt is called by BIOS 18.2 times each second, the rate at which the computer’s
time-of-day clock is serviced. To mun a program in background (such as PRINT or
DOSKEY) or to switch between programs in an orderly fashion, this interrupt must be
hooked. DOS interrupts 25H and 35H can be used to hook an interrupt. Any application
that wants to run in background may use INT 1CH to install itself in the interrupt chain
for Timer Tick. One note of caution: because INT 1CH is issued 18.2 times per second,
only 1/18.2, or 54.94 milliseconds, is allowed for all programs sharing INT 1CH. Thus, the
tasks performed by each program hooked into the Timer Tick interrupt should execute
quickly. The specific details of hooking an interrupt are covered in Section 7.9,

It is also very important to preserve the state of all processor registers to ensure that
the program interrupted by INT  1CH resumes normally.

SWITCHER: A‘Simple Task-Switching Application -

The SWITCHER program presented here allows two individual procedures (tasks) to ran
at different rates of execution. There is a significant difference between the SWITCHER
program and the TSLICE procedure. TSLICE assumes that programs have been inter-
rupted during execution, and thus saves all information on the current stack and then
switches stack areas to restart a suspended process. SWITCHER operates differently by
assuming that the individual tasks complete execution between successive interrupts. This
allows the complicated stack switching to be eliminated.

; Program SWITCHER.ASM: Automatically switch between two simple tasks.

.MODEL SMALL

.CODE

TASK DB 0 ;task number

COUNT DB e ;initial count

T1KENT DB 4 ;count rate value

ALPHA DE TA? ;initial alpha

TIKENT Di 12 ;alpha rate value

QLDIPCS DD ? ;old interrupt address
. STARTUP
SUB  AH,AH ;set video mode function
MOV AL, 3 125 by 80 color
INT 10H ;BIOS call
MOV AH, 35H rget interrupt vector function
MOV AL, 1CH ;timer interrupt number
INT 21H ;DOS call
MOV WORD PTR CS:0OLDIPCS, BX rsave old IP
MOV  WORD PTR CS:QLDIPCS[2],ES ;save old CS
MOV AX,CS 11lcad current CS5 value

MOV DS,AX
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WALIT4KY:

SWAP:

ET2:
BYE:

TASK1

ER1:
TASK1

LEA
MOV
MOV
INT
MOV
INT
JZ

MOV
MOV
MOV
MOV
INT
MOV
INT
LEXIT

PUSHF
FUSH
PUSH
PUSH
PUSH
NOT
CMP
JNZ
CALL
JMP
CALL
POP
POF
POP
POP
POPF
JMP

PROC
DEC

MOV
MOV
MOV
MOV
MOV
INT
MOV
MOV
MOV
MOV
INT
INC
CMP
JNZ
MOV
RET
ENDFP

DX, C8: SWAP ;load address cof new ISR
AH,25H ;set interrupt vector function
AL, 1CH ;timer interrupt number

21H ;DOS call

aH,1 _ ;read keyboard statugs function
16H ;BIOS call .
WAIT4KY 11loop until any key is pressed

DX,WORD PTR CS:0LDIPCS
DS,WORD PTR CS:OLDIPCS([Z2]

;load old interrupt IP
;load old interrupt CS

AL, 1CH ;timer interrupt number
2H, 25H ;set interrupt vector function
21H :DOS call
AH,1 rread keyboard functicn
210 ;DOS call
;save registers uged here
AX
BX
CX
DX
C8:TASK ;switch tasks
CS: TaSK,0 1task 2's turn now?
ET2 , .
TASK1 iperform task 1
BYE ;go resume interrupt chain
TASKZ ;perform task 2
DX ;restore registers
cX
BX
AX
C8:0LDIPCS 190 execute old ISRE
NEAR
CS5:T1ENT ;decrement rate value
ER1 rexit if task is still asleep
CS:T1KENT, 4 ;else, reload rate value
AH, 2 ;set cursor position function
BH, 0 ;display page O
DH, 12 jrow 12
DL, 37 scolumn 37
10H +BIOS call
AL,CS5:COUNT ;lcad count value
BL,2 ;ecolor is green
CX,1 ;write one character
AH,9 ;write character/attribute function
10H +BIOS call
CS:COUNT rincrement count value
C5:COUNT, '9'+1 ;check for wrap around
ER1
CS:COUNT, ' Q' ;set initial count value

) B
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TASK2 FRCOC NEAR
DEC CS:T2EKNT jdecrement rate value
JNZ ERZ sexit if task is still asleep
MOV  CS:T2ENT, 12 jelge, reload rate value
MOV AH,2 ;8et cursor position function
MOV BH, ( ;display page 0
MOV DH,12 sjrow 12
MOV DL, 43 ;column 43
INT 10H ;BIOS call
MOV AL,CS:ALPHA ;load alpha wvalue
MOV BL,1 ;color is blue
MOV CX,1 ;write one character
MOV AH, % ;write character/attribute function
INT 10H ;iBIOS call
INC (S:ALPHA rincrement alpha wvalue
CMF (CS:ALPHA,’'Z'+1 ;check for wrap around
JNZ ER2
MOV CS:ALPHA, ‘A’ ;set initial alpha value
ER2: RET
TASK2 ENDP
END

The first task in SWITCHER displays a running count from 0 to 9, in green, on the
screen. A short delay is added between outputs.

The second task displays the alphabet, from A to Z, in blue on the screen also, with a
much longer time delay between outputs. The time between outputs in both tasks is controlled
by counting the number of Timer Tick interrupts that have occurred. Task 1 executes its dis-
play code every 4 ticks. Task 2 executes its display code every 12 ticks. The interrupt service
routine SWAP uses the TASK byte to determine which task should execute. SWAP comple-
ments the TASK byte with each Timer Tick, causing alternate calls to TASK1 and TASK2.
SWAP preserves the state of all registers used in the TASK procedures and jumps to the
address of the old interrupt service routine for INT  1CH when it completes execution,

Any keystroke will cause the program to exit to DOS. SWITCHER will restore the
old interrupt vector and return to DOS.

Programming Exercise 7.7: Modify the SWITCHER program so that four tasks are
switched. The two new tasks should count down from 9 to 0 and from Z to A,

Programming Exerclse 7.8: Modify the SWITCHER program so that both TASK
procedures are installed in the chain for INT  1CH. That is, eliminate the SWAP code and
have INT 1CH process both TASK procedures for every Timer Tick. It will be necessary
to set the interrupt vector twice to accomplish this.

7.7 MEMORY MANAGEMENT

In this section, we will see how entire blocks of memory can be assigned through the use
of a memory management routine. This is a required feature in all operating systems
that load multiple programs into memory for shared execution (as in multitasking). We can
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FIGURE 7.2 Memory allocation 1, 2. 3,
In an operating system A
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Joh A ends Job E starts Job C ends

D Memory in use Free memory

easily see why memory management is needed by examining Figure 7.2, In this figuse,
the memory space of a typical system is examined. Initially, three jobs (A, B, and C) are
running (1). Because they were the first three to begin execution, all were assigned
consecutive blocks of memory. In (2), we see that job B {or program B) terminates. The
memory allocated to job B is retumed to the storage pool. In (3), job D begins executton,
Because the memory required by this job exceeded what was available in the area vacated
by job B, this job is loaded into the first available space that is big enough. When job A ends
in (4), its space is also returned to the storage pool. Job E quickly takes this space overin
(5). Finally, job C terminates in (6).

The purpose of the memory manager is to keep track of all free blocks of memory.
When the operating system needs to lead a new job into memory, it will inform the mem-
ory manager of how much memory is needed by the new job, The memory manager will
either find a big enough space and return the starting address of the block, or indicate that
not enough memory is available for the job to execute at the present time. In this case, the
job will have to wait until more memory becomes available. '

There are three built-in DOS functions explicitly designed to help programs manage
memory in the ways just described.

DOSINT 21H, Function 48H: Aliocate Memory

This function is selected when register AH equals 48H. Upon entry to the interrupt, the BX
register must contain the numnber of paragraphs requested for allocation. DOS allocates
memory in chunks of sixteen locations called paragraphs, so a 1,024-byte storage block is
composed of 1,024/16, or 64 paragraphs.
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If DOS is able to allocate the requested number of paragraphs, it will return the starting
segment address of the memory block in register AX. If DOS cannot allocate enough mem-
ory, the carry flag will be set and register AX will contain error code information. The BX
register will contain the number of paragraphs in the largest block of available memory.

B EXAMPLE 7.5

Show the code required to attempt allocation of a 32KB block of storage. If successful,
load the ES register with the allocation block segment address. If unsuccesstul, jump to
NO_MEM.

A 32KB block of memory requires 2,048 paragraphs. Thus, we have the following
request code:

MOV AH,48H
MOV BX, 2048
INT 21H

JC NO_MEM
MOV  ES,AX

Offset 0 in the extra segment is the first location in the newly allocated 32KB block. I

DOS INT  21H; Function 49H: Free Allocated Memory

This function is selected when the AH register is loaded with 49H. Upon entry, the ES reg-
ister must contain the segment address of the block being freed. If the carry flag is cleared
upon return, the memory was freed successfully, If the carry flag is set, register AX will
contain the error code.

This function must be used with a segment address previously obtained by a call to
function 48H.

DOS INT  21H, Function 4AH: Modify Allocated Memory Blocks

This function is selected when the AH register equals 4AH. Upon entry, the ES register
must contain the segment address of the block being medified. The BX register must con-
tain the number of paragraphs that will remain after reatlocation.

As with the other functions, the operation is successful if the carry flag is clear upon
return. Otherwise, register AX contains an error code, and register BX contains the maxi-
mum number of paragraphs available for an increase in allocation.

B EXAMPLE 7.6

A modify request is generated as follows:

MOV AH, 4AH
MOV BX,200H
INT 21H

Upon return, the carry flag is set and the BX register equals 118H. What does this mean?

Because the carry flag is set, we know that DOS was not able to reallocate memory.
The value in register BX indicates that more memory was requested (200H paragraphs)
than is available (118H paragraphs). Bl
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MEMMAN: A Memory Usage Application

The MEMMAN program presented here is structured as a .COM file for allocation pur-
poses. When DOS executes a .COM program, it loads the program into memory (at some
initial allocation segment address}, and then allocates all available memory to the program.
If it is necessary for the .COM program to allocate and free memory blocks, it must first
modify its own memory allocation to return memory blocks to DOS. Notice the EQOP label
at the end of the MEMMAN program. The value of this label is used to calculate the length
of the program’s required memory space.

;Program MEMMAN.ASM: A memcry-management demonstrator.
;Note: Program is written in .COM format (CRG at 100H) and
;imust use the ,TINY model.

i

START: JMP GO

ERRO
OKO
ERR1
OK1
CRLF

GO:

MM :

MM3 :

.MODEL TINY
.CODE
ORG 100H ;code must be relative to 100H

jump over data area

DB *Error! Could not allocate memory.', ODH,0AH,'*$’

DB ‘50K-bytes of memory has been allocated at segment $°
DB 'Error! Could not modify allocated memory.’, ODH,0AH, 'S’
DB ’Allocgted memory has been modified. ', ODH, OAH, '§*

DB ODH, 0AH, '%"

DW 64 DUP(?)

LEA BX, EOP ;get program size in bytes

MOV CL, 4 ;ehift count

SHR BX,CL ;compute paragraph size

INC BX ;round up to next paragraph

MOV AH, 4AH ;modify allocated memory function

INT 21H ;DOS call

JNC MM1 ;jump if meodification successful

LEA DX, ERRL ;set up pointer to not modified message
MOV AH,9 ;display string function

INT 21H ;DOS call

JMF EXIT
LEA DX, 0K1
MOV AH, 9
INT 21H
SUB DI,DI
MOV BX, 3200
MOV AH, 48H

;set up pointer to memory modified message
;display string function

;DOS call

;clear index

;regquest 3200 paragraphs (50K bytes)
;allocate memory function

INT 21H ;DOS call

JNC MM2 ;junp if allocated

LEA DX, ERRO ;set up pointer to not allocated message
MOV AH, 9 ;display string function

INT 21H ; DOS call

JMP EXIT

MOV AMB[DI],AX isave segment address of new memory block
LEA DX, OK0 ;get up pointer to segment address message
MOV AH,9 ;display string function

INT 21n :DOS call

MOV AX,AMB[DI] ;load allocated segment address

5 e R O A A o
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ADD DI,Z2 ;advance pointer to allocation table

CALL DHEX1%& ;display segment address of new block

LEA DX, CRLF ;8et up pointer to crlf string

MOV aH,9 ;display string function

INT 21H :DOS call

JMP MM3 ;go try for another S0k-byte block
EXIT: JEXIT

DHEX1&é PROC NEAR

PUSH AX ;8ave number

MOV  AL,AH 1get upper byte

CALL DHEX jconvert and display

POF AX rget number back

CALL DHEX ;convert and display lower byte
RET

DHEX16 ENDP

DHEX PROC NEAR

PUSH AX isave value
SHR AL,1 ;shift down upper nybble
SHR AL,1
SHR AL,1
SHR AL,1
CALL DDIG ;display hex digit
FOFP AX rget value back
AND AL, (QFH ;set lower nybble value
CALL DDIG ;digplay hex digit
RET
DHEX ENDP

DDIG PROC NEAR

DDIG ENDP

CMP AL,10 ;is AL less than 107

JC NHAL ;jump if ves

ADD AL,7 ;otherwise, add alpha bkias

NHAL: ADD AL, 30H ;add ASCII bias

_ MOV DL, AL ;load character for output
i MOV AH,Z ;display character functiecn
L INT 21H ;DOS call
: RET
:

EOP: NOP ;end of program code, used
;for length calculations
END START ;must specify starting address

When DOS launches a .COM file, the values of all four segment registers are identi-
cal and equal to the load address of the program segment prefix. An example DEBUG
session shows MEMMAN’s initial segment register addresses:

C:\>DEBUG MEMMAN.COM

-r

AX=0000 BX=0000 CX=01B% DX=0000 SP=FFFE BP=0000 $SI=0000 DI=0000
DS=1C64 ES=1C64 S58=1C64 CS=1C64 IP=0100 NV UP EI PL NZ NA PO NC
1C64:0100 ES2C01 JMP 022F

~-q
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Notice that all segment registers contain 1C64. This is the segment of the initial alloca-
tion block for the MEMMAN.COM program. This segment address must be used when
MEMMAN attempts to change its allocation through function 4AH, When making the cur-
rent allocation smaller, MEMMAN must be careful to save enough memory {in para-
graphs) for its code requirements. By using the address value of the EOP label, MEMMAN
is able to determine the correct number of required paragraphs.

Assuming that MEMMAN is able to return memory, it then attempts to request as
many 50KB blocks as it can. The segment address of each successful allocation is dis-
played, as shown in the following sample execution:

C:y>MEMMAN

Allocated memory has been modified.

S0K-bytes of memory has been allecated at segment 16CB
50K-bytes of memory has been allocated at segment 234¢C
S0K-bytes of memory has been allocated at segment 2FCD
50K-bytes of memory has been allocated at segment 3C4E
50K-bytes of memory has been allocated at segment 48CF
S0K-bytes of memory has been allocated at segment 5550
S0K-bytes of memory has been allcocated at segment 61D1
S50K-bytes of memory has been allocated at segment 6ES52
50K-bytes of memory has been allecated at segment 7AD3
50K-bytes of memory has been allocated at segment 8754
Error! Could not allocate memory.

The program was able to allocate ten SOKB blocks before DOS ran out of memory. To get
a handle on the segment addresses returned, notice that they increase in value as the allo-

cations progress. If we subtract any two consecutive segment addresses, we will get the

block size in paragraphs. To check, 6E52 — 61D1 = 0C81, which corresponds to 3,201

paragraphs. A 50KB block requires 3,200 paragraphs. The extra paragraph allocated is -

used by DOS to maintain allocation information.

It may be interesting to watch what happens when MEMMAN is executed when you
have shelled to DOS from another application. For instance, after starting up WordPerfect®
5.1 and shelling to DOS via Control-F1, MEMMAN gives the following result:

C:\WP51\>MEMMAN

allocated memory has been modified.

50K-bytes of memory has been allocated at segment T9AE
50K-bytes of memory has been allocated at segment 8627
50K-bytes of memory has been allocated at segment 9248
Error! Could not allocate memory.

The program is now only able to allocate three S0KB blocks, because the rest of memory
is already allocated to the suspended WordPerfect program.

Programming Exercise 7.9: Modify the MEMMAN program to allocate blocks of
4,095 paragraphs. What do you notice about the segment addresses displayed?

Programming Exercise 7.10: Write a memory allocation program that alternately re-
guests 16KB, 32KB, and 64KB blocks and saves their segment addresses. When no more
blocks can be allocated, return all 32KB blocks allocated, then request as many 8KB
blocks as possible.
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7.8 USING THE MOUSE

Anyone who has used a mouse to point and click has probably discovered that it is easy to
handle. With a software mouse driver installed, the PC keyboard has some electronic com-
petition for input services. It is often more convenient to use a mouse to navigate through
a program than a keyboard. In this section, we will see how to incorporate mouse functions
in our own programs,

Assuming that a MOUSE.SYS driver was loaded during boot time (or that
MOUSE.COM has been executed), the mouse functions should be available through INT
33H. More than fifty individual mouse functions are provided through INT  33H. We will
examine just a few of them in this section.

MOUSE INT  33H, Function O0OH: Mouse Reset and Status

This function is selected by loading 00H into register AH. The interrupt returns status in-
formation in registers AX and BX. If AX contains OFFH upon return, the mouse was ini-
tiatized. If AX contains 0, no mouse functions are available. Register BX contains the sta-
tus of the mouse buttons. If the left button is pressed, bit-0 of BX will be set. If the right
button is pressed, bit-1 will be set,

When the mouse is reset, a number of parameters are initialized. A few of these
mouse parameters are as follows: .

Cursor positlon: Center of the screen
Cursor: Hidden

Text Curscr: Inverse video box
Graphics Cursor: Al arrow

Digplay page number: 0

If no mouse driver has been loaded, INT 33H usually will have a vector value of
0000:0000 o, if a vector exists, the only instruction in the interrupt service routine might
be IRET. So, it is necessary to examine register AX after a mouse reset attempt.

- B EXAMPLE 7.7

iy e ML BRI T s TSl Bt TR

Sy TR AR e, St Tkt

How can the presence of a mouse be tested? After performing a mouse reset function, reg-
ister AX can be tested for 0 like so:

OR A¥,AX ;set zero flag if AX = O
JZ NO_MOUSE ;jump if no mouse found B

MOUSE INT  33H, Function 01H: Show Mouse Cursor

This function is selected when AH equals O1H, The mouse cursor is turned on and will
move when the mouse is used. In text mode, the mouse cursor is an inverse video box the
size of a single character. In graphics mode, the mouse cursor is a white arrow with a black
outline.

MOUSE INT  33H, Function 02H: Hide Mouse Cursor

This function is selected when AH is loaded with 02H. The mouse cursor is turned off.
Because DOS does not automatically turn the mouse cursor off when a .COM or .EXE file
terminates, this function must be used prior to exit.
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MQUSE INT 33H, Function 03H: Get Button Status and Mouse Position

This function is selected when AH equals 03H. Upon return, the button status of the mouse
is saved in register BX. The horizontal and vertical positions of the mouse are saved in reg-
isters CX and DX, respectively. .

The lower 2 bits of register BX are used to represent the state of the left and right -
mouse buttons. If either button is pressed, its associated bit in register BX will be set, Bit- -
0 indicates left-button status and bit-1 indicates right-button status. Register CX will equal -
0 when the mouse is on the left side of the screen. Register DX will equal 0 when the mouse :
is at the top of the screen, The maximum values of registers CX and DX depend on the -
video mode selected. '

B EXAMPLE 7.8

In this example, we see one way the mouse status can be read and analyzed. The instrug- :.
tions place a 1 in registers AL and AH, depending on the button status returned by
INT 33H.

MOV AH,3 rget mouse status/position function

INT 33H sMOUSE call ;
SUB AX,AX ;clear result ’
SHR BX,1 ;shift left button bit into carry flag

ADC AL,O ;adjust AL for left-button status

SHR BX,1 srepeat for right-button status -

ADC AH,0

The button status registers can be tested elsewhere with code like this:

OR  AL,AL ;is button pushed?
Jz  NoT_pusHED M

MOUSETST: A Mouse Application

There are many more mouse functions available, but the four presented here should enable
us to write a simple mouse-interactive program, The MOUSETST program shown here
uses all four functions to control and access the mouse,

; Program MOUSETST.ASM; Digplay mousge’s horizontal/vertical position.

NODRV
NOMSE
MEXIT
SPOS

«MODEL SMALL

LEA DX,NCDRY ;set up pointer to no-driver message

DATA

DB ‘No mouse driver installed.*, ODH,0aH, 5’

OB ‘Mouse not responding.‘,0DH, 0AH, %

DB ODH, OAH, 'Press left mouse button to exit...’, ODH,O0AH,’$’'
EQU 12%160 :
.CODE ;
. STARTUP :
MOV AH, 35H ;get interrupt vector function
MOV AL, 33H ;INT 33H is for the mouse
INT 21H ;DOS call ;
MOV AX,ES ;is vector 0000:00007 :
OR AX,BX ' ;
JNZ GO i

B2 R e Y S ST e



ERRD:

GOz

NEXT:

CLRSC:

RDMSE:

EXIT:

DISP

NYBL:

NQ7 ¢
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MOV
INT
JME
SUB
INT
OR
JNZ
LE&
JMP
MOV
MOV
MOV
INT
LOCF
LEA
MOV
INT
MOV
INT
MOV
MOV
MOV
MOV
MOV
MOV
MOV
MoV
INT
MOV
MOV
CALL
MOV
MOV
CALL
CMP
JNZ
MOV
INT
LEXIT

PROC
PUSH
MOV
ROL
ROL
ROL
ROL
PUSH
AND
ADD
CMP
JC
ADD
MOV
BOP

AH, S

21H

EXTT
AX,AX
33H
AX,AX
NEXT

DX, NOMSE
ERRD
CX,25
DL, 0AH
AH, 2

21H
CLRSC
DX,MEXIT
AH, S

21H

A%, 1

33K

AX, 0BBOOH
0s,Ax
3I,8P0S

BYTE PTR [SI+54], "X’

;display string function
;DOS call

;exit to DOS

;initialize mouse function
; MOUSE call

;does mouse exist?

i8et up pointer to no-mouse message
;g0 process error

;set up loop counter

;lcad line-feed code

;display character function

;DOS call

;get up peinter to exit message
;display string function

;DOS call

; show mousge cursor function

tMOUSE call

sload address of video RAM segment

iset up pointer to screen positicn
;jwrite X: to screen

BYTE PTR [5I+56],°':’
BYTE PTR [5I+94],'Y’ ;wrilte Y: to screen
BYTE PTR [SI+96],":*

AY, 3

33H

AX,CX

DI, SPOS+60
DISP
AX,DX

DI, SPOS+10Q0
DISP

BL,1

ROMSE

AX, 2

33H

NEAR
(05:4
CX,4
AX,1
AX,1
AX,1
AX, 1
AX

AL, OFH
AL, 30H
AL, 3AH
NO7
AL,7
[DI],AL
AX

;get status/position function
iMQUSE call
rread X position

:5et up pointer to X's screen position

;display number on screan
rread Y position

jset up pointer to Y's screen position

;display number on screen
;was left button pressed?
;continue if not

shide mouse cursor function
s MOUSE call

;save CX
;set up loop counter
jget upper nybble of AX

;save AX

;mask out upper nybble
;add ASCII bias

;are we greater than 9°?
ino, go save digit
;correct to hex-alpha
;save digit in memory
;get AX back

253
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ADD DI,2 jadvance memory pointer
LOCP NYBL ;repeat until done
POP CX ;get CX back
RET
DISP ENDP
END

The initial group of instructions attempts to determine if a mouse driver is present, If so, 3
the screen is cleared and a help message displayed, along with the mouse’s horizontal (X) -
and vertical (Y) position, as in:

X: 0140 Y: 0060

The X and Y numbers will automatically be updated as the mouse is moved around. This is
accomplished by converting the horizontal and vertical positions (in CX and DX) into four- -
digit integers and writing them directly to the screen’s video RAM. The program exits to |
DOS when the left button is pressed.

Programming Exercise 7.11: Modify the MOUSETST program so that the keyboard |
can be used to show and hide the mouse. Hide the mouse if “H” is hit, and show the mouse
if “8” is pressed.

Programming Exercise 7.12: Modify the MOUSETST program so that the program
may also exit if “Q” is pressed on the keyboard. |

Programming Exercise 7.13: Modify the MOUSETST program so that a targer is
displayed on the screen, such as { * ]. Exit to DOS only if the mouse button is pushed while _
the cursor is over the *.

Programming Exercise 7.14: Write a program that will make the speaker beep when-
ever the mouse gets near the center of the screen.

7.9 WRITING A MEMORY-RESIDENT PROGRAM

A memory-resident program is a program that remains in memory after it returns control to
DOS. Normally, when an .EXE or a .COM program completes execution, control is re-
turmed to DOS with the instructions:

MOV AH, 4CH ;terminate program function
INT 21H ;DOS call

which are generated by the .EXIT directive. This is, in fact, a DOS call that never returns.
When this interrupt function is issued, DOS reclaims all memory allocated to the terminat-
ing program and starts up the command processor (COMMAND.COM) again. For a pro-
gram to remain resident in memory (referred to as a TSR for terminate and stay resident

programy), a different function is needed.

DOS INT  21H, Function 31H: Terminate and Stay Resident

This function is selected when register AH equals 31H. Upon entry, the DX register must
contain the number of paragraphs that will remain resident. The number of paragraphs
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must be large enough to hold the program segment prefix and all necessary code and data
segments of the TSR.

B EXAMPLE 7.9

:
;
.?_.

What is the memory size of the resident program after these instructions execute?

MOV DX, 60
MOV  AH, 31H
INT 21H

The DX register specifies 60 paragraphs, which equals 60 * 16 = 960 bytes. W

A second method used to terminate and stay resident, which should be used only with
.COM files, is INT 27H. This interrupt requires that the DX register be loaded with the size
of the program in bytes. INT 27H uses the current CS address to preserve the bytes indi-
cated by DX,

Writing a terminate and stay resident program requires more than simply issuing
Function 31H (er INT 27H). Some method must be used to give the program control after
it terminates. Let us examine one common approach.

Hookiﬁg an Interrupt

When a program terminates and stays resident, it must provide for a method of getting con-
trol so that it can execute. Otherwise, it will simply remain in memory, not executing, until
the computer is rebooted.

¢ One common method used to give control to memory-resident programs is through
the use of an interrupt heok. An interrupt hook is accomplished through the use of DOS
INT 21H, Functions 25H and 35H. A TSR program may use the following steps to hook
an interrupt for itself:

1. Get vector of interrupt to hook (with INT  21H, Function 35H).

2. Save old interrupt vector.

3. Make a new vector for the interrupt.

4, Set new vector of hooked interrupt (with DOS INT 21H, Function 25H).

The new interrupt vector usually points to the address of a procedure contained within the
memory-resident program. Figure 7.3 shows the result of an interrupt hook for INT  16H.
The original vector for INT 16H (F000:2EES8} is read with Function 35H and saved
within the data area of the TSR. The CS:IP address (1587:01CD) of the procedure within
the TSR that will handle the interrupt replaces the old vector for INT 16H (using Func-
tion 25H). Thus, an interrupt chain has been created. An INT 16H will now cause the
TSR to get control. Because the old vector of INT 16H is saved in the TSR's data area,
the TSR can JMP or CALL the original INT 16H handler as required.

. B EXAMPLE 7.10

Specifically, INT 16H may be hooked through the following instructions:

;stérage for 0ld interrupt vector
OLDIPCS DD ? jneed a double word for CS:IP
;save current vector address

MOV AL,16H rinterrupt number
MOV AH, 35H ;get interrupt vector function
INT 21H ;D0OS call

MOV WORD PTR CLDIPCS,BX ;save INT 16H instruction pointer
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MOV WORD PTR OLDIPCS5(2],ES t1save INT 16H code segment
;8et new vector address

MOV AL, l6H ;interrupt number

MOV AH, 25H ;set interrupt vector function

LEA DX, NEWISR ;load IF of new interrupt service routine
PUSH Cs iput copy of CS into DS '
POP DS

INT 21H ;DOS call

The code beginning at the address specified by NEWISR will get control whenever INT
16H is issued. H

The TSR may give control to the old interrupt service routine in two ways: through
the use of a FAR JMP or a FAR CALL. Considering the code from Example 7.10, a FAR
IMP is performed by the instruction:

JMP OLDIPCS

In this case, the IRET at the end of the original ISR will cause a return to the program that

issued the interrupt.

To use a FAR CALL, it is necessary to adjust the processor’s stack pointer. Remem-
ber that a FAR CALL pushes two words onto the stack, the CS:IP return address. The orig-
inal ISR’s IRET instruction will pop rhree words from the stack, the CS:IP return address
and the flags. So, to use a FAR CALL within the TSR, we need the following code: :

PUSHF ;adjust stack
CALL QLDIECS ;jexecute original ISR

Either way, it is necessary for the TSR to pass control to the original ISR at some point, or
risk interfering with the normal operation of the computer. .

FIGURE 7.3 Hooking Vector table
interrupt 16H: (a) criginal memnory
interrupt vector;
(b) modified interrupt
chain FOO0:2EESR INT 16H
ISR
(a) Original interrupt vector
Vector table
memory
1587:01CD FOO0:2EE8 | |NT 16H
—————
TSR ISR
2EER |IP
Fooo | CS

{b) Modified interrupt chain
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PHONES: A Pop-Up Telephone Pad

The PHONES program presented here installs itself as a memory-resident program and
hooks INT  16H so that it can watch the keystrokes entered on the keyboard. When a spe-
cial key is pressed (Alt-P), the TSR performs its intended task and writes a small telephone
directory to the display. All other keyboard keys are ignored.

The telephone directory is output as a multiline white character on a blue background
message. The screen information overwritten by the telephone directory is lost.

When Alt-P is entered (after PHONES has been installed as a TSR), the screen
should look something liks this:

BAlan seaws s N SRS . D50 = (D017
Charlie: .. ...was vanerssses B3BS - B325
DAVE wcesenens soswivisisis asssareisiage sonss 555 - 7854
Michele....... vererassares 555 = 7514
Mike...... FERELER SORnJE vy 585 = 025

The telephone information will scroll off the screen line by line as Enter is used.

;Program PHONES.ASM: Memory-resident telephone pad.

1 Using

.
L

_ START:
OLDIPCS
PMSG

IPOS
; SPOS
| HOTKEY

POFUP

EXTKEY:

RDKEY:

.COM format,
.MODEL TINY
.CODE -
ORG 100H ineeded for .COM structure
JMP INIT
DD ?
DB 'Alan ......... ottt e 555 - 5017 *,1
DB ‘Charvlie: s sy e Y 555 - 5325 r,1
DB fDave owea RS RhTRl W Eemes 3 555 - 7854 r,1
DB Michelapge v s sorns e 555 - 7514 -r,1
LB EMAICE: srwomns v wvmin e SRR DRI 555 - 7015 r,1
DB 0
EQU 20%2 ;initial screen position
DW IPQS
EQU 1900H +15H for ALT-P, 00H for extended key
PROC FAR
PUSHF ;save flags
CMP AH, 0 ;is function 00H requested?
JINZ EXTKEY ine, go look for other function
JMP RDKEY ;go read keyboard
CMFP AH, 10H 1is function 10H requested?
JNZ EXIT ino, go process old ISR
PUSHF ) ;fix stack for CALL
CALL CS:QLDIPCS iprocess old ISR (read keyboard)
CMP AX,HOTKEY ;does key match popup code?
JNZ BYE ;no, Jjust exit now
PUSH DI ;save registers
FUSH 2
FUSH Ds
MOV AX,0B8OOH ;load address of video RAM
MOV D3, AX
LEA 81,C8:PMEG ;set up pointer to popup string
MOV DI,CS:8POS ;set up pointer to screen position
MOV AL,CS:[8I] ;iread popup character
INC SI ;advance t£o next character
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N3:

N4

BYE:
EXIT:
POPUP

INIT:

CHAPTER 7 ADVANCED PROGRAMMING APPLICATIONS

CMF
JZ
OR
JZ
MOV
MoV
ADD
JMP
ADD
JHP
MOV
POP
POP
POP
MOV
POPF
IRET
POPF
JME
ENDP

MOV
MOV
INT
MOV
MOV
LEA
MOV
MOV
INT
LEA
MOV
SHR
INC
MOV
INT

END

AL, 1

N3

AL, AL

N4
{DI],AL
BYTE PTR
DI,2

N2
Cs:
N1
Cs:
DS
ST
DI
AX,3920H

[DI+1],17H

5P0S, 160

SPOS, IPOS

C5:0DLIPCS

AL, 16H
AH, 35H
21H '
WORD PTR

DX, C5: POPUP
AL, 16H

AH, 25H

21H

DX, C5:INIT
CL, 4

DX, CL

DX

AH, 31H

21H

START

C8:0LDIPCS, BX
WORD PTR CS:OLPIPCS[2],ES

;was it end-of-line code?

;ves, go update position

;wag it end-of-string character?

;¥yes, go restore registers

;otherwise, write character to screen
; force white on blue attribute

;advance to next screen position

;and repeat

;advance screen position to next line

;and continue

;reset gcreen position

;restore registers

;return <space>» for <Alt-p»>
jrestore flags

;return from interrupt
irestore flags

;9o process old interrupt

tkeyboard interrupt number
;get interrupt vector function
;DCS call !
;save old interrupt IP
;save old interrupt C&
;load address of popup ISR
jkevboard interrupt number

;set interrupt vector function

;D08 call

;load required memory size in bytes
;eet up shift count

;convert size into paragraphs
;round up for good measure

;keep program resident function
;D08 call

;muat specify starting address

The PHONES program is designed as a .COM program (via the . TINY directive) with all
code and data contained within the code segment. This accounts for the operand references
containing the segment override prefix CS, as in CS:[S] and CS:OLDIPCS,

The INIT portion of the program is used to install the TSR and is not required after -
the interrupt chain has been modified. The instructions:

LEA
MOV
SHR
INC
MOV
INT

DX

DX

AH,

,CS:INIT
CL,
DX,

4
CL

31H

21H

are used to compute the length of the TSR in paragraphs, up fo the INIT code.
We can examine the effects on allocated memory before and after execution of -
PHONES with DOS’s MEM/C command. For example, before PHONES is executed,
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MEM/C shows the following allocation:

Modules using memory below 1 ME:

Name Total = Conventional + Upper Memory
M3DOS 17,565 {17K} 17,565 {17K) 0 {OK)
HIMEM 1,168 {1K) 1,168 {1K} o {OK)
EMM386 3,120 {3K} 3,120 {3K) 0 (0K}
COMMAND 2,928 {3K) 2,928 {3K) 0 {0K}
SMARTDRV 27,504 {27K) 11,104 (11K} 16,400 (16K}
MSCDEX 36,224 {35K) 36,224 {35K) Q {OK)
SETVER 800 {1K} 0 {OK} 400 {1K)
MOUSE 15,808 {15K) 0 {OK} 15,808 {15K)
MTMCDE 57,664 {SEK) o {OK) 57,664 {56K)
DELSPACE 39,648 {39K) 1] (OK) 39,648 {39K}
DOSKEY 4,144 (4K} 0 {OK} 4,144 {4K)
Free 607,168 {593K 583,008 {569K) 24,160 {24K}

When PHONES.COM is executed, we see the following change in memory allocation:

Modules using memory below 1 MB:

Name Total B Conventicnal + Upper Memory

MSDOS 17,565 (17K} 17,565 {17K) 0 {0K)
HIMEM 11,168 (1R} 1,168 {IK} 0 {OK)
EMM386 3,120 (3K) 3,120 {3K} o] {0K)
COMMAND 2,928 {3K) 2,928 (3K} 0 (0K}
SMARTDRV 27,504 {27K) 11,104 {11K) 16,400 {16K)
PHONES B32 (1K) 832 {1K) [+] (OK)
MSCDEX 36,224 {35K) 36,224 {35K) a {OK}
SETVER 800 {1K) 4] {OK) 800 {1K)
MOUSE 15,808 {15K} 0 ({OK) 15,808 {15K)
MTMCDE 57,664 {56K} 0 {0K) 57,664 {56K)
DBLSPACE 39,648 {39K) 0 {0K) 39,648 {39K}
DOSKEY 4,144 {4K) [ {0K) 4,144 (4K)
Free 606,336 {592K) 582,176 (568K) 24,160 {24K)

In addition to the change in allocated memory, we should examine the differences in
the interrupt vector table for INT 16H. The addresses for INT  16H vector are 00058H
through 0005BH. These addresses can be examined using DEBUG, with the coramand:

-D 0:58 L 4
When this is done before PHONES is executed, we get:
EB 2E 00 FO

which indicates the address FOO0:2EES. This is the original address of the INT  16H han-
dler (somewhere in the system BIOS ROM).
After PHONES is executed, DEBUG will show the vector:

Ch 01 87 15

which indicates the address 1587:01CD, the address of the POPUP code in PHONES.

So, we have proof that PHONES has been installed as a TSR program, Because it
hooked into INT  16H, it will gain control frequently (every time a key is hit). Whenever
Alt-P is pressed, the telephone information in the PMSG string will be copied to screen
RAM. Notice that PMSG is not structured as a character string terminated by a “$” character
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(for use with Function 9: display string), but instead uses the number 1 to represent the end
of a line of text, and a 0 to indicate the end of the list. A small group of instructions is used
to copy the PMSG data to screen RAM and adjust the screen attributes. ;

Attention! It is extremely important to preserve the state of the processor registers
used within the TSR! Only a small amount of stack space is provided by DOS for interrupt 4
handling, so use and save registers sparingly. :

If the TSR issues an INT of its own (possibly to an INT 21H function), there may
not be enough stack space available to save everything. It may be necessary for the TSR to °
create its own stack environment while it has control. Then, before exiting, the original |
stack area must be reassigned. '

Programming Exercise 7.15: Moadify the PHONES program so that the screen text ;
overwritten by the telephone directory is saved in memory and then restored when any key |
is hit after Alt-P. :

Programming Exercise 7.16: Try to rewrite PHONES with a call to INT 21H, f‘
Function 09H to display the telephone directory. What problems, if any, do you encounter? -

e e

7.10 TICTAC: A GAME FOR A CHANGE

Writing a game program may not be considered an advanced programming assignment, but
the effort still has its benefits. Many games are simple and fun to play and do not require a
tremendous amount of programming experience to develop. Also, it is often easy to spot in-
correct program operation when you have a good idea of what the program should be doing *
next. Debugging a game program usually offers many valuable programming lessons,

In this section, we will examine a simple tic-tac-toe program that does not take much
effort to beat. In the human versus computer TICTAC.ASM program presented here, the
strategy of the compuier is straightforward: put an O in the first empty pesition encoun- .
tered. It is difficult to lose a game against the computer due to this simple strategy. 3

Even though the computer’s strategy lacks skill, writing the code for the entire pro-
gram is still a challenge. The game can be broken down into a number of individual proce- -
dures. These procedures do the following:

. Display the game board

. Get a valid move from the user

, Determine a valid move for the computer
. Check to see who won

You may notice that other games, including checkers and chess, perform the same opera- |

tions. It is very satisfying to write new game procedures one by one and watch the game -

develop into a playable program. o
Examine the TICTAC.ASM program.

;Program TICTAC.ASM: Play Ti¢ Tac Toe with the computer.

’

GMSG

.MODEL SMALL

.DATA

DB ‘Computer TIC TAC TOE. ', ODH, QAH

DB ‘User is X, computer is O‘,0DH, 0AH, ODH, Q0AH, '$"




EE R e e L e RN

k
;

7.10  TICTAC: A GAME FOR A CHANGE 261

BOARD DB *123456789 "
BTXT DB 0DH, GAH
D * | | *,0DH,0AH
DB R ) +,0DH, QAH
DB ! | | *,0DH, OAH
DB e ', 0DH, 0AH
DB ! | i +,0DH, OAH, ODH, OAH, * &
BPOS DB 2,6,10,24,28,32,46,50,54
PMSG DB ‘Enter your move (0 to 9}: &
PIML DB (DH, 0AH, 'That move does not make sense, try again.’,0DH, OaH,'5$’
PIM2 DB (DH, 0AH, ' That aquare is cccupied, try again.’,0ODH, 0&H, "5
CMS8G DB ‘I choose sgquare §°'
CRLF DE QDH, 0AH, '5'
WINS DWw 1,2,3, 4.5,6, 7,8,9 ;jany row
pw 1,4,7, 2,5,8, 3,6,9 . ;any column
oW 1,5,9, 3,5,7 ;either diagonal
XWIN DB ‘X wins the game!’,0DH, OAH, '§"
OWIN DB 'O wins the game!‘,0DH,0AH,'S$’
MTIE DB ‘The game is a tie.’,O0DH,QAH,'§’
LCODE
.STARTUF
LEA DX, GMEG ;set up pointer teo greeting
MOV AH, S ;display string function
INT 21H .
CALL  SHOWERD ;display board
NEXT: CALL PMOVE ;get player move
CALL SHOWRERD ;display board
CALL CHECK ;did player win or tie?
JZ EXIT
CALL CMOVE ;let computer move
CALL SHOWBRD ;display board
CALL CHECK ;did computer win or tie?
JZ EXIT
JMP NEXT ;continue with game
EXIT: .EXIT
SHOWEBRD PROC NEAR
MoV C¥, 9 ;set up loop counter
SUB 81,81 ;aet up index pointer
LBC: MOV  AL,BPOS[SI] ;get a board position
CBW ;eonvert to word
MOV DI, AX ;set up pointer to board string
MOV AL,BOARRD{ST] ;get player symbol
MOV  BTXTIDI],AL ;write into board string
INC ST sadvance index pointer
LOOF LEC ;repeat for all nine positions
LEA DX, BTXT ;set up pointer to board string
MOV AX,9 ;display string function
INT 21H ;DOS call
RET
SHOWBRD ENDF
PMOVE PROC NEAR
LEA DX, PM5G ;set up peointer to player string
MOV  AH,9 ;display string function
INT 21H ;DOS call
MOV AH,1 ;read kevboard function




BPM:
STE:

PS0:

PMOVE

CMOVE

NCM:

STN:

CMOVE

CHECK

CAT:

INT
CMP
JC

CMP

3UB
CEW
MOV
MOV
CMP
JZ

CMP
JZ

MOV
LEA
Mov
INT
RET

PROC
SUB

MOV

CMP
JZ
CME
JZ
MOV
MOV
PUSH
LEA
MOV
INT
PCP

MOV
INT
LEA
MOV
INT
RET
INC

ENDP

PROC
SUB
MOV
MoV
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21H

N P
BFM

AL, "97+1
BFM
AL,31H

8I,AX

AL, BOARD([SI]
AL, X'

PSO

AL, 'O’

PSO
BOARD{SI],'X’
DX, CRLF

AH, 3

21H

DX, PIM1
AH, 9
21H
PMOVE
DX, PIM2
STP

NEAR

81,51
AL,BOARD[SI}
AL, "%’

SN

AL, 'O

STN
BOARD[SI], 'O
AX, 8T

F:9.4

DX, CMSG
AH,9

21H

DX

DL, 31H

AH, 2

21H

DX, CRLF
aH, S

21H

51
NCM

NEAR

8I,sI

CX,8
DI,WINS{ST]
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;DOS call
;ensure user input is a digit

;remove ASCII bias
jconvert to word

;set up index pointer
;get board symbol

;is position occupied?

isave player move &
iset up pointer to newline string .
;display string function v
;DOS call

;set up pointer to illegal string

;display string function : e
;bos call :
;g0 give user a second chance ;
1set up pointer to cccuplied string &

;g0 Process errogr megsage &

;clear index pointer
;get board symbol
;is position occupied?

;I Eave computer move
r8ave move value

{not very tough, is it?}

;jset up pointer to choice string
;display string functicn

+DOS call

rget move value back

;add ASCII bias

;display character function

;DOS call

;5et up pointer to newline string
;display string function

;D08 call

;advance to next position
;go check next position

;clear index pointer
;set up loop counter
rget firgt board position



MOV
MOV
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AH,BOARD{DI-1]
DI, WINS[SI+2]

iget board symbol
;get gecond board position

MOV BL,BOARD[DI-1] ;get board symbol
MOV DI,WINS[SI+4] sget third board position
MOV BH,BOARD[DI-1] ;get board symbol
ADD SI,6 ;advance to next set of positiens
CMP AH,BL ;do all three symbols match?
JNZ NMA
CMP AH,BH
JNZ NMA
CMF &AH, ‘X’ rdoes match contain X7
JNZ WIO
LEA DX,XWIN iset up pointer to x-wing string
_ JMP  EXC igo procesg string
: WIO: LEA DX,0WIN iset up pointer to o-wins string
3 JMP  EXC ;go process string _
- NMA ; LOOP CAT ;no match, try another group
3 SUB SI,SI ;clear index peinter
. CFB: MOV AL,BOARD[SI] iget board symbol
' CMP AL, "X’ ;is symbol X7
JZ IAH
CMP AL, 'O ;is symbol O7
JZ IaH
RET sno tie yet
INC SsI ;advance to next position
LOOP CFB ;g0 check another board symbol
LEA D¥,MTIE ;set up pointer to tie message
MOV AH, 9 ;digplay string function
INT 21H ;D08 call
SUB AL,AL ;set zero flag
RET
ENDP
END

The tic-tac-toe board is contained within the text string BTXT. The positions in the BTXT
array that will contain board symbols are stored in the BPOS array. For example, the posi-
tion of the first square in the first row is 2. The position of the first square in the second row
is 24, The position of the last square in the third row is 54, These position values can be ver-
ified by carefully counting character places in BTXT. Together with the symbols stored in
the BOARD array, the entire board can be analyzed. A sample tic-tac-toe board (generated

during a game) might look like this:

X103

X156

70819
where each unoccupied square contains a digit. The board is displayed by the SHOWBRD
procedure.

The user enters a move through the PMOVE procedure. This procedure gets a user
move from the keyboard and checks to ensure that the move is valid (a legal digit repre-
senting an unoccupied board position). Then the BOARD array is updated. The BOARD
array for the sample tic-tac-toe board previously shown is:

X03X56789
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If the computer puts an O into position 3, BOARD will become: ;
XO0X56789

Once the BOARD array is updated, it is checked for a win. This is done by the
CHECK procedure, which tests all rows, columns, and diagonals for three X5 or three Os.
It indicates either a win (or a tie) by setting the zero flag upon return. CHECK uses the
WINS array to examine eight groups of three board symbols, which represent all three
rows and columns, and both diagonals.

Programming Exercise 7.17: Modify the TICTAC program so that the computer’s
first move is the center square. If the center square is already occupied, one of the four cor-
ner squares should be chosen.

Programming Exercise 7.18: Modify the TICTAC program so that the user or com-
puter may go first. ;

1

Programming Exercise 7.19: Modify the TICTAC program so that the user may g
choose Xor 0. . . f

Programming Exercise 7.20: Write a BLOCK procedure that examines the tic-tac-
toe board and determines if any row, column, or diagonal contains exactly two Xs and a
blank. Return the position of the blank (1-9) or 0 if no blocking move is found. 1

7.1

PROTECTED-MODE DETECTION

The 80386, 80486, and Pentium microprocessors are capable of operating in two basic ]
modes of operation: real mode and protected mode. In real mode, they act like really fast :
8086s. Registers are 16-bits wide. Memory space is lirnited to IMB. No special instructions
are allowed.

In protected mode, the full power of the processor is available. Registers are 32-bits
wide, and the memory space ¢an be as large as 4 gigabyies (4 biilion bytes).

DOS is an example of a program that runs in real mode, because DOS was created
for an 8086-based machine. Therefore, DOS has access to only IMB of memory. An ex-
ample of a program that runs in protected mode is Windows. As a matter of fact, most Win- -
dows application programs also run in protected mode. This can be verified easity. Find an

.EXE program in the WINDOWS directory, such as CALC.EXE. If you execute CALC
from DOS, you will get the following result:

This program regquires Microsoft Windows.

CALC.EXE was able to determine that the computer did not have protected-mode capabil- -
ity. However, when Windows loads and executes, a DOS Protected-Mode Interface (DPMI) 3§
is established through Windows code. This DPMI is accessible through the use of multiplex ]
interrupt 2FH. The multiplex interrupt is provided by DOS to support background programs §
(such as PRINT or DOSVER). The multiplex interrupt requires AX to be equal to 1687H to 3
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check DPMI status. If a DPMI program is active, we get the following;

AX:0

BX: 32-bit support flag

CL: Processor type

DX: DPMI version number
SI: Private data paragraph count

DI: Entry point offset

ES: Entry point segment

The DPMISTAT program shown here uses this information to display the DPMI status.

i Program DPMISTAT.ASM: Check for DOS Protected-Mode Interface,.

NODPMT
NOTSUP
ARESUP
P286MSG
P386MSG
P4BBMSG
PUNMSG

SHOWEB:

YES3Z2:

SHOWP

P2:

P3:

P4:

.MODEL SMALL

LDATH

DB 'No DOE Protected-Mode Interface detected.’, 0DH, 0aH, ' &’
DB *32-bit programs are NOT supported. ', ODH, 0&H, ' &
DB '32-bit programs ARE supported. , ODH, 0AH, '8¢

DB ‘Processor is an 80286.‘,0DH, 0AH, ' §*

OB ‘Processor is an 80386, ¢, 0DH, 0AH, ' $¢

DB '‘Processor is an B0486 or Pentium. ', ODH, 0&H, r&*
DB ‘Unidentified processor.‘, ODH, 0AH, *&*

.CODE

. STARTUP

MOV AX,1687H iget mode switch entry point

INT 2FH fMULTIPLEYX interrupt

OR AX,AX sDMPI Present if AX = 0

J2 SHOWB rgo show 32-bit status

LEA DX, NODPMI iset up pointer to nodpmi message
MOV AH, 9 ;display string function

INT 21H ;DOS call

JMP EXIT

OR BX,BX

JNZ YES32

LEA DX, NOTSUP
MOV AH, S

INT 21H

JMP SHOWP

LEA DX, ARESUPR

MOV AH,9

INT  21H

CMP CL,2

JNZ P2

LEA DX, P286MSG
JMP  SCPU

CMP  CL,3

JNZ  P3

LEA DX, P386MSG
JMP  SCPU

CMP  CL,4

JNZ P4

LEA DX, P486MSG
JMP  SCPU

LEA DX, PUNMSG

iare 32-bit programs supported?

jjump if yes

;set up pointer to not supperted message
;display string function

;DOS call

;g0 show processor type

iset up peointer to supported message
;display string function

;DOS call

;is processor 802867

;8et up pointer to 80286 message
;go display string
;is processor BO386?

;set up peointer to 80386 message
;g0 display string
;1s processor 804867

iset up pointer to 80486 message
;g0 display string
;set up pointer to unidentified megsage
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SCPU: MOV AH, 9 ;display string function
INT 21H ;D03 call

EXIT: LEXIT
END
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When the program is executed from the DOS environment, the result is:
No DOS Protected-Mode Interface detected.

But, if we start up Windows (via WIN /3) and then choose MS-DOS Prompt from the Main §
window, we will get access to DOS from inside Windows. E
When DPMISTAT is executed now, we get:

32-bit programs ARE supported.

Processor is an 80486 or Pentium. :
So, checking for the presence of a DPMI program is important for programs that desire 3
access to the 32-bit processing power of protected mode. 4

7.12

INTERFACING C WITH ASSEMBLY LANGUAGE

The C programming language has become very popular over the last few years, primarily be- %
cause it is extremely portable. Programs of a portable programming language are easily _:':_
transferred to other machines. For example, a C program written on a VAX™ mainframe will 4
usually compile without errors when ported to an MS-DOS (80x86-based) or Macintosh®
{(680x0-based) machine. The purpose of the C compiler is to convert the staterents in a C 3§
program into the correct sequence of machine language instructions for the host processor.

In this section, we will examine the machine code generated by a C compiler and the
standard way the C compiler uses memory to access information,

One way to interface C with assembly language is to put the instructions directly into §
the C program. Examine the following C program;

main {}
{
asm mov dl, 0x30 /* begin counter at ‘07 */ :
asm mov ah, 2 /* display character functiecn */ j
next:
asm int 0x21 /* DOS call */
asm inc dl /* increment counter */
asm cmp dl, 0x3da /* is counter > *%r ? */
asm jnz next

}

Notice that the program is written almost entirely in assembly language, with the exception of _;'f'
the main{) keyword, and the braces { } surrounding the statements. The C keyword asm s used
to perform in-line assembly of the assembly language statements in the C program. The six
assembly language siatements form a loop that outputs the digits O through 9 to the display.

Normally, this C program would be compiled to create an executable program. This
process, however, will not allow us to see the final assembly language generated by the C 2
compiler, So, a different technique will be used to create an assembly language source file
from the C program. A program available with many C compiler packages is used to convert 4
the .C program into an , ASM program. This program is called TCC.EXE and is used like so: 3

TCC -3 -EFILENAME.ASM FILENAME.C




P

_main
_TEXT
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This DOS command tells TCC to create FILENAME. ASM using FILENAME.C. The result
of TCC’s execution is as follows:

segment byte public ‘CODE!
maini)

assume cs: _TEXT

proc near
push bp
mov bp.sp
{
i asm mov  dl, 0x30 /* begin counter at Q' */

mov dl, 030H

asm mov ah,2 /* display character function */
mov ah, 2

next;

asm int 0x21 /* DOS call */

int 021H

asm ine di /* ilncrement counter */

inc dl

asm cmp  dl,0x3a /* 1s counter = *8° 2 */

cmp dl,03aH

a&sm Jnz next

ine short@1@86

}

pop bp
ret

endp

ends

end

The assembly language generated by the asm keyword is almost identical to that used
in the asm statement, except when numbers or labels are used in the operand field. For ex-
ample, the 0x30 operand in the first statement is used to represent the value 30 hexadeci-
mal. This is the standard way a hexadecimal number is represented in C. Recall that the as-
sembly language required by ML requires 30H to specify 30 hexadecimal. This is
illustrated in the instruction mov  dl,30H.

When a label is used, TCC must generate a unique name for it. The label next has the
name @ | @86 associated with it, Notice that the asm  jnz next statement created the in-
struction jne  short @ 1@86. Both are functionally equivalent,
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Finally, TCC supplies entry and exit code to allow execution of the program in the

DOS environment. The instructions for program entry are:

push bp
mov bp, sp

and for program exit, we have:

pop bp
ret

These two groups of instructions indicate that the BP and SP registers play an important
role in C's interface with assembly language. This role is well defined and can best be ex-
plained through the examination of another C program and its associated assembly lan- .

guage code (generated by TCC).

The following C program contains a function called addem that uses two input para-

meters, x and y, both of which are defined as integers.
#inciude <stdic.h>

void addem(int x, int vy);

main)

{
int a, b:
a=5;
b= 7;

addem{a, b);
}

void addem{int x, int y}
1

int c;

c =X +¥;
printf{”"The sum is %3d\n~", c¢);
}

This can be seen in the function’s definition statement:

void addem{int x, int y};

e

The function definition statement provides important information to the C compiler, which -
must ensure that the parameter values are accessible when the function is called in the main -

program. For example, when the C compiler encounters the statement:
addem{a, b);

it creates a working environment for the function according to a standard known as the C

calling convention. This calling convention dictates that parameter values used in a func.

tion call be pushed onto a run-time stack in right-to-left order. Thus, the value of variable
b (parameter y) is pushed onto the run-time stack, followed by the value of variable a (pa-

-rameter x). This is illustrated in Figure 7.4. Notice that the integer values of both variables .
(7 and 5) each occupy one word of stack space. This is due to the C compiler’s use of a

word to represent an integer.

After the function parameters are pushed, the program’s return address is pushed. This
is the address that will get control when the function completes execution. Thus, a portion
of the run-time stack has been constructed to allow execution of the addem( ) function. .

A A A R e S 2
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FIQURE 7.4 Run-time stack
during a C function call

Constructed
for addem ()

Constructed
for main { )

A second portion, which was constructed for the main( ) routine, has been previously loaded
onto the stack. The first value pushed onto the stack in this portion was the original value of
the BP register when main( ) got control. The BP register is then updated to point to the bot-
tom of main( )’s run-time stack. For purpeses of this discussion, a set of addresses has been
included in Figure 7.4 to help illustrate exactly where information is being saved. Thus, the
bottom of the run-time stack is the word located at address 1012,

The new value of the BP register is used by main{ ) to access all information on the
run-time stack. When the compiler encounters: '

int a, b;

it reserves two words of run-time stack space for the values of variables a and b. Figure 7.4
shows that these two words immediately follow the original BP register value. The com-
piler may now refer the variable a using the operand [bp-2]. Variable b is accessed through
the operand [bp-4]. Note that the order of the variables stored in the run-time stack is iden-
tical to the order in which they were declared. This is exactly opposite the order used to
push parameter values for a function.

To better understand the run-time stack usage, let us examine the assembly language
file created by TCC for our current C program.

_TEXT segment byte public 'CODE’
H
: main{)

assume «<¢s:_TEXT

_main proc near
push bp
mov bp,.sp
sub sp, 4
i {
: int a, b;
K a = 51
MoV word ptr [bp-21.,5
h b = T2

mov word ptr [bp-41.,7
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N e

_ain

L}
.
r
-
L}

&8 sume

" end

addem(a,_ b);

word ptr [bp-4]
word ptr [bp-2]

near ptr _addem

void adAQMIint x. 1nt‘y} :

cs TEXT

addém prog,, ..q__e__qxj
. push.  bp
- mov’ . bp,sp
sUB - Ep,2 _' ’
: { s
H int ¢;
= L g= X+ Y:
mov :\.,.._ax,word ptr [bp+4J
: add ax,woxd ptr [bp+6]
S Tmov word ptr [bp-21,ax
3 pr:.ntf('the sum is %BG\n“, cl;
push .. wox:d ptr {bp 21
mov ax, _cffset_ DGROUP: 5@
push ax - .
. call near ptr _printf
PoR cx
S pep cx
; .} 
MoV sp,bp “
.pep  bp
‘ret
_addén "’ efidp
_TEKT - ends : .
_DATA - gsegment word public ‘DATA!
s@ . - : label = byte
.db 'The sum ia LECY
db 10 '
Cab o
_DATA ends '
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The first group of instructions in _main are:

push bp
mov bp, sp
sub sp,4

These instructions save the original value of the BP register, adjust the BP register so that
it points to the bottom of the run-time stack, and adjust the SP register so that space is
reserved for the integer variables a and b (as shown in Figure 7.4), The statement;

&= By
is coded in assembly language as:
mov word ptx [bp-2}.,5

This translates to the address 1010 in the run-time stack of Figure 7.4. A similar method is

used to initialize the value of variable b, which is stored at address 100E in the run-time stack.
When the addem(a, b); statement is encountered, the compiler generates instructions to

place addem’s parameter values onto the run-time stack, These instructions are as follows:

push word ptr [bp-4]
push word ptr [bp-2]

Remember that the [bp-4] value is the value of variable b and that [bp-2] refers to the value
of variable a. Thus, the parameter values for the addem( ) function have been pushed onto
the run-time stack in right-to-left order (y then x). The refurn address is automatically
pushed by the:

call near ptr_addem

instruction.

When the _addem procedure gets control, it performs the same initial run-time stack
allocation that main( ) did. The original value of the BP register is saved and then reloaded,
and the SP register is updated to reserve room for the variable c used by addem( ). Fig-
ure 7.5 shows the new run-time stack.

Now that the _addem procedure is executing, how does it access its x and y parame-
ter values? By the nature of the C calling convention, the parameter’s values are accessed
by use of the BP register. However, because a return address was pushed onto the run-time

FIGQURE 7.5 Run-time stack
while executing the addem({)
function

addem ()

txain ()
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P T,

stack after the two parameter values, the offsets used with the BP register must be changed. .
For example, in the statement:

S e i e

c=x+y

the value of variable x is accessed through the operand [bp+4] and variable y through é
[bp+6]. This is necessary to skip over the return address in the run-time stack. Use the ad- ;
dress values in Figure 7.5 to prove the correctness of these operand addresses. g

You may agree that the run-time stack gets very cluttered with information during . 1
a program’s execution. Having to skip over return addresses and reserve room for vafi- ;
able storage makes it hard to keep track of where the actual return address for any given 4
procedure is. The C calling convention offers an easy solution fo this problem. Because the -

SP and BP registers are updated upon entry to any routine, upon exit we need only:
mov sp.bp

pop  bp
ret
to always return correctly.

B EXAMPLE 7.11

The following C program calls an external integer function xplusy():
#¥include «stdie.h>

extern int xplusy(int x, int y};

mainft)

{
int a,b;
a = 5;
b= 7;

printf{~The sum is %d\n", xplusy(a,b));
}

The xplusy() function is an assembly language routine. A number of assembler directives
may be used when writing xplusy() in order to implement the C calling convention and cor-
rectly manipulate the run-time stack. Here is what xplusy() looks like:

.MODEL SMALL,C
.CODE

PUBRLIC xplusy

xplugy PROC NEAR C, x:WORD, y:WORD
LOCAL Zz :WORD

MOV AY,x ;load value of x into AX
aDD AX,y jadd value of v to AX
MOV Z,AX ;store AX in =z

RET

xplusy ENDP

END
The PUBLIC keyword must be used because xplusy() is an external reference to the
ADDER.C program, The PROC NEAR C directive (along with MODEL SMALL,C}

informs the assembler that procedures must have the standard entry and exit code required
by the run-time stack. This code is automatically generated when the assembler encounters
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FIGURE 7.6 xplusy() 55 PUSE  BP Generated by
machine code 8B EC MOV BE, 5P PROCNEARC
83 C4 FE ADD SP,-02 Generated by LOCAL 2;WORD

8B 46 04 MoV  AX,((BP+04])  xWORD
032 46 06  ADD ax,Br+06])  y'WORD
89 46 FE = Mov  ((BP+0Zl) AX  ZWORD

8B ES MOV SF,BP Automatically generated
5D POP EP when RET i5 seen in source file
c3 RET

the first instruction of the procedure MOV  AX.x) and the last (RET). The PROC direc-
tive also allows us to specify the formal parameters used by the procedure (x:WORD and
y:WORD) and their data type. A WORD corresponds to an integer in C.

The LOCAL directive is used to reserve room on the run-time stack for variables that
are Jocal to the procedure (z:WORD). All variables are referenced by the standard [BP +/—
offset] notation,

Because xplusy() is an integer function, it must return an integer vatue. This value is
returned in AX. Simple data types, such as chars and ints, are returned in the accumulator,

Figure 7.6 details the resulting machine code of the xplusy() function. Note the off-
sets associated with x [BP+4], y [BP+6], and z [BP-2}, These are the expected locations
within the run-time stack for these variables.

When the ADDER program is compiled and linked with xplusy(), the resulting exe-
cution is as follows:

The sum is 12

This simple example should help you begin writing your own assembly language functions
forC. B

Understanding how the C calling convention operates allows you to write your own
interface code for existing C routines. Through correct use of the run-time stack (via the BP
register), you should be able to access and use compiler-generated C code for your own

purposes.

Programming Exercise 7.21: Write an in-line assembly language C program that
displays your initials on the screen.

Programming Exerclse 7.22: Change the variable declarations for a, b, and ¢ from
int to float in the second C program. Make any other necessary changes to ensure correct
compilation and then create an assembly language file using TCC. What is pushed onto the
run-time stack now?

Programming Exercise 7.23: Explain what is done to the run-time stack in the sec-
ond C program to support the printf(} function,

Programming Exercise 7.24: Write an assembly language C function called max()
that compares two integers x and y and returns the value of the larger integer.
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7.13 ASSEMBLY LANGUAGE IN THE WINDOWS ENVIRONMENT

Why would a programmer choose to write code in assembly language, rather than a high-
level language like C or Java? Does it provide easier control over hardware? Is it a re-:
quirement of the manufacturer? Is it easier to optimize handwritten assembly language than
allowing a compiler to do it? Does the programmer simply enjoy using assembly language? 4
Windows programmers use assembly language to write many different things:

. Drivers for specific hardware.

. Dynamic Link Libraries (DLLs), libraries of ready-to-run code modules.
. WIN32 32-bit applications, including networking utilities and games,

’ Computer worms and viruses.

All of these uses for assembly language require the skills of an experienced assembly lan- :
guage programmer, not someone who has just learned how to write an 80x86 assembly lan. ;
guage program in the past month or two. Experienced programmers have written lots of |
their own assembly language programs (possibly even in other processor languages) and :
have spent a good deal of time examining other people’s assembly language programs to
learn how they work. ;

The Internet is full of assembly language tutorials for the 80x86, for both real-mode and |
protected-mode applications. There are also many free assemblers and linkers available for !
the 80x86 architecture. One popular package is called MASM32 (hitp://www.masm32.com),
acomplete package of tools used to create 32-bit code via assembly language. Those that own
their own assemblers (MASM, TASM) have the ability to upgrade the software to assemble -
instructions for the most current processor, :

Let us examine the structure of a simple assembly language program for Windows, :
and how to make it executable, using the MASM32 environment. This program,
HELLO.ASM, is designed as a Console application. This means you must run the pro- ;
gram from the command prompt in Windows. Console applications are text based, there §
are no graphic windows, or buttons to click. :

;HELLO.ASM Simple Console application E
586 _ :
.model flat, stdcall

option casemap :none

include \masmi2\include\windows. inc
include ‘\masmi2iincludeskerneliZ.inc
include \masm3Ziincludeimasm32.inc

includelib \masm32i\lib\kernel3z.lib
includelib \masm3z2\lib\masm32.1lib

.data
GreetMsg db "Greetings!”,0

.code :

start: 5
invoke Stdout, addr GreetMsg :
invoke ExitProcess, 0

end start

The .586 directive could easily be .386, .486, or whatever your target architecture is. 3
The flat model is the standard addressing scheme used in Windows applications. A flat
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addressing space uses 32-bit addressing everywhere; there are no near and far types of ad-
dresses (you could say everything is far if you want). The stdcall parameter indicates how
subroutine parameters are pushed onto the stack (right to left in this case, which is the stan-
dard convention). The invoke macro is used to process subroutine calls,

From the MASM?32 editor, select Console Assemble & Link from the Project menu
to create HELLO.EXE. When executed, HELLO.EXE simply outputs the string “Greet-
ings!” to the cormmand window.

To examine the actual code produced from the HELLO.ASM source file, it is neces-
sary 1o use a disassembler or debugger. One such tool is IDA, the Interactive Disassembler,

available from http.//www.datarescue.com. Using IDA, the HELLO EXE program can be
loaded and disassembled. Here is a portion of the results:

public start

start Proc near
push Offset aGreetings ; "Greetings!”
call sub_401018 '
push o : uExitCode
call ExitProcess
int 3 ;i Trap to Debugger
start endp

These statements were generated from the following HELLO.ASM source statemeats:

start: ; .
invoke Stdout, addr GreetMsg
invoke ExitProcess, 0

end start

But the push and call pairs of instructions are not all that is done by the invoke macro. The
sub_401018 subroutine, which actually performs the StdQut processing, is automatically
generated, and its code looks like this:

sub_401018 proc near

nNumberOfBytesToWrite = dword ptr -0ch
NumberQfBytesWritten = dword ptr -8
hFile ™, = dword ptr -4
lpBuffer = dword ptr 8
push ebp
mov ebp, esp
add esp, OFFFFFFF4h
push OFFFFFFFSh © ¢ nstdHandle
call GetStdHandle
mov febp+hFile], eax
push [ebp+lpBuffer)
call sub_ 401050
nov [ebp+nNumberOfBytesToWrite), eax
push 0 ; 1pOverlapped
lea eax, [ebp+NumberOfBytesWritten]
push eax ; 1lpNumberQfBytesWritten
push (ebp+nNumberCfBytesToWrite] ; nNumberOfBytesToWrite
push [ebp+lpBuffer] ; lpBuffer
push febp+hFile] ; hFile
call WriteFile
mowv eax, {ebp+NumberCfBytesWritten]
leave
retn 4

sub_401018 endp
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Phew! That is a lot of instructions and a lot to remember if 2 macro like invoke is not avail-
able in your chosen assembler.

Instead of the text-only interface available with Console applications, one might pre-
fer the windowed approach to program development. MASM32 is able to create code for
windowed applications as well, With only a few changes to HELLO.ASM, we can add a
simple message box window to our application. Examine WINHELLO.ASM to see how
this is accomplished:

.386
.model flat, stdcall
option casemap :none

include \masm32\include\windows.inc
include \masm32\includeikernel32.inc
include ‘masmi2iincludejuser32.inc

includelib \masm32\lib\kernel32.lib
includelilb ‘\masm32\libjuser32.lib

.data
TitleMsg db "MASM32 Example #17,0
GreetMsg db "Greetings!”®,0

.cede

start:
invoke MessageBox, NULL, addr GreetMsg, addr TitleMsg, MB_OK
invoke ExitProcess,0

end start

To create WINHELLO.EXE using MASM32, select Assemble ASM File from the Project
menu. When WINHELLOQ.EXE is executed, the message box window pops up, as indi-
cated in Figure 7.7. Clicking OK ends the program.

Table 7.3 shows some characteristics of the HELLO.EXE and WINHELLO.EXE
programs. What do you imagine accounts for the additional object file size in
WINHELLO.EXE?

If you choose to develop programs for Windows in assembly language, and you have
the necessary skills, it does not take long to tum an idea into a working application.

FIGURE 7.7 Window created .
by WINHELLO.EXE M#'»M .U._ I

TABLE 7.3 Comparing Console and Windowed applications

Program Type Objsct File Size EXE File Size

HELLO.EXE Console 565 bytes 2,560 bytes
WINHELLO.EXE Windowed 654 bytes 2,560 bytes
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Programming Exercise 7.25: What happens if you leave the comma and the 0 off the
greeting message, as in

GreetMsg db “Greetings!”
Try this with the HELLO.ASM program. What are the results?

Programming Exercise 7.26: Repeat Programming Exercise 7,25 for the windowed
application WINHELLO.ASM.

7.14  ASSEMBLY LANGUAGE IN THE LINUX ENVIRONMENT

The reasons users may have for developing Windows applications using assembly lan-
guage may apply to the Linux environment as well. In this section, we will examine the
structure of an assembly language program for Linux, and how to make it executable. But
first, let us get a better picture of the execution environment in Linux.

Examine the following C program (adder.c) that uses a function to return the sum of
two integers:

#include <stdio.h>
int addem{int x, int y);

int mainf()
{
int a, b, c;

a = 5;
b:?;
¢ = addem{a,b);

printf {"The sum is %d\n",c):

3

int addem{int x, int vy}
{

returni{x + y);
}

The values for main’s local variables a and b are passed to the addem() function. Addem()
returns the sum of the values, which is stored in main’s local ¢ variable before being printed
out by the printf() statement.

In Linux, the command

§ gecec -8 adder.c

will use the gcc compiler to create the assembly language source for adder.c, called adder.s,
which looks like this:

file "adder.g”

.section .rodata
LLCO:

.8tring *The sum iz $d4\n”

Lext
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.globl main
.type main, @function

main:
pushl %ebp
movl %esp, tebp ?ﬂ
subl 524, %esp y
andl §-16, %esp
movl 50, %eax
subl $eax, ¥esp
movl $5, -4 (%ebp)
movl $7,-8{%ebp)
subl 48, kesp
pushl -8{%ebp)
pushl -4(%ebp}
call addem )
addl 516, %esp _ ;
movl %eax, -12{%ebp) I
subl 8, %esp
pushl -12{%ebp) .
pushl $.LCO :
call printf :
addl 516, %esp
leave
ret 7
.size main, .-main

.globl addem
.type addem, @function

addem:
pushl %ebp
mov1 %esp, %ebp
movl 12 (%ebp), %eax
addl 8{%ecbp), %eax

leave

ret

.s8ize addem, .-addem

.section .note.GNU-stack, **, @progbits

.ident *GCC: {GNU} 3.3.2 20031022 (Red Hat Linux 3.3.2-1)"

Note the differences with MASMs (and Intel’s) operand format, such as the use of %eax in-
stead of just eax in the operand fields. This format is accepted AT&T assembly language
syntax. You will also notice that the order of the operands has changed, being <source>,
<destination>>, and operand-size suffixes are attached to some instructions. So, the Intel
instruction

MOV EAX, 0

becomes

movl 0, teax

in the AT&T-syntax format required for Linux assembly language programs. Not all
Linux assemblers work this way, so it is best to review the assembler documentation before
experimenting,

Linux makes use of interrupts to handle syscalls, calls made to the operating sys-
tem. Table 7.4 lists some of the more common syscalls. There are several hundred syscalls
defined.
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TABLE 7.4 The first 16 syscalls available

in Linux
Number Syscall

1 sys_exit

2 sys_fork

3 sys_read

4 sys_write

5 sys_open

6 sys_close

7 sys_waitpid

8 sys_creat

a sys_link
10 sys_unlink
11 Sys_execve
12 sys_chdir
13 sys_time
14 sys_mknod
18 sys_chmod
16 sys_lchown
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Syscalls operate in a manner similar to the DOS INT 21H function call. The syscall num-
ber is placed into EAX, and other registers are initialized (if any) prior to executing INT
80H (0x80 in C notation), Up to six registers may be used to pass parameters to a syscall,
and they are always used in the following order: EBX, ECX, EDX, ESI, ED], and EBP.

Here is a short assembly language source file called syshello.s that is used to display
a text string on the standard output:

.data
hella:

Lext

.globl
_start:

The source file is assembled using the fellowing command:

.string “Greetings\n”

_start

# setup parameters for SYS_WRITE
mowvl g4, %eax
movl 81, $ebx

movl S$hallo, $ecx
movl $10, %edx
int 50x80

# setup parameters for SYS_EXIT
movl g1, ¥eax

movl g0, $ebx

int S0x80

% as -a -o syshello.o syshello.s
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The “as” utility is part of the gee compiler package. The command line instructs “as” to
create an object file called syshello.o. The “as™ utility outputs the following statements:

GAS LISTING syshello.s page 1
1 .data
2 hello:
3 0000 47726565 .string "Greetings\n*®
3 T4696E67
3 730400
4 .text
5
& .glohl _start
7 _start:
8
9 # setup parameters for SYS_WRITE
10 0000 BBO40000 movl 54, %eax
10 [H]
11 0005 BRO100OO movl 51, %ebx
11 00
12 000a B90OOOOD movl $hello, %ecx
12 00
13 000f BAQAQOQO movl 510, %edx
E3 00
14 0014 CD80 - int $0x80-
15
16 # setup parameters for SYS_EXIT
17 0016 B8OL1000O movl 51, %eax
17 0o
18 001b BBOOOOOO movl 50, %ebx
18 0o
19 0020 CD8O int $0x80
GAS LISTING syshello.s page 2
DEFINED SYMBOLS
syshello.s:2 .data:00000000 hello
syshello.g:7 LLext:00000000 _start

NG UNDEFINED SYMBOLS

The object file is not executable until it is linked. This is accomplished with this command
line:

5 1d -s -0 syshello syshello.o

Here the executable file syshello is created from the syshello.o object file. It is executed
with this command:

5 ./syshello

Table 7.5 compares the object code and executable code size of syshello with the two Win-
dows applications from the previous section,

TABLE 7.5 Comparing Linux and Windows applications

Program Type Object File Size Executable File Size
syshello Linux Console 588 bytes 392 bytes
HELLOQ.EXE Windows Console 565 bytes 2,560 byles

WINHELLO.EXE Windows Windowed 654 bytes 2,560 bytes
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The Linux Console application surely has a more efficient way of displaying strings than
the Windows Console application, even though their object files are roughly equivalent
in size.

As with Windows, there are plenty of assembly language examples for Linux avail-
able on the Internet. Spend some time examining the examples before attempting your own
project; it will be a good investment.

Programming Exercise 7.27: Draw a figure showing the run-time stack associated
with the syshello application.

7.15 TROUBLESHOOTING TECHNIQUES

et R e e e

Many different types of programming applications were covered in this chapter. Let us take
a look at some of the techniques presented, as they may be useful when beginning a new
application.

. Create source files that contain code for all of the things you normally do in a pro-
gram, such as display strings, input and output numbers, or scan the command tail,
Assemble the source files and combine them into a library of code modules that you
can link to. This will allow you to reuse your code when writing new applications.

. The execution time of a block of code depends on many factors, such as clock speed,
processor type (8086 vs. Pentium), and the number of branch instructions. The cal-
culated execution time should be thought of as an estimate and used as a guide to
conirol further code development.

* Use memory-resident programs with caution. It is easy to crash the system with an
improperly written TSR. If you intercept an interrupt to gain access to the TSR pro-
gram, remember to restore the original interrupt vector before exiting.

. Add memory management and mouse support to your list of PC software/hardware
that you can control. You may wish to create a subdirectory that contains working ex-
amples of all the different control applications. The example programs can serve as
templates for further develapment.

. Do not attempt any protected-mode programming without further research into
protected-mode operation. Chapter 14 provides a detailed look at protected mode.

. Review the way the stack is used when interfacing a C program to an assembly lan-
guage routine. Stack-based parameter passing is very useful and should be well un-
derstood.

Your own special programming techniques will develop over time. You may se¢ an exam-
ple program in a magazine that does something neat and adopt it (start using it in your
code). Programs written by others are a good source of information for you. Search the
Web for assembly language examples; you will find plenty of archives. Goto a local com-
puter show and buy a used assembly language book. It pays to have lots of references.

-~ SUMMARY

In this chapter we examined many advanced topics that have direct application to real-
world needs. Instruction execution time, interrupts, multitasking, and memory manage-
ment are all important areas for the serious programmer. Interfacing with the mouse and
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working with memory-resident code add up to more powerful programming applications.
Specific programming techniques, such as assembling and linking separate source mod-
ules, and macro usage were also covered. Some technical details of protected mode and C
assembly language structure were also explained. Assembly language in the Windows and
Linux environments was also explored. '

STUDY QUESTIONS

bl

11.
12.
13.
14,
15.
16,
17.
18,
19.
20.

Explain the meaning and use of the PUBLIC and EXTRN assembler directives,

. Show the linker command needed to create the executable XY.EXE from the object

files XY.OBY and FUNCT.OBJ.

Explain what is meant by a nested macro.

Explain why a label must be declared LOCAL if a macro is used more than once,
Compute the execution time of this section of code; assume a 100-MHz clock
frequency,

MOV CX,1000H
NEXT: ADD AL,2

MOV [SI].,AL

LOOP * NEXT

. Repeat Question 5, assuming that all memory references take an additional two cycles.
. What are the addresses in the interrupt vector table for INT 2iH? How can DEBUG

be used to display the interrupt vector?

How can DOS INT 21H, Function 35H be used to get the interrupt vector for INT
10H?

Use DOS INT 21H, Function 25H to store the interrupt vector 0AE3:09BF.

. Why is it necessary for the SWITCHER program to restore the original INT 1CH

interrupt vector before exiting?

Explain how memory is managed by DOS,

‘What instructions are needed to allocate 8,192 bytes of memory?
How is mouse data accessed? When is mouse information available?
How does MOUSETST check for the presence of a mouse?

What must be done to make a program memory resident?

Why do you have te save the original interrupt vector when hooking an interrupt?
Explain how the tic-tac-toe board is managed in TICTAC.

What are the differences between real mode and protected mode?
How is the stack used in a C program?

What is in-line code in a C program?

ADDITIONAL PROGRAMMING EXERCISES

1.

2.

Write a series of string procedures, such as STRLEN (string length), STRCAT (string
catenation}, STRCPY (string copy), and STRCHR (string has character), Create an ob-
ject code library for the string procedures.

‘Write a macro that will set or clear a specific bit in register AX. For example, BITOP
S.4 will set bit 4 of AX. BITOP C,11 will ¢lear bit 11,
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10.

1L

12.

13.

14.

. Write a macro called MAX that returns the maximum value contained in parameters A

and B. For example, MAX 50,36 returns the value 50. MAX DX,2000 returns ei-
ther the value of DX or 2000, whichever is higher. The maximum value must always
be returned in register AX,

. Write an interrupt service routine that handles these four functions:

AH = 05H: NOT AL

AH = 10H: AND AL,BL
AH = 20H: OR AL,BL
AH = 80H: XOR AL,EBL

Install the routine using DOS INT 21H, Functions 35H and 25H.

. Write a program that will hook INT 16H and keep track of the number of keys

pressed on the keyboard. Save the key count as a word value and show how DEBUG
can display the count.

Modify the MEMMAN program to reserve memory blocks that double in size with
each request. The first block size should be 64 bytes. How many blocks are assigned?
What are their segment addresses?

Write a program that will request three 1KB biocks of memory, Add the bytes in the
first block to the bytes in the second block, and store the sum in the third block. Use
DEBUG to demonstrate that the third block contains the correct results.

Write a mouse application that places a red * on the screen at the current mouse coor-
dinates whengver the left button is pushed.

Write a memory-resident program that beeps the speaker three times at the beginning
of each hour, and once on the half-hour.

Write a blackjack program that allows the user to play one hand of blackjack against
the computer. The computer should deal two random cards to the user and itself, eval-
uate the points in both hands, and ask the user for hits, if necessary.

Generate assembly language for the following C program:

#include <«<stdio.h>
int adder (int x, int v);:
main(}
{
int a = 10, b = 20;
printf{*The zum iz %4\n”*, adder {a,b));
}
int adder {int %, int y)
{
return (x + ¥});

}

Write a program that disassembles the machine code beginning at a specific address,
similar to the unassemble command in DEBUG.

Downlead MASM32 and install it. Then locate an example program on the Internet
and get it to work.

Locate a Linux assembiy language program on the Internet and get it to work.




e L Ty S B e S e S ST S SR e S

PART 4

Hardware Architecture

8 Hardware Details of the 8088
9 Memory System Design
10 1/0 System Design
11 Interfacing with the 80x86
12 Building a Working 8088 System

Octal
register

2

D e

Basic logic gates play an important role in hardware interfacing

e I Qo —
Data

Data
out



CHAPTER 8

Hardware Details of the 8088
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OBJECTIVES

In this chapter, you will learn about:

. The general specifications of the 8088 microprocessor

. The processor’s control signal names and functions

. General signal'relationships and timing

. Methods by which the 8088 can interface with external dev1ces
. The external interrupt signals and their operations

. The 8088 bus controller

. The method used to access an 8085 peripheral

KEY TERMS
Interrupt enable flag Maxmode Single-stepping
Interrupt service routine Megabyte Suspended execution state
Interrupt type Minmode T state
LOCK prefix Nonmaskable interrupt Transceiver
Masking Power-on reset Wait state
8.1 INTRODUCTION

Before using any microprocessor, it is necessary to understand both its hardware require-
ments and its software functions. In this chapter we will examine all 40 pins of the 8088’s
package and see what their uses are in a larger system employing the 8088 as its CPU. We
will not concentrate on interfacing, because this important topic is covered in Chapters 9,
10, and 11. Upon completion of this chapter, we should, however, know about the various
signals of the processor to begin interfacing it with support circuitry, which includes
memories, /O devices, and coprocessors. The hardware architecture of the Peatium, which
is covered in Chapter 13, is radically different from that of the 8088. Even so, the experi-
ence gained working with the 8088’s hardware is applicable to current microprocessor

287
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technology, especially because the motherboards of today’s personal computers still sup- 4
port the original bus architecture and signals. The information presented in this chapter,
and in Chapters 9 through 11, will prepare you for the design of a working 8088 system in E
Chapter 12, 1

Section 8.2 gives a quick overview of the capabilities of the 8088, its memory ad- §
dressing capabilities, available clock speeds, and various other functions. Section 8.3 cov-
ers all 40 pins of the B088 in detail. The pins are separated into eight functional groups,
such as interrupt control, system control, and processor status. Block diagrams and timing
waveforms are given where applicable, except where they might apply to interfacing, Sec- 4
tion 8.4 describes the operation of the 8284 clock generator, an essential integrated circuit §
used in the 8083-based systems. A second essential component is the 8288 bus controler, .4
which is covered in Section 8.5. Timing diagrams for certain processor operations are
examined in Section 8.6, and 8.7 covers the various types of bus connectors found on §
the motherboard in many personal computers. Hardware troubleshooting techniques are 3
presented in Section 8.8. 1

8.2 CPU SPECIFICATIONS

Although we covered some of the 8088’s specifications in Chapter 2, it will be useful to -
cover them again, this time adding more detail. c

The 8088 is a 16-bit microprocessor that communicates with the outside world viaan
8-bit bidirectional data bus. This requires the 8088 to perform wo read cycles to capture |
16-bit chunks of data. This has the effect of doubling memory access time and increasing
program execution time. The 8086, having a 16-bit external data bus, needs to perform
only one read cycle to fetch the same data and thus executes programs faster than the 8088,

The 8088’s 20-bit address bus can access over I million bytes of memory (220 =
1,048,576 bytes, to be exact). We commonly refer to this number as 1 megabyte of
memory. Control signals are provided that enable external circuitry to take over the 8088’
buses (a must for DMA [direct memory access] operations), and two interrupt lines are in- .
cluded to provide maskable and nonmaskable interrupt capability. A number of status out
puts are available, which may be used to decode any of eight internal CPU states, and other
control signals are provided to allow interfacing with 8085 and 8088 peripherals. :

The 8088 comes with maximum clock speeds of 5 or 8 MHz, as of this writing, and
has been on the market long encugh to be purchased at a reasonable cost. But the power of
the 8088 can be tapped only if we know how to use it. So let us begin examining the func- -
tional operation of the processor.

Minmode Operation

The 8088 has two functional modes of operation: minimum mode (minmode) and maxi- -
mum mode (maxmode). Certain pins on the processor have been designed for dual pur-
poses, one for minmode and the other for maxmode. Figure 8.1 shows a pinout diagram of :
the 8088. Notice how pins 24 through 31 and pin 34 have two sets of signal names. In min- 3
mode, these nine signals are INTA, ALE, DEN, DT/R, I0/M, WR, HLDA, HOLD, and i
5Sp. They correspond to control signals needed to operate memory and /O devices con-
nected to the 8088 and are compatible with signals used in older 8085-based systems. :
Because the 8088 generates these signals in minmode, fewer chips are needed in the over-
all system; however, some functions are unavailable when the 8088 operates in minmode, 3
including bus request/grant operations and coprocessor capability. '
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FIQURE 8.1 8088 pin o] )
assignments

(HIGH)

RQ/GTy)
(RQ/TT))
(COCK)
S5

Sy

(S
(QSy)

Qs

Note: ( ) denotes 8 maxmode signal

Maxmode Operation

When the 8088 operates in maxmode, the nine signals we just examined change their func-
tions. The new signals become QS;, QSo, 3¢, 31, Sz, LOCK, RQ/GT,, RQ/GTy, and HIGH.
The lack of control signals (which exist only in minmode operation) now requires the use of
the 8288 bus controller to generate memory and I/0 read/write signals. Because an external
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chip is now generating these control signals, the processor is free to expand its functional ca-
pability. This allows the use of an 8087 coprocessor and provides bus request/grant operation
and queue status. All of these functions will be explained in detail in the next section.

8.3 CPU PIN DESCRIPTIONS

Refer to Figure 8.1 for another look at the 40 pins of the 8088’s Dual In-line Package.
There are eight groups of pins that we will examine in this section. Each group performs a
specific function, necessary to the proper operation of the 8088.

Ve, GND, and CLK

This group deals with the processor power and clock inputs. Note that there are two pins
for ground (GND) and one for Vcc. Both grounds must be used for proper operation. The -
8088 operates on a single, positive supply of 5 V = 10 percent (with some versions having
a 5 percent tolerance) and will dissipate 2.5 watts of power at this voltage. The specified
supply current is 340 mA at room temperature.

The CLK input requires a digital waveform with a 33 percent duty cycle. This wave-
form is shown in Figure 8.2. A 33 percent duty cycle means that the digital level is high
one-third of the time. The minimum clock period is 200 ns, corresponding o a frequency -
of 5 MHz. The maximum clock period is 500 ns, resulting in a minimum clock speed of
2 MHz. Rise and fall times should be kept under 10 ns. The TTL-compatible clock signal
is generated by the 8284 clock generator covered in Section 8.4. Even though the clock
input is internally buffered, the clock signal should be kept at a constant frequency (via the
8284 and a crystal oscillator) for best operation.

MN/MX

This pin is used to control the 8088's mode of operation. Remember from Section 8.2 that
the 8088 may operate in minmode or maxmode. The specific mode is selected with the
MN/MX pin. Maxmode is enabled when MN/MX is connected to ground. Minmode is
enabled when MN/MX is putled high (through an appropriate pullup resistor). As we saw
before, nine of the 8088’s signals have two functions, with each function depending on the
mode of processor operation.

gg, §1, and §2

These three signals are the 8088’s status outputs and are active only when the processor
is in maxmode. They are used to indicate internal processor operations, The 8288 bus

FIGURE 8.2 Three cyciles 1
of the CLK waveform

=| BT |+ %T ~

T = time of one cycle
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TABLE 8.1 8088 status signals

A 5 5 indicated Operation
0 0 0 Interrupt acknowledge
0 0 1 170 read

0 1 0 /0 write

0 1 1 Hatt

1 0 0 Code access

1 0 1 Memory read

1 1 0 Memory write

1 1 1 Passive

controller (covered in Section 8.5) uses the status outputs to generate memory and /O
read/write signals. Table 8.1 shows the eight different conditions that can be indicated by
the status outputs. The interrupt acknowledge status can be used by external circuitry to
manipulate the processor’s interrupt mechanism. The code access status indicates when the
processor is fetching instructions. When the 8088 has completed a bus cycle, the status
outputs will indicate the passive state. An easy way to decode all eight processor states is
to use a three- to eight-line decoder, such as the 74L5138; this is left for you to do as a
homework problem. Normally in a small system we have no use for most of the decoded
cycle states. In fact, an interrupt acknowledge signal (INTA) is already provided for us
when operating in minimum mode.

The status outputs are capable of tri-stating when the 3088 enters into hold acknowl-
edge (see the description of HOLD and HLDA in the next section).

A wi-state signal may be in one of three states at any time: low (0} state, high (1)
state, and high-impedance (open) state, as indicated in Figure 8.3.

RESET, READY, HOLD, and HLDA

This group of signals is used for system control. RESET and READY operate the same
way in both minmede and maxmode. HOLD and HLDA (hold acknowledge) work only
when the processor is in minmode.

RESET is the signal that really gets the processor running after a power-up. It is very
important to RESET the 8088 when power is first applied to guarantee that the 8088 hegins
doing intelligent things. A high logic level is needed to activate the RESET input, which
must remain high for at least four clock cycles to ensure proper operation. RESET can be ap-
plied during program execution as well, as a sort of panic button used to start the program
over from the beginning,.

Asserting a RESET causes the BO88 to fetch the first instruction from memory,
beginning at address FFFFOH. This requires some type of ROM data at that address to
guarantee that the 8088 begins running correctly,

FIGURE 8.3 Tri-state signal 1 Ea—
levels

high low high high impedance | low high
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READY is an input that informs the processor that the selected memory or /O de-
vice is ready to complete a data transfer. READY is often used to synchronize the fast
processor with a siow memory or I/Q device that may need an extended bus cycle to per-
form a read or write operation. A high logic level on READY indicates that the 8088 may
g0 ahead and complete the bus cycle. A low logic level causes the processor to extend the
bus cycle with all signals frozen at their current logic levels. This means that the processor
keeps the address lines, data bus, and control signals in their current states so that the
external device may use them for a longer period of time.

HOLD is a minmode input that is used to place the processor into a suspended |
execution state. While the 8088 is in a hold state, it does not continue program execution, ;
In fact, many of the processor's outputs are automatically tri-stated to prevent conflict on
the system bus. The most common use of HOLD is in a computer system having two or
more processors that need to share a bus. If the processors share memory (such as EPROM
or RAM space), only one processor may access memory at a time. When a processor
wishes to take control of the buses and access memory, it must first issue a HOLD request
to the other processors in the syster, which will suspend their processing and release the
system bus. A high logic level is needed to activate HOLD. Furthermore, the 8088 will :
remain held only as long as the HOLD input remains high, The processor will resume :
program execution where it left off as soon as HOLD goes low. :

HLDA (hold acknowledge) is a minmode output used to indicate to external devices |
that the 8088 has suspended execution (via HOLD). HLDA will go to a high logic level to
show that the processor has actually stopped execution, Technically, another device should |
take over the system bus only affer HLDA goes high. When execution resumes (i.e., HOLD :
has been taken low), HLDA will go low.

NMI, INTR, and INTA

These three signals control the activity of extemal hardware interrupts. NMI and INTR are -
inputs and function identically in either processor mode. INTA, an output, is available only
in minmode,

External hardware interrupts are used to suspend current program execution and vec- |
tor the processor to a special set of instructions called an interrupt service routine (ISR).
Interrupts are used to perform high-priority tasks without affecting the main processor pro-
gram (except for a loss of execution time). A very useful application of hardware interrupts ]
is keeping track of time. It is not difficult to convert the 60-cycle powerline frequency into 5
a digital signal (with the use of a Schmitt trigger). The resulting 60-Hz digital signal is then
connected to NMI or INTR, generating 60 interrupts every second. The comresponding ISR |
that services the interrupt decrements a counter each time it runs, If the counter is initially f
set to 60, it is easy for the computer to know when 1 second has passed. )

NMI (nonmaskable interrupt) requires a rising edge to be recognized, as indicated 3
in Figure 8.4. It cannot be internally disabled (masked) by software, hence its name. NMI
generates a type-2 interrupt. We have seen (in Chapter 5) that there are 2355 different types :
of interrupts. NMI is recognized by the 8088 at the end of the currently executing instruc-
tion. The address of the type-2 ISR is then read from a table containing all ISR addresses.
This table is stored in memory and is called the interrupt vector table. The 8088 then jumps ;
to the ISR address to process the interrupt code. :

INTR (interrupt request) requires a high logic level to be recognized. Leaving INTR |
in a high state could cause repeated interrupts, so it is necessary to design circuitry to pre- -
vent this from happening. A bit in the processor’s status register that is used to enable/ ;
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FIGURE 8.4 NMI and INTR signals 1
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INTR 0 ——
Interrupts occur while high

disable INTR is called the interrupt enable flag (IF). Using the IF to disable INTR can be
done easily with software, and is referred to as masking. INTR operates in much the same
way as NMI except for the way the interrupt type is generated. NMI automatically causes
a type-2 interrupt. The interrupt type for INTR is actually read from the processor’s data
bus during an interrupt acknowledged cycle. The 8-bit interrupt vector read from the data
bus is internally converted into the proper address for the interrupt vector table.

Each interrupt has its own priority, with NMI having the higher priority of the two.
The priority is used to determine which interrupt is recognized first if both occur at the
same time. The higher priority of NMI guarantees that it is recognized before INTR.
A comparison of NMI and INTR is shown in Table 8.2,

INTA (interrupt acknowledge) is an active low output that operates in minmode and
is used to indicate that the 8088 has received an INTR and is beginning interrupt process-
ing. The external circuitry connected to INTR should use INTA to control when the 8-bit
interrupt vector is placed onto the data bus. The exact timing of INTA will be covered in
Section 8.6.

RQ/GTy, RQ/GT,, and LOCK

These three maximumn mode signals are used to interface the 8088 with other devices ca-
pable of taking over the system bus. In the description of the HOLD input, we saw one way
two B0B8s could share a common system bus and memory. The three signals presented here
offer a second technique. RQ/GT, and RQ/GT, are request/grant signals used by other
devices called bus masters to take over the 8088's system bus. An example is the 8087
coprocessor, which periodically takes over the system bus to read data or write results
into memory. Both RQ/GT signals are bidirectional, meaning that they act as inputs and
outputs. RQ/GTg has priority over RQ/GT,, and both have internal pullup resistors. The
following discussion will concern RQ/GT, only, but applies to RQ/GT, as well.

‘When another bus master decides to take over the system bus, it will pull RQ/GT,
low for one clock period. When the 8088 is ready to release the system bus, it will use

TABLE 8.2 Comparison of NMI and INTR

Interrupt L ogic L evef Needed to Trigger Disabled via Software Priority

NMI Rising edge No High
INTR High Yes Low
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RQ/GT; as an output to inform the new bus master. A second low-level pulse of one clock
period does this. The 8088 then eniers a hold acknowledge state until the new bus master -
is ready to gwe the system bus back. This is done by a third low-level, one-clock-period
pulse on RQ/GTg (from the new bus master back to the 8088). So, the normally high '
RQ/GT, sngnal went from being an input to an output and back to an input again. ;
LOCK is an active low output used to inform other possible bus masters that the ;
8088’s system bus is not available for takeover. A special instruction called a LOCK preflx -
activates the LOCK signal, which will go back to its inactive state after execution of the in-
struction following the LOCK prefix instruction. If an RQ/GT sequence is requested while -
the bus is LOCKed, it will not be acted on until the bus becomes unL.OCKed.

ALE, DEN, DT/R, WR, RD, and iO/M

Five of these signals operate in minmode. Only RD operates in both minmode and max- ;
mode. Some of these signals are used to interface the 8088 with 8085 peripherals. All six
signals are outputs, and all but ALE will be tri-stated during hold acknowledge. ;

ALE (address latch enable) is an output signal used to demultiplex the 8088’s address/ |
data bus. ALE is usually used to control an external latch capable of storing the lower 8 bits
of the processor’s address bus. ALE goes high to indicate that the 8088 is outputting
address information. Take another look at Figure 8.1 and note the signals ADy through
AD;. These eight signals perform two functions. They operate as Ag through A; during the .
beginning of a bus' cycle, and as Dg through D for the rest of the bus cycle. So, ADy :
through AD; are constantly switching back and forth between address bus mode and data :
bus mode. The processor uses ALE to indicate when ADq through AD; contain address .
information. Figure 8.5 shows one way the address/data lines may be demultiplexed. A
7418373 octal D latch is used to capture Ag through A; when enabled by ALE, This capture
is illustrated by Figure 8.6, We will see another example of how the address/data lines are -
demultiplexed when we cover the 8288 bus controller in Section 8.5. .
. DEN (data enable) is an active low output used in a minmode system to control a
bidirectional buffer (also called a transceiver) connected to the processor’s data bus. The
bidirectional buffer is used to buffer data going both ways on the data bus (into the 8088
and out of the 8088). Because there may be times when we want to disconnect the data bus ]
from the processor (e.g., when we are sharing memory with another processor), DEN gives
us a way to turn the transceiver off. In Section 8.5, we will see how DEN is generated in a a!
maxmode system. :

FIGURE 8.5 Demuitiplexing the 8088's 74L.5373
address/data bus
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FIGURE 8.6 Latching
the lower address byte
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DT/R (data transmit/receive) is an output used in a minmode system to control the
direction of data flow in the bidirectional buffer used on the data bus. When DT/R is low,
data should flow into the 8088. When DT/R is high, the 8088 is outputting data. We will see
an example of how DT/R is used in Section 8.5.

WR (write) is an active low output used to indicate when the processor is writing to
a memory or 1/O location.

RD (read) is an active low output used to indicate when the processor is reading a
memory or /O location.

IO/M is an output that indicates whether the current bus cycle is a memory access or
an I/Q access. A memory access is indicated by a logic zero on IO/M, and /O access bya
logic one. IO/M is used with RD and WR to generate separate read and write signals for
memory and I/O devices. Figure 8.7 shows how OR gates can be used to decode different
read/write operations. In Section 8.5 we will see that some of the signals generated by the
8288 bus controller are identical in operation to those generated in Figure 8.7.

Ag Through Asg, ADg Through AD;

These signals constitute the 8088’s 20-bit address bus and 8-bit data bus. ADy through AD+
are the processor’s multiplexed address/data bus. These signals are multiplexed because
there are only 40 pins in the 8088’s package, but more than 40 signals. These signals can
behave like Aq through A7 or Dy through D; (depending on the state of ALE), Usually an
external latch is used to store address information when it is present. The other address
lines, Ag through A g, make up the rest of the 8088’s address bus. These address lines do

FIGURE 8.7 Decoding 8088 memory -
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TABLE 8.3 8088 signal summary

Signat Input Ouiput Tri-state Minmode Maxmode

CLK
MN/MX
go, §1 ’ §2
RESET
READY
HOLD
HLDA
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INTR
INTA
RQ/GT;
RQ/GT,
LOCK
ALE
DEN
DT/R
WR

RD

IO/M
ADg—ADy e
Ag-Anp

R

\

;
;
;
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g i
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SNAENSNSNANSNOSNS

SRS N

NANNSSANNASNNSNSNNS
NRNENNASSN N
SNRENANANSNS

not have to be latched because their outputs are always valid. Together, the twenty address |
lines can access IMB of memory. The ability to directly address this many address loca- .
tions provides the programmer with a very fiexible programming environment. Older sys-
tems required that special software be used to manage memory in “pages” that were some
portion of the system’s main address space. This software is not even needed now in some ;
applications because of the great increase in address lines and, hence, memory locations.
The 8088 has special segment registers that manage 64KB blocks of memory starting on;
any 16-byte boundary, so it is relatively easy to manage the system’s addressing space.

Ay through A,s have a dual role: they are also used to access I/O devices (dependmg'?_
on the state of IO/M). Sixteen address lines provide for up to 65,536 IO locations. We wﬂl
see more about memory and I/Q devices in Chapters 9 and 10.

Signal Summary

Table 8.3 summarizes all of the signals we have just covered. It shows whether a signal is:
an input or an output (or both), if it has tri-state capability, and in which mode (min or max)j
it is active. In the following sections, we will see how many of these signals are used in an
actual system.

8.4 THE 8284 CLOCK GENERATOR

As we saw in the previous section, CLK, RESET, and READY are three of the most im-;
portant signals in the overall operation of the processor. A small number of logic gates
would be needed to implement the correct signals on CLK and RESET. Intel provides most:
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FIGURE 8.8 8284 clock generator
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of this circuitry in an 18-pin DIP called the 8284 clock generator. Figure 8.8 shows a pin
diagram of the §284. Two of the pins, X; and X, are meant to be directly connected to a
crystal, The internal clock circuitry of the 8284 then generates the proper CLK signal for
the 8088. Because the frequency of CLK will be one-third the crystal frequency (due to an
internal frequency divider), the 8284 provides the OSC output, whose frequency is the
same as the crystal’s. When using a crystal, the 8284's F/C input must be grounded. When
F/C is high, the 8284’s EFI pin must be connected to an external oscillator, or some type

-of timing circuit that generates a TTL signal at the proper frequency. In this case, the fre-

quency of OSC will match the frequency of the EFI input. In addition to F/C, a second
signal, CSYNC, is used to provide clock synchronization when EFI is used as the frequency
source, When a crystal is used, CSYNC must be taken low.

Another signal, RES, is the 8284’s reset input. This input is normally connected to a
simple resistor-capacitor network. When power is first applied, the RC network allows a
logic zero to remain on the RES input for a short period of time. The internal circuitry of the
8284 uses RES to generate the processor’s RESET signal. Together, the RC network and
the 8284 provide a power-on reset signal to the 8088.

Two ready inputs are provided on the 8284, RDY; and RDY,. Together with AEN,
and AEN,, the 8284 generates the processor’s READY signal. In a system where memory
and I/0 devices are used, one RDY signal can be used with the memory circuitry and the
other for the I/O circuitry. The AEN signals are used as qualifiers for the RDY inputs. For
example, to use RDY |, AEN| must be low. It may be necessary to generate a wait state in
the system, due to the use of slow memory or I/Q devices. The RDY inputs are designed
for this purpose. A fifth signal, ASYNC, is used to select the number of stages of synchro-
nization on READY. Only one stage is nused when ASYNC is high,

Many of the devices in an 8088 system require a clock that is slower than the proces-
sor’s {the UART is one example). The PCLK output of the 8284 has a frequency that is
one-sixth that of the crystal (or EFI) frequency. Together with EFI, F/C, and X, and X, we
have a number of ways of controlling the timing of our system with the 8284. Figure 8.9
shows one way the 8284 can be connected to the 8088. Notice that a 10-MHz crystal is
connected to X; and X, and that F/C is grounded. The 8284 will thus generate a CLK
frequency just over 3.3 MHz! How fast would the processor run if a 12-MHz crystal were
used?
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FIGURE 8.9 An actual 8284 +5V
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The RC network on RES is used to provide the power-on reset signal. A push button:
is connected across the capacitor to allow manual resets with power still applied. Figure 8.9:
represents the timing circuitry used in the single board computer of Chapter 12.

8.5

THE 8288 BUS CONTROLLER

We have already seen a number of differences brought about by the 8088’s minmode and:
maxmode operation. To get the maxmode signals, we sacrifice other signals that have
important uses, For example, in maxmode we get RQ/GT signals but have to give up BOLD
and HLDA. Other signals are replaced as well, leaving us with no ability to decode-
read/write accesses in maxmode unless we use the status outputs. Because Sp, 5), and S, are
available in maxmode, we use them as inputs to a special 8288 bus controller, which in tum
decodes the missing signals. Figure 8.10 shows a pin diagram of the 8288. Notice the three.
status inputs and also the three outputs ALE, DEN, and DT/R. Three of the signals that were:
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FIGURE 8,10 8288 bus
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lost when we switched to maxmode are now being generated by the 8288. Other signals that
we require are MRDC (memory-read command), MWTC (memory-write command), TORC
(0-read command), and IOWC (1/0-write command). These signals control the memory
and I/O devices. Two additional signals, AMWC (advanced memary-write command) and
AIOWC (advanced I/O-write command), are provided to give memory and I/C circuitry
advance warning that they will be accessed (so that they can get a jump on the decoding
process),

INTA is decoded and also available as an output. Remember that this signal indicates
that the processor received an interrupt request on INTR,

The 8288 can be used to control the operation of the buffers and bidirectional latches
used on the address and data buses. The ALE, DEN, and DT/R outputs of the 8288 operate
like the actual minmode signals, with the exception of DEN being inverted. Figure 8.11
shows how the 8288 connects to the 8088 and its bus circuitry in a typical application, The
inverter on the DEN output is used to enable the 8286 data bus transceiver, DT/R controls
the direction of data in the 8286. The latching of the lower eight address lines is accom-
plished by ALE and an 8282 octal latch. Address lines Ag through A5 are buffered with a
74L5244 octal buffer so they have the ability to drive the address lines of the memory and
/O devices. Similar buffering is also needed on address lines A4 throngh A;g, which are
not shown because they are unused in the application (not unusual, because many minimal
systems do not require more than 64KB of memory).

The 8288 is capable of additional operations, one being 1/0-bus mode. Here the IOB
(/O bus mode) input must be high, CEN (command enable) must be high, and AEN
(address enable) should be low to enable the buses. These signals will also make
MCE/PDEN operate like DEN, except only during VO operations. The 8288 can thus
be used to control a special /O bus, if necessary. IOB, CEN, and AEN can also configure
MCE/PDEN to operate as MCE (master cascade enable), a signal used during interrupt
cycles. Other configurations allow multiple 8288s (with their own 8088s) to share a com-
mon system bus. In Figure 8.11, TOB and AEN are grounded, and CEN is pulled high. This
selects system-bus mode and makes MCE/PDEN operate as MCE. The system bus cannot
be disabled in this configuration.
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FIGURE 8.11 A sample maxmode 8088 system’s bus loglc

8.6 SYSTEM TIMING DIAGRAMS

When timing is a critical issue in the design of a new 8088-based system, it pays to know
how to interpret the CPU timing diagrams supplied by the manufacturer. This section wilt
provide more details on the processor’s control and timing signals by analyzing a number:
of timing scenarios. :

We will start with the timing of a typical bus cycle.



cycle timing in a minmode

system

8.6 SYSTEM TIMING DIAGRAMS an

CPU Bus Cycle

The 8088 routinely performs a number of different types of bus cycles. Memory read,
memory write, /O read, /O write, and interrupt acknowledge are most of the important
ones. A bus cycle is composed of four or more T states, aumbered Ty, T3, Ta, and Ts, where
each T state represents the time of one CLK period. For example, if an 8088 has a CLK fre-
quency of 4 MHz, the time of one T state is 250 ns, and a four-state bus cycle takes 1 ps.
AT state is the smatlest amount of time in which the processor can perform any function.
Because all instructions are composed of a number of T states, instruction execution time
depends on the CLK frequency. Figure 8.12 shows the simplified timing for a CPU bus
cycle in a minmode system, Each new CLK pulse defines a new T state. Because the CLK
must have a 33 percent duty cycle, you will notice that the CLK signal is low for two-thirds
of its period and high for the last third. Note that ALE pulses high during the first T state.
This means that the multiplexed address/data lines AD through ADy are in address mode
and should be latched by external circuitry. During Ty we also see address lines Ag through
Ao changing to their next state. I0/M and DT/R may also need to change state during Ty,
depending on the type of access (memory or I/O) and the direction of data on the bus (read
or write), During T3, the processor’s RD and WR lines change state, in preparation for the
data read or write that will occur in state T3. What else happens in To? The upper four ad-
dress lines change state to become four additional status outputs. Generally, these status
bits indicate which type of segment register is being used during the bus cycle. T is the
state in which the sélected memory or /O device should complete the data transfer. If the
accessed memory or /O logic cannot complete its job during Ts, it can extend the bus
cycle via the processor’s READY logic. The 8088 will insert wait states between Ty and Ty
until READY indicates that the cycle may continue normally. Wait states have a duration
of one CLK period also, so the time of any bus cycle will aiways be a multipie of CLK

FIGURE 8.12 Simplified bus - One bus cycle
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periods. During the end of Ty, all control signals and buses switch back to their inactive ;

levels in preparation for the next cycle.

The processor may not automatically begin a new bus cycle after completing the cur-'_
rent one. Suppose that the most recent bus cycle was the final fetch cycle for a multiply}_.j
instruction. During the many CLK cycles it will take to internally perform the binary mul- }
tiplication, the processor has no use for the bus, which may idle until completion of the 3
multiply instruction. During this idle time, other devices are free to use the processor’s bus,

as long as they are done with it by the time the processor resumes its next bus cycle.

Interrupt Acknowledge Cycle

A minmode system uses one bus cycle to perform an interrupt acknowledge. Figure 8.13(a)
shows the events that occur in this cycle. During T; the processor tri-states the address
bus, During T, the INTA output is asserted, remaining low until it becomes inactive in
state T4. The interrupting device should respond to activity on INTA by placing an 8-bit
interrupt type onto the data bus, which will be captured by the processor before it deac-

tivates INTA.

In a maxmode system, two bus cycles are used for interrupt acknowledge. Fig- 4
ure 8,13(b) shows the events that occur in each cycle. In the first cycle the address bus is
again placed into a high impedance state. In addition, DOCK is asserted to inform other §
devices on the system bus that they cannot take over the bus until completion of the second ;
cycle. INTA is asserted twice, once during each cycle. Special interrupt peripherals exlst :

that have been designed to respond to the interrupt acknowledge cycles, One example is the
8259 programmable interrupt controller, which we will examine in Chapter 11.

HOLD/HLDA Timing

From Section 8.3, we know that it is possible to place the 8088 into a HOLD state (the
4

processor idles) by asserting HOLD. The processor will respond by placing its buses in

FIGURE 8.13 Interrupt | T | T | T | Ty |
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FIGURE 8.14 HOLD timing | T. |« tw's |
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the high impedance state and will acknowledge that it is in a HOLD state with HLDA.
Figure 8.14 shows the corresponding timing relationship between HOLD and HLDA. The
state of the HOLD input is sampled on every rising edge of CLK. If it is high, the proces-
sor will activate HLDA at the end of T4 (or at the end of the current idle state). The proces-
sor may need a number of internal states to complete what it was doing (e.g., finishing a
multiply instruction), but once HLDA is asserted it will no longer use its buses until it sees
HOLD go low. While the 8088 is in the hold state, it will continue to sample HOLD on
each rising edge of CLK. When HOLD does go low, the processor will reset HLDA at the
beginning of the next T state and resume program execution. A technique that activates
HOLD at the end of every instruction, so that the processor’s buses can be examined, is
called single-stepping. So, a simple circuit could be used that would allow only one in-
struction to be executed by the 8088 each time a button was pressed. Think of how you
might design such a single-step circuit (starting with a flip-flop might belp).

8.7 EARLY PERSONAL COMPUTER BUS STANDARDS

Hardware interfacing is accomplished by the use of a standard connection bus on the moth-
erboard of the machine, If you were to make a list of which processor signals you might
need to connect your computer to a disk drive, or a serial data terminal, or a video card, what
signals would you choose? Certainly we would need data lines for the exchange of infor-
mation, and address lines to select the device we wish to communicate with. Then, we would
also need all the necessary control signals, such as memory and IO read/write, and ALE.

The list we have been considering was made up many vears ago and agreed upon by
all people involved in the personal computer business. Figure 8.15 shows the pin assign-
ments for a standard 62-pin connector found on earty PC motherboards that allow expan-
sion with the 8088 microprocessor, In addition to the signals already discussed, provisions
for power and many levels of interrupts are also included. Do not confuse address lines Ap
through Ao with their respective connector pin names.

This connector is referred to as an ISA (Industry Standard Architecture) connector. It
is also known as the PC-XT connector. Because it was designed for use with the criginal
8088 microprocessor, it contains only an 8-bit data path (D through D5).

When the 8086 and 80286 microprocessors found their way onto motherboards, it
was necessary to provide a 16-bit data path to the connectors. A 36-pin extension connec-
tor was added to the original 62-pin connector, containing eight new data lines (Dg through
Dys) and additional interrupt and DMA signals. This 16-bit ISA connector is commonly
called the PC-AT comnector (the computer it was first used in). Figure 8.16 shows the struc-
ture of the PC-AT connector pair. Plug-in cards that require the full 16-bit data bus have
two edges with connector traces. Older 8-bit cards have only one edge of connector traces,
and do not use the additional 36-pin socket.
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FIGURE 8.15 Pin assignments for
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An improvement to the PC-AT connector is the EISA (Extended ISA) standard. This
connector supports 80386, 80486, and Pentium microprocessers by providing a full 32-bit
data bus. Additional address lines are provided to allow memory expansion as well. The
EISA connector is very similar to the PC-AT connector, with the original 62-pin and 38-pin

definitions unchanged, and new connector pins added berween the old connector pins, and
at a lower depth! This prevents an old ISA board from making contact with the newer EISA ¢

signals, Three special bus-controlling chips are used to manage data transfers through the
EISA connectors.
Modem expansion buses, such as PCI and USB, will be explored in Chapter 11.
Overall, we can see that connector technology has advanced to keep up with the
improvements in mMiCroprocessors.
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: FIGURE 8.16 PC Expansion

’ connectors (one AGP, four PCI,

? and two PC-AT connectors).
AGP {Accelerated Graphics
Port) is a dedicated video
adapter connector. PCI
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8.8 TROUBLESHOOTING TECHNIQUES

The hardware operation of the 8088 is complex and requires great patience during design
or troubleshooting sessions. Your basic knowledge of 8088 hardware architecture should
include operation of all its signals, and their functional groupings:

. System signals CLK, RESET, READY, HOLD, HLDA, and MN/MX,

. The signals involved with memory and /O accesses. These are data/address lines Al
through AD,, address lines Ag through Ao, ALE, RD, WR, DEN, DT/R, and 10/M.

. The signals involved with interrupts. These are NMI, INTR, and INTA.

. The processor status signals Sg through Sp.

]
:
E_!
{
3

The groupings are important because they point the way at the beginning of a design or
while troubleshooting. Knowing the relationships between signals allows you to make in-
formed decisions about what to de next, such as how to design a memory address decoder
ot determine why the READY input stays low in a favlty system,

 SUMMARY

In this chapter, we examined the operation of the 8088's hardware signals. We saw that
there are actually two sets of processor signals, one for minmede operation and the other
for maxmode operation. Minmode signals can be directly decoded by memory and I/O cir-
cuits, resulting in a system with minimal hardware requirements, Maxmode systems are
generally more complicated, resulting from the use of the 8288 bus controller and the new
maxmode signals that allow for bus granis.

We saw that the 8088 can access 1MB of memory, and that it contains two hardware
interrupt mechanisms and uses a multiplexed address/data bus. Hardware examples show-
ing how the bus is demultiplexed, how memory and 1/O control signals are generated, and
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how the 8284 clock generator and 8288 bus controller are used were also given. The chap- ;
ter finished with a short look at CPU timing diagrams and the interface connectors for PCs, ]
In Chapters 9 through 12, we will draw on the information presented in this chapter, so use 3
it as a handy reference. '

STUDY QUESTIONS | '::

What are some of the differences between minmode and maxmode operation?
. How is the 8088 put into minmode operation? 3
3. Sketch four cycles of the 8088’s CLK signal if its frequency is 3.125 MHz. Compute : ]
the time, in nanoseconds, of the low-portion and high-portion of each cycle. 4
4. If an instruction requires 20 states to complete, what is the instruction execution time
if the CLX period is 250 ns? 3
5. What is the processor’s CLK frequency if a 10-MHz crystal is used with the 82847
6. Design a circuit that will turn an LED on when the status outputs So through §; 1nd1-
cate the HALT state.
7. Show how a 3- to 8-line decoder (74L.8138) can be used to decode the status ass1gn- E
ments found in Table 8.1. The 7415138 is shown in Figure 8.17. 3

B3

] .
- i ob 1 TRUTH TABLE*
B A|O 4 5
. C 1 2 3 6 7
o0 o001 111111
— 10— Do 1l1 06111111
3 jp— 0ot o]l 1011111
Inputs 4 P > Outputs ¢ 1 1,1 1 101111
o 1001 ¢+ 11 ¢ 111
~— E, 5 [ 1 0111111011
- 1 1 ol1 1111101
qE, 610 ] 1 1}/1 11111160
70— =
= Es *E,=0,E,=0,and E; =

FIQURE 8.17 For Question 7

8. What address is used first after a RESET?

9. Why do 8088-based systems need EPROM at the high end of memory?
10. How is the 8088 slowed down enough to communicate with a slow memory device?"
11. What signal(s) might a second 8088 use to take over the buses of another 80887
12. What are the differences between NMI and INTR?

13. What would happen if INTR were stuck high?

14. What is so special about the operation of ALE? :

15. What other types of data latches could be used in Figure 8.5 in place of the 74LS3737

16. If a minimal 8088 system uses only address lines Ag through A7, how many memory
locations is it capable of accessing?

17. Show how the address 3A8C4 would be represented on the 20-bit address bus.

18. What is one advantage of a multiplexed address/data bus?

19, What is one disadvantage of a multiplexed address/data bus?

20. Show how NAND gates could be used to decode the signals in Figure 8.7.
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2L
22,
23
24.
25,
26,
27.
28.
29,

30.

Show the connections needed to feed a 12-MHz clock signal into the 8284 (note the
lack of external crystat now).

In Figure 8.11, why does the data bus require a bidirectional driver?

During which state is ALE active?

Design a single-step circuit that allows only one instruction to execute each time a
push button is pressed.

When two or more 8088s share a common memory system, what do you expect happens
to the overall bus activity of the system? What about the bus activity of each processor?
What are the states of 10/M, RD, and WR when the 8088 is:

(a) writing to memory

(b) reading from an I/O device

What is placed on Dy through D; during an interrupt acknowledge cycle?

Explain the differences between ISA and EISA connectors.

How can two 8088 CPUs be connected so that they share a 64KB RAM and have
separate 16KB EPROMSs?

Design a circuit that will reset the processor if an NMI occurs while the 8088 is being
held (via HOLD).



CHAPTER 9

Memory System Design

OBJECTIVES

In this chapter you will learn about;

The importance of bus buffering

How the 8088 addresses (accesses) memory

The design of cystom memory address decoders .

The difference between full- and partial-address decoding

How wait states may be inserted into memory-read/write cycles

The differences between static and dynamic RAMs

How a dynamic RAM is addressed and what purpose refresh cycles serve
DMA (direct memory access)

KEY TERMS

Address bus Data bus Memory-mapped 1/O
Base address Direct memory access Partial-address decoder
Buffer Dynamic RAM Refresh
Control bus Master device Slave device
Damping resistor Memory address decoder

9.1 INTRODUCTION

308

The internal data storage capacity of any microprocessor, with the exception of single-chip
microprocessors, is severely limited. The 8088 itself has only a handful of 16-bit locations
in which it can store numbers, and these locations are the actual data registers available to
the programmer. The need for larger, external memories quickly becomes apparent, espe-
cially if an application involves number crunching or word processing. The purpose of this
chapter is to explore ways of adding external memory to 8088-based systems. We will
examine how the 8088's various control signals (ALE, DT/R, WR, RD, and IO/M) are used
to supply memory-read and -write signals to read-only memories and both static and
dynamic random access memories.
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In addition, we will see how an external device called a bus master takes over control
of the 8088’s memory system during a process called direct memory access (DMA) that
bypasses CPU control for faster transfers.

The information provided in this chapter should enable you to design future memeory
systems from scratch. Also, the concepts presented in this chapter, such as designing an ad-
dress decoder, are easily extended to more advanced architectures, such as 32- and 64-bit-
wide memory systems.

Section 9.2 explains the 8088’s address and data buses. The imporiance of bus
buffering is discussed in Section 9.3. Section 9.4 shows how the 8088 accesses memory,
Section 9.5 covers the design of a memory address decoder, and Section 9.6 introduces the
partial-address decoder. Section 9.7 explores the use of a shift register to generate wait
states, Section 9.8 contains a complete 8KB RAM/EPROM memory. In Section 9.9, we
show how dynamic RAM can be used with the 8088. Section 9.10 explains how DMA
works. Memory-mapped L/O is covered in Section 9.11. Some hardware troubleshooting
techniques are given in Section 9.12,

2

9.2 THE 8088 ADDRESS AND DATA BUSES

As previousty discussed, the 8088 microprocessor has an 8-bit data bus, and a 20-bit
address bus that can access IMB of external memory. The lower eight address lines are
multiplexed together with the eight data lines, resulting in signals ADy through AD+. In
maximum mode, this multiplexed bus is decoded by external hardware, specifically by the
8288 bus controller covered in Chapter 8, with the aid of the processer’s status outputs.
The 8288 takes care of latching the lower eight address lines and controlling the direction
of a bidirectional buffer on the data bus. In minimum mode, the processor outputs the
; necessary control signals directly (via ALE, IO/M, RD, WR, and others). Thus, we end up
3 with data lines Dy through D7 and address lines A, through A 9. We will see that all of these
signals are needed to communicate with the RAM and EPROM devices contained in the
mMemory system.

'93  BUS BUFFERING

Every microprocessor-based memory system, whether EPROM or RAM, will have stan-
dard buses connecting it to the microprocessor whose functions are to direct the flow of
information to and from the memory system. These buses are generally called the control
bus, the data bus, and the address bus. Figure 9.1 shows the relationship between the

FIGURE 2.1 Memory bus Conirol
structure

TY

Drata

CPU <:':> Memory

Address
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Memory Octal Memory
buffer

1 Ao Ao ]

A Ay
Ag : Ag ‘
Ao E Ag
CPU _ ' CPU

Ag Ay ,

(@) . (L)

FIGURE 9.2 Microprocessor address Iine:‘(a)'cann'ot drive raquired number of memory devices;
(b) drives all memory devices vla octal buffer

CPU, the buses, and the memory system. Note that the address bus is unidirectional (output .
only in this case), which means that data on the address bus goes one way, from the CPU
to the memory system. The data and control buses, on the other hand, are bidirectional, ;
Data may be written to or read from memory, hence the need for a bidirectional data bus,
We will soon see why the control bus is also bidirectional. ;

Whether they are bidirectional or not, some care must be taken when the buses are 7
connected to the memory section. It is possible to overload an address or data line by forc-
ing it to drive too many loads. As always, it is important rot to exceed the fanout of a dig- -
ital output. If, for example, a certain TTL (transistor transistor logic) cutput is capable of :
sinking 2 mA, how many 0.4 mA inputs can it drive? The answer is five, which we getby -
dividing the output sink current by the required input current. If more than five inputs are
connected, the output is overloaded and its ability to function properly is diminished.
Clearly, the possibility of overloading the 8088’s address or data buses exists when they are
connected to external memory. For this reason, we will buffer the address and data buses.
This concept is illustrated in Figure 9.2.

Figure 9.3 shows how address lines Ag through A5 are buffered by connecting them
to a standard high-current buffer, the 74L8244 octal line driver/receiver. An address line on
the BORS is capable of sinking 2 mA all by itself. When the output of the 741.5244 is used

oy

FIGURE 9.3 Address bus 41,8244

buffering A [
o
—
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i
i
rrmreine—
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CPU
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FIGURE 9.4 Data bus
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instead, the address line has an effective sink current of 24 mA. This means that twelve
times as many gates can be driven. Buffering the address lines allows the CPU to drive all
the devices in our memory system, without the added worry of overtoading the address line.

Buffering the data bus is a little trickier because the data bus is bidirectional. Data
must now be buffered in both directions. Figure 9.4 shows how this bidirectional buffering
is accomplished. The 8286 is an octal bus transceiver. Data flow through this device is
controlled by the T (transmit) input, which tells the buffer to pass data from left to right, or
from right to left., Left-to-right data is CPU output data. Right-to-left data is considered
CPU input data. The natural choice for controlling the direction of the 8286 is the 8088’s
DT/R line, which always indicates the direction of data on the 8088 data bus. DT/R is
directly generated by the 8088 in minimum mode, and by the 8288 in maximum mode.
DEN is used to disable the 8286 when the bus is idle or contains address information.

In conclusion, then, remember that address and data buses should be buffered so that
many gates can be connected to them instead of the few that can be directly driven by the
unbuffered address or data line. All designs presented in this chapter will assume that the
buses are already well buffered.

In addition to well-buffered address and data buses, a control bus must also be used to con-
trol the operation of the memory circuitry. The three operations we have to consider are the
following:

1. Read data from memory
2. Write data to memory
3. Do not access memory

The first two cases represent data that gets transferred between the 8088 and memory. The
third case occurs when the 8088 is performing some other duty (internal instruction exe-
cution, perhaps) and has no need for the memory system. Thus, it appears that the 8088
either accesses memory or does not access it. Does a processor signal (or group of signals)
exist that tells external circuitry that the 8088 needs to use its memory? Yes, a number of
signals indicate this need. In minimum mode, the processor will output a 0 on FO/M to in-
dicate that a memory reference is beginning. This signal is combined with RD and WR to
form memory-read and memory-write signals for the memory system (as you can see in
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FIGURE 9.5 Decoding memory-read  RD ————F
and -write signals in minimum mode

<
2
5

(a) Using OR gates

Y

| e
o5 — >0
S — D o

(b) Using NAND gates

Figure 9.5). We use the active-low MEMRD and MEMWR signals to select and enable
devices in the memory system.

In maximum mode, the 8288 bus controller decodes the processor status outputs and
generates active-low MRDC (memory-read command) and MWTC (memory-write com-
mand) signals. The presence of a 0 on either signal indicates a memory access.

Figure 9.6 shows a simplified timing diagram for a memory-read cycle. The cycle is
composed of four T states, with each T state equivalent to one clock cycle. In T, the proces-
sor outputs a full 20-bit address on address lines Ag through A9 and ADy through AD;.
ALE has also gone high, indicating that the multiplexed address/data bus contains address
information. Because this is a memory access, the processor also has output a 0 on IO/M,
which will remain low for the duration of the bus cycle.

In state T, the processor tri-states the multiplexed address/data bus in preparation for
the data read which will take place in Ts. Address lines A ;4 through A switch over to sta-
tus outputs S3 through S, and a zero is output on RD to specify a memory-read cycle to

external hardware. It is the responsibility of the memory circuitry to use IO/M, RD, ALE,

FIGURE 9.6 Memory-

read cycle timing R

Ags- A »—— Address X Status —
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R L AR et




9.5 DESIGNING A MEMORY ADDRESS DECODER 313

CLK
1 LI L
A=Ay >—( Address X Status P
Ag-Ais >—( Address D
ADp-AD; —— Address X Data out —
ALE | I
WR L [

FIGURE 9.7 Memory-write cycle timing

and the address lines in such a way that the data is placed onto the data bus only when IO/M
and RD are both low.

Figure 9.7 shows the same basic timing for a memory-write cycle. The most notice-
able difference (aside from the use of WR instead of RD) is the activity on the data bus,
Unlike the read cycle, the data bus switches from address-out information to data-out in-
formation and Keeps a valid copy of the output data on thé bus for the remainder of the
cycle. This should eliminate any setup times required by the memory chips.

In the next section we will see how a memory address decoder uses the address bus
and the read/write signals to enable RAM and EPROM memories.

8.5 DESIGNING A MEMORY ADDRESS DECODER

The sole function of a memory address decoder is to monitor the state of the address bus
and determine when the memory chips should be enabled. But what is meant by memory
chips? These are the actual RAMs or ROMs the designer wants to use in the computer, So,
before the design begins, it must be decided how much memory is needed. If 8KB of
EPROM is enough, then the designer knows that thirteen address lines are needed to address
a specific location inside the EPROM (because 2 raised to the 13th power is 8,192), How
many address lines are needed to select a specific location in a 32K memory? The answer
is fifteen, because 2 to the 15th is 32,768! The first step in designing a memory address
decoder is determining how many address lines are needed just for the memory device itself.
Any address lines remaining are used in the address decoder.

Figure 9.8(a) shows a block diagram of a memory address decoder connected to a
memory chip. Figure 9.8(b) shows a simplified timing diagram representing the activity on
the address bus and the I0/M output. The memory address decoder waits for a particular
pattern on the address lines and a low on I0/M before making SEL low. When these con-
ditions are satisfied, the low on SEL causes the CS (chip select) input on the memory chip
to go low, which enables its internal circuitry, thus connecting the RAM or EPROM to the
processor’s data bus. When the address bus contains an address different from the one the
address decoder expects 1o see, or if FO/M is high, the output of the decoder will remain
high, disabling the memory chip and causing its internal buffers to tri-state themselves,
Thus, the RAM or EPROM is effectively disconnected from the data bus.
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FIGURE 9.8 Simple memory
address decoder: (a) block :

diagram; (b) timing Address bus | RAM bus :
f > o
EPROM . .
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Memory | SEC
address
10/M ——»qf  decoder
(=}
Io'M

Ag-Ap X/ vatid X

« =53
SEL %
(b)

The challenge presented to us, the designers of the memory address decoder, is to
chip-enable the memory device at the correct time. The following example illustrates the
steps involved in the design of a memory address decoder. '

B EXAMPLE 9.1

A circuit containing 32KB of RAM is to be interfaced to an 8088-based system, so that the -
first address of the RAM (also called the base address) is at 48000H. What is the entire °
range of RAM addresses? How is the address bus used to enable the RAMs? What addsess
lines should be used? :

Solution: Figure 9.9 shows how the memory lines are assigned.

Because we are using a 32KB device, we need fifteen address lines to select one of |
32K possible addresses. We always use the lowest numbered address lines first (the Jeast
significant ones). We start with Aj and use the next fourteen just for the RAM. This means .
that Ao through A4 go directly to the RAM circuitry, where they will be used to select alo-
cation inside the RAM. The remaining five address lines, A;s through Ajy, are used to se-
lect the specific 32KB bank located at address 48000. '

4 §—m»F 0—»=F 0—=F 0—=F
A A A A [ A A A A | ApApAsAg ] A7 AgAs Ay | A A A A,
0 1 0 0 1 X X X X X XX|XXXX|Xxxx
A, W J

g

X— Dor't care (Use O or 1)

These 5 address Thesze 15 address lines
tnes set the will select one of 215

base address of {or 32,768) locations
the memory, inside the RAMSs.

FIGURE 9.9 Memory address range decoding
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To determine the entire range of addresses, first make all the don’t cares (the Xs in
Figure 9.9) zeros. That gives address 48000, the first address in the range of addresses.
Next, make all don’t cares high to generate the last address, which becomes 4FFFF.,

Note that A, and A;s are high when the 32KB RAM bank is being accessed, while
the other three upper address bits are low. This particular pattern of 1s and Os is one of 32
possible binary combinations that may occur on the upper five address bits.

FIGURE 9.10 Memory address +5V
decoder for 48000 to 4FFFF range é
47K

*Since A“, Au, and Au are not usecl.
any pattern from 8 to F makes A5 high.

We need to detect a single pattern, so that the RAM circuit responds only to the address
range 48000H to 4FFFFH. The circuit of Figure 9.10 is one way to do this. The output of
the 8-input NAND gate is the output of the memory address decoder, which in tum gets
connected to the chip-enable inputs of the 32KB RAM bank. The only time the output of
the NAND gate will go low is when all of its inputs are high. Because some of the upper
address bits are low when the desired memory range is present on the address bus, they
must be inverted before they reach the NAND gate. Even though Ayg, A7, and A are
low, the NAND gate receives three 1s from them, via the inverters. Because Ajgand Ag;
are already high, there are now five 1s present on the input of the NAND gate. When I0/M
goes low, indicating a valid memory address, the last required logic 1 is presented to the
NAND gate (via another inverter), and its output goes low, enabling the 32KB RAM
bank. #l

In general, 2 memory address decoder is used to reduce many inputs to a single output.
The inputs are address lines and control signals. The single output is usually an enable
signal sent to the memory section. Various TTL gates are used depending on the address-
ing requirements. The following examples present only a few of the hundreds of ways we
can design memory address decoders to suit our needs.

- B EXAMPLE 9.2

A 16KB EPROM section, with a starting address of 30000, is to be added to an existing
memory system. The following circuitry will properly decode the entire address range,
30000 to 33FFF. The 8-input NAND gate in Figure 9.11 is used to detect the 3 pattern on
the upper four address bits, and the 0s on A5 and A,4. Six address lines are used in this
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FIGURE 9.11 Memory address decoder +3V
for 30000 to 33FFF range
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(a) Schematic

3 0—=3 0—»F J—»F {0 —=F
ApAigAirAje | AsA A A | ApApAcAg | AvAsAsAy | AjAx A Ay |
o0 1 1 00 X XIXXXX|XXXXYX|XXXX]:

(b) Memory address range decoding

decoder, because the other fourteen are needed to address one of 16K possible byte loca-
tions in the EPROM. The EPROM is directly addressed by Ay through A;z. H

Let us pause for a moment to consider a few points, In Figure 9.5, we saw how I0/M -
was combined with RD and WR to create the MEMRD and MEMWR signals used in &
minmode system. In this case, we do not have to use 10/M again in the address decoder, be-
cause this would lead to redundancy in our design. We can, however, eliminate the use of /
the OR gates to decode the MEMRD and MEMWR signals and use RD and WR directly, ;
but in this case we must use I0/M in the address decoder. The point is this: in a minmode ;
system, I0/M must be used somewhere in the memory system. Without it, the memory
cannot differentiate between memory addresses and YO-port addresses.

In a maxmode system, the IO/M signal is not even generated, so it is not possible to |
include it in our designs. Instead, we use the 8-input NAND gate (or some other combina- :
tion of gates) to decode only the address we wish to recognize. The MRDC and MWIC
signals generated by the 8288 bus controller will be connected directly to the memory ‘a
device being accessed.

83 EXAMPLE 9.3

Two 32KB memories, an EPROM with a starting address of 60000 and a RAM with a stat-
ing address of 70000, arc needed for a new maxmode memory system. Figure 9.12(a) 4
shows how the EPROM is enabled, and Figure 9.12(b) shows how the RAM is enabled. In ;
this design, it is only necessary to use a 4-input NAND gate to do the decoding of the “6"
or “7" part of the address range. ll

Experienced digital designers can detect binary patterns, and the reward in finding a
pattern is generally a reduction in the digital circuitry needed to implement a desired function,
Did you notice that the address ranges for the RAM and EPROM in the previous example are ;
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FIQURE 9.12 Memory address
decoders for two different
ranges: (a) EFROM bank at
60000; (b) RAM bank at 70000;
(©) Memory address rangs
decoding

ROMSEL
RAMSEL

317
0 Apg——_
1 A —
91 Ay
0 Ay —0
ROMSEL
Ags
(a)
0 Ap—0
1 Ag
L 1. A
1 A
A RAMSEL
(b}
ROMSEL 6 .
RAMSEIL 7 0—»7 Q—»=F 0—=F —=F
ApApgApA,g | AsAnApAp | ApApAgAg] AjAgAsAy | AyA A Ay
01 1 0]0 X X X XX X X|XXXXiIXXXx
g1 1 1 0 X X X XX XX XXXXIXXXX

{c)

very similar? In fact, they are identical, except for the A address bit. Let us look at another
example to see how we can use pattern detection to simplify the required hardware.

- @ EXAMPLE 9.4

The RAM and EPROM sections of Example 9.3 are enabled by the simplified decoder pre-

sented in Figure 9.13. Do you see how the NAND gate is used to detect the “6/7” pattern,

FIGURE 9.13 Combined

RAM/EPROM decoder . {

]
1
3
0

Ay ——Cf
A
A

A —O)

A

By

and how the A s address line is used to enable the RAM or the EPROM? In this case, we
are able to eliminate one of the 4-input NAND gates and one inverter. The next example
shows how we can design a decoder to respond to eight different address ranges, Wl
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B EXAMPLE 9.5

addrass decoder

A 256KB RAM memory is composed of eight 32KB RAMs. The address ranges for the
RAMs are as follows:

1. 00000 to O7FFF 5. 20000 1o 27FFF
2. 08000 to OFFFF 6. 28000 to 2FFFF
3. 10000 to 17FFF 7. 30000 to 37FFF
4, 18000 to 1FFFF 8. 38000 to 3FFFF

How might all eight RAMs be selectively enabled by one device?

Solution: Qur first thought may be to use eight individual memory address decoders, >
one for each address range and 32KB RAM. But this would be an unnecessary waste of cir-
cuitry. If we instead look for a pattern, we see that address lines Ajg and A g are always low :
in the memory range 00000 to 3FFFF. In addition to this important piece of information, '_
each RAM requires fifteen address lines, Ag through A4, to select one of 32KB locations
within the RAM. This leaves us with address lines A;s, A, and A7 actually indicatinga

FIGURE 9.14 Multibank 74515138
0 o—> RAMD (00000-C7FFF)
Ay — A O
O—
Ay — B o—
o——
Ap ——C O
o Y
7 RAM? (38000-3FFFF}

(a) Schematic

ApAig A A | AlsAAnAg | ArAgAsAy | AAgAsAy | AyAsArAg Range
0o ¢ 0 £ 0 X X X XX X XIXXXX|XXXX 00000 to
07FFF
0 0 0 0 ] X X X | XXX X|IXXXX|XXXX 08000 1o
OFFFF
¢ 0 0 1 0 X X X X X X X | XXXXIXXXX 100 o
17FFF
0o o 0 1 1 X X X XX X XIXXXX|XXXX 18000 to
1FFFF
g 0 1 0 0 X X X | XX XXIXXXXjXXXX 20000 to
27FFF
0 0 1 0 1 X X X X X X X | XXXX|XXXX 28000 to
2FFFF
oo 1 1 ¢ X X X X X X X[ XXXX | XXXX 30000 to
37FFF
o o0 1 1 ] X X X [ XX X X |XXXX | XXXX 38000 to
AFFFF

{b) Memory address range decoding
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specific 32ZKB memory range. When these three address lines are all low, address range
00000 1o O7FFF is selected. When A s is high, and A and A;7 low, address range 08000
to OFFFF is selected. The last range, 38000 to 3FFFF, is selected when A s, Ajs, and Aqq
are all high, What we need then is a circuit that can decede these eight possible conditions
by using only the three address lines. Figure 9.14 shows the required circuitry.

In this circuit, a 74L.5138 three- to eight-line decoder is used to decode the different
memory ranges. The 74LS138 has three select inputs and three control inputs. The select
inputs are connected to address lines A s, Ais, and Aj7. The 3-bit binary number present on
the select inputs will pull the selected output of the 74L.S138 low (assuming that the
741.8138 is enabled), thus activating a specific RAM bank. To enabie the 7415138, two
lows and a high must be placed on its control inputs. The two lows are generated by A and
Az The IO/M signal is inverted to generate the last control input.

By using special integrated circuits like the 74L.S138 and a simple pattern recogni-
tion technique, we are able te greatly simplify the hardware required te generate all of our
memory enable signals. Il

The last four examples have shown how we can decode a specific range of memory
addresses using the full address bus of the 8088. In the next section, we will see how to
further simplify our decoder, by using a technique called partial-address decoding,

8.6 PARTIAL-ADDRESS DECODING

Although the 8088 is capabie of addressing over 1 million bytes of memory, some applica-
tions may require much smaller memories. A good example might be an educational 8088
single-board computer, much like the one presented in Chapter 12, using only 8K words of
EPROM and 8K words of RAM. This type of system needs only fourteen address lines.
The first thirteen, Ag through A >, go directly to the EPROM and RAM, and the last address
line, A3, is used to select either the EPROM or the RAM. Figure 9.15 details this example
system.

In this figure, A3 is connected directly to the CS input of the RAM and is inverted
before it gets to the CS input of the EPROM. So, whenever A5 is low, the RAM is enabled,
and whenever A3 is high, the EPROM is enabled. We use a single inverter to do all the
decoding in our memory section! This is what is meant by partial-address decoding.

But what about the other address lines, A4 through A;9? They are ignored, and here
is why: when the 8088 is powered-up, a reset causes the processor to look first at memory
location FFFFO to get its initial instruction. We had better make sure good data is in that
location at power-up. If we use an 8KB EPROM at FEQQQ, we can be ensured that the
correct information will be present.

Going back to Figure 9.15, it is clear that the EPROM will be enabled at power-on,
because A3 will be high when the processor tries to access location FFFFO,

But we still do not know why the other six upper address lines, A4 through A in
this case, can be ignored. The answer lies in Figure 9.15. Do you see any address lines other
than A3 being used to enable or disable the EPROM or RAM memories? No! Because we
ignore these address lines, it does not matter if they are high or low. We c¢an read from
memory locations FFFFOQ, 3BFFQ, 07FF0, or C3FFQ and get the same data each time. The
upper address bits have no effect on our memeory circunitry, because we are using only the
lower fourteen address lines. This leads to multiple copies of the RAM and EPROM data
within the processors addressing space. In this case there are sixty-four copies.
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FIGURE 9.18 Partial-address Ag—» Ap»
decoding for RAM/EPROM
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(b} Memory map

Partial-address decoding gives us a way to get the job done with a minimum o
hardware. Because fewer address lines have to be decoded, less hardware is needed. Thi 2
is its greatest advantage. A major disadvantage is that future expansion of memory is diffi-
cult and usually requires a redesign of the memory address decoder. This may turn out to
be a difficult, or even impossible, job. The difficulty lies in having to add hardware to the
system. If a system manufactured by one company has been distributed to a number of
users, making changes to all systems becomes a challenge. Furthermore, individuals want.
ing to make changes themselves may mistakenly place a new memory device into a par
tially decoded area. This will unfortunately result in two memories being accessed at the 3
same time, probably resulting in invalid data during reads.

As long as these dangers and limitations are understood, partial-address decoding is %
a suitable compromise and acceptable in small systems.
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Two more examples are presented to further show the simplicity of partial-address
decoding.

B EXAMPLE 8.6

FIGURE 9.16 16KB
EPROM storage using
partial addressing:

(a) address decoding

tabla; (b} EPROM
circuitry

A 16KB block of memory, composed of two 8KB EPROMs, is to have a starting address
of 4000H. What is the address range for each EPROM?
What circuitry is needed to implement a partial-address decoder for aminmode gystem?

Solution: Figure 9.16(a) shows the address decoding table for the 16KB block of storage.
The base address of 4000H is written down in binary, with the lower 13 bits associated with
Ap through Ajs, the address lines needed to select locations within each 8KB EPROM.
Note that A4 is high and A3 is low for all possible binary patterns of Os and 1s on Ag
through Ajs. This sets the address range for the first EPROM, which is 4000 to SFFF. An

ApAgAn A AsAndp A AplpAs Ay Ay Ag As Ay Ay Ay A Ay
00 0 0 all o 4] o0 00 ¢ 0 00 00 00
00 00D Q1 o 1 1 1 11 1 1 11 1 1 11
0 0 0 0 g gl 1 4] o0 00 0 0 00 040 00
00 0 D g1 1 1 1 1 11 1 1 11 1 1 11

3 > I - 4

For DECODER To EPROM

Ag—Ay T Ag-Ap e W

RKB 8KB
EPROM EPROM

4000 6000

to 0o o Qo

SFFF §), TR, > Dy-D,

9]
|77}
al
d 9

&
Q
—a§l

10/M

)]

OR gate is used to recognize the 1 0 pattern on A4 and A3, as shown in Figure 9.16(b).
Continuing with this technique, we see that A4 and A, are both high when the second
EPROM is being accessed. This translates into the address range 6000 to 7FFF, or a total
address range of 4000 to 7FFF. Another OR gate is used to decode the 1 1 pattern on A4
and A,3. Because this memory is used in a minmode system, IO/M and RD are combined
with a third OR gate and used to control the output-enable input of both EPROMs. ll

You may want to practice by redesigning this circuit with two-input NAND gates.
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B EXAMPLE 9.7

A 32KB EPROM needs a starting address of 30000, and a 32KB RAM needs a starting
address of 20000. The circuitry in Figure 9.17 shows how these addresses are partially
decoded. In this example, three-input NAND gates are used to do the decoding. All three
inputs must be high for the output to go low (and enable the memories). IO/M is inverted,
so that it presents a 1 when low. A7 is connected directly, because it is high in both the
RAM and EPROM address ranges. Only A changes. It is low for the RAM range and high
for the EPROM range. Address lines Ag through A4 are used by the memories themselves,

FIGURE 9.17 Partial-address g S
decoder for 32KB EPROM at 30000, } RAMSEL
and 32KB RAM at 20000 A

Ayr

10/M —|>o—<-
D‘.)—» ROMSEL

Can you determine the range of addresses for each memory? #l

9.7 GENERATING WAIT STATES

READY is a signal that tells the 8088 CPU that data may be read from or written into mem-
ory. We have ignored this signal so far, so that we could develop an understanding of how
memory address decoders work. The first function of the memory address decoder is to
meonitor the address bus and activate the RAMs or EPROMs when a specific address, or
range of addresses, is seen. The second function of the decoder is to tell the CPU to wait
until the memories have been given enough time to become completely active. A typicat
RAM might require 200 ns to become active after it gets enabled. This is due to the time
required by the internal RAM circnitry to correctly decode the supplied address and turnon
its internal buffers. If the decoder did not tell the CPU to wait for 200 ns while this was hap-
pening, problems such as data loss might arise. The READY signal gives us a way to slow
down the 8088 so that it can use slow memories. Typically, the period of the CPU clock is
much smaller than the memeory access time, requiring multiple clock cycles of waiting time
for memory accesses.

In Figure 9.18(a) we see that the output of the address decoder is connected to the
memory and to a delay circuit. The delay circuit is used to extend the bus cycle for a time
equal to the access time of the memories. The 8088 samples READY during siate T, of
each bus cycle and will not proceed into T; until READY is at a high level. Pulling
READY low with the delay circuit inserts a wait state into the bus cycle. The wait state
time is equal €0 te., the access time of the memory. This is shown in Figure 9,18(b). g

How do we delay the generation of READY? A very simple solution is to use a shift
register. Consider the 2-bit shift register of Figure 9.19. It will take two clock pulses forin-
formation at the first D input to get to the second Q output. So, if SEL goes low, we expect
READY to go low for two clock pulses. If an 8-MHz clock is used, the flip-flops are
clocked every 125 ns, which results in a wait state of 250 ns!

The delay time needed depends on the type of memory being used, the clock fre-
quency, and the size (in stages) of the shift register. A one-shot (mono-stable multivibrator)
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FIQURE 9.18 READY operation during
- memory access: (a) block diagram of delay

~ circuit; (b} associated timing
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could be used as well but would not be as stable as the digital circuit due to the nature
of the resistor/capacitor network needed. We finish this section with an example of a delay
circuit. In our next section, we will see a complete schematic of an 8KB RAM/EPROM
mermory.

' @ EXAMPLE 9.8

One type of delay circuit is composed of three D-type flip-flops connected as a 3-bit shift
register driven by a 4-MHz clock. Compute the length of the delay generated by this circuit.

Solution: The length of delay is three times the period of the clock. A 4-MHz clock has
a period of 250 ns; therefore, the delay time is 750 ns,

Can the delay time in this circuit be doubled (to 1.5 ws) by adding only one more flip-
flop? The answer is yes and is left for you to prove as a homework problem. B

198 A COMPLETE RAM/EPROM MEMORY

Now that we have covered all the required basics, a complete memory design is presented.
Figure 9.20(a) shows the required hardware necessary for 8KB of EPROM (located at base
address FEGOO) and 8KB of RAM (located at 060000),
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FIGURE .20 Complete RAM/EPROM memory: (g} minmode system; (b} maxmode system




R R e e H e o e il T

2.9 DYNAMIC AAM INTERFACING 325

The control signals are associated with a minimum mode system. The addresses
for each memory device are fully decoded. The 8-input NAND gate is used to enable the
EPROM, and three 3-input NOR gates and a 3-input AND gate are used to enable the
RAM. Different logic is required in each decoder, because the EPROM address requires
recognition of seven 1s and the RAM decoder must recognize seven 0s. The 2764 is an
8KB EPROM, with an internal address range of 0000 to 1FFF, making its system address
range FEOOO to FFFFF. The 6264 is an 8KB static RAM with a system address range from
00000 to 01FFE. The memories were placed into the 8088’s memory space in such a way
that the EPROM is enabled upon reset, and the RAM is available for interrupt vector,
program, and data storage.

Figure 9.20(b} shows an almost identical memory system, with a few changes made
so that it can be placed into a maximum mode system. RD and WR now become MRDC
and MWTC (generated by the 8288 bus controller). IQ/M disappears, allowing us to elim-
inate one of the NOR gates in the RAM section and requiring the addition of an inverter
{the one that was previously used for IO/M in the EPROM section).

While 8KB of RAM is enough for small educational systers, other systems may
require much more memory. In the next section, we will see how dynamic RAM can be
interfaced to the 8088,

9.9 DYNAMIC RAM INTERFACING

What Is Dynamic RAM?

Dynamic RAM is a special type of RAM memory that is currently the most popular form
of memory used in large memory systems for microprocessors. It is important to discuss
a few of the specific differences between static RAMs and dynamic RAMs. Static RAMs
use digital flip-flops to store the required binary information, whereas dynamic RAMs use
MOS capacitors. Because of the capacitive nature of the storage element, dynamic RAMs
require less space per chip, per bit, and thus have larger densities.

In addition, static RAMs draw more power per bit. Dynamic RAMs employ MOS
capacitors that retain their charges (stored information) for short periods of time, whereas
static RAMs must saturate transistors within the flip-flop to retain the stored binary infor-
mation, and saturated transistors dissipate maximum power,

A disadvantage of the dynamic RAM stems from the usage of the MOS capacitor
as the storage element. Lefi alone, the capacitor will eventually discharge, thus losing
the stored binary information. For this reason, the dynamic RAM must be constantly
refreshed to avoid data loss. During a refresh operation, all of the capacitors within the
dynamic RAM (called DRAM from now on) are recharged.

This leads to a second disadvantage. The refresh operation takes time to complete,
and the DRAM is unavailable for use by the processor during this time.

Older DRAMs required that all storage elements inside the chip be refreshed every
2 ms. Newer DRAMSs have an extended 4-ms refresh time, but the overali refresh operation
ties up an average of 3 percent of the total available DRAM time, which implies that the CPU
has access to the DRAM only 97 percent of the time. Because static RAMs require no refresh,
they are available to the CPU 100 percent of the time, a slight improvement over DRAMS.

In summary, we have static RAMs that are fast, require no refresh, and have low bit
densities. DRAM:s are slower and require extra logic for refresh and other timing controls
but are cheaper, consume less power, and have very large bit densities.
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FIGURE 8.21 internal block diagram of CAS
a 64X-bit dynamic RAM l
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Accessing Dynamic RAM

A major difference in the usage of DRAMSs lies in the way in which the DRAM is ad-
dressed. A 64K-bit DRAM requires 16 address bits to select one of 65,536 possible bit :
locations, but its circuitry contains only eight address lines. A study of Figure 9.21 will
show how these eight address lines are expanded into sixteen address lines with the help of
two additional contro] lines; RAS and CAS. ;
The eight address lines are presented to row and column address buffers and latched
accordingly by the application of the KAS and CAS signals. To load a 16-bit address into
the DRAM, 8 bits of the address are first latched by pulling RAS low. Then the other 8 ad- |
dress bits are presented to Ag through A7, and CAS is pulled low. By adding just one more.
address line to the DRAM, the addressing capability is increased by a factor of 4, because *
one extra address line signifies an extra row and column address bit. This explains why ;
DRAMEs tend to quadruple in size with each new release. :
The actual method for addressing the DRAM is presented in Figure 9.22. First, the ;
8 row address bits are applied to A throngh A7, and RAS is pulled low. Then A, through
A receive colurmn address information, and TAS is pulled low. After a short delay, the cir- 3
cuitry inside the DRAM will have decoded the full 16-bit address, and reading or writing %
may commence. J
The row address strobe and column address strobe signals must be generated within
100 ns of each other to avoid data loss. The specific timing requirements for other DRAM ]
chips depend on the manufacturer. ]

FIGURE 9.22 DRAM !
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FIGURE 9.23 Address bus selector for DRAM

External logic is needed to generate the RAS and CAS signals, and also to take care
of presenting the right address bits to the DRAMs, The circuit of Figure 9.23 shows an
example of the required logic.

The operation of this circuit is as follows. The address decoder monitors the address
bus for an address in the desired DRAM range and outputs a logic 0 when it sees cne.
Normally the three Q outputs of the shift register are all high. The first clock pulse wilk shift
the logic 0 from the address decoder to the output of the first flip-flop, cavsing RAS to go
low. Because the output of the second flip-flop is still high, the 74LS157s (quad 2-line to
1-line multiplexers) are told to pass processor address lines Ay through A,. This is how we
load the ROW address bits into the DRAM.
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The second clock pulse will shift the logic 0 to the second Q outpat (the first is still
low also), which causes the 74L.5157s to select the processor address lines Ag through A5,
These address bits are recognized and latched by the DRAM when the third clock puise
oceurs, because the fogic 0 has been shifted to the third Q output, which causes CAS to go
low. The DRAM has been loaded with a full 16-bit address, and reading or writing may
commence. At the end of the read or write cycle, I0/M will go high, presetting all three
flip-flops via the preset line, and the shift register reverts back to its original state.

This sequence will repeat every time the address decoder detects a valid address.

Figure 9.24 shows a complete DRAM addressing circuit with read-write logic,
When the 74L.5138 detects a valid memory address, one of its eight outputs will go low,
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FIGURE 9.24 Complete DRAM addressing circuit
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removing the 7418175 quad D flip-flop from its forced-clear state. All four Q cutputs are
high at this time. As alogic 1 shifts through the 7418175 (connected as a 4-bit shift register),
the RAS, WE, and CAS signals will be generated. The resistors in the address and controt
lines are called damping resistors and are used to control the waveshape of the digital
signals to the DRAMs, The damping resistors reduce ringing and other noise that would
normally occur in a high-speed digital system. The only circuitry missing from Figure 9.24
is the required refresh logic, which we will study in the next section.

Refreshing Dynamic RAM

Previously we learned that DRAMs need to be refreshed, or the MOS capacitors that retain
the binary information will discharge and data will be lost. Older DRAMs required that all
cells (storage elements) be refreshed within 2 ms. Although the process of reading or
writing a DRAM cell is a form of refresh, it is possible that entire banks of DRAM remain
inactive while the CPU addresses other memories or /O devices, so a safe designer will
include a refresh circuit in the new DRAM system.

Newer DRAMs (such as the MCM6664) contain a single control line calted REF
that automatically refreshes the DRAM whenever it is pulled low. But how is refreshing
accomplished? Let us look at the process that is used to refresh a DRAM and the circuitry
needed to control the process. _

DRAMs are internally designed as a grid of memory cells arranged as a matrix, with
an equal number of rows and columns (hence the RAS and CAS control signals). A 4K bit
DRAM would need twelve address lines: six for the row decoder and six for the column de-
coder. Each decoder would pick one row and column out of a possible 64. During a refresh
operation, all 64 column-cells would be refreshed by the application of a single RAS sig-
nal. This is called RAS-only refresh. To refresh all 4096 bits, it is necessary only to RAS
select all 64 rows. A larger DRAM, a 64K bit one for example, would require RAS select-
ing more rows (256 in this case). The easiest way to ensure that all rows get selected during
a refresh operation is to use a binary counter and connect the output of the counter to the
DRAM address lines during a refresh. To ensure that the DRAMSs get refreshed periodi-
cally, a timer is needed to generate a REFRESH signal. The REFRESH signal will suspend
processor activity while the DRAM is refreshed. Figure 9.25 shows how a 555 timer can

+5V

47K

7 8 4 Tell 8088 refreshing

D Q is needed.
3 =

47K 5355 = l

6 / Q l—» REFRESH

PR
2 1
"—l f=10kHz ; DONE
0l pF 7= :

— Refresh cycle complete;
release microprocessor.

FIGURE 9.25 555 timer generates refresh signals every 100 ps
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FIGURE 9.26 DRAM refresh generator

be used to generate a REFRESH signal every 100 ps. The 555 timer clocks a D-type flip-

fiop, whose output is REFRESH. When the refresh cycle is completed, DONE is used to

preset the flip-flop and remove the REFRESH request, until the 355 times out again. Fig-

ure 9.26 shows how the refresh timer, together with the RAS refresh circuitry, is used to

refresh the DRAMs. When the 555 timer initiates a refresh cycle, REFRESH will go high,
issuing a HOLD request to the 8088. The processor will respond by asserting HLDA,
which allows a 0 to be clocked into the 2-bit shift register used to control RAS and DONE.
When RAS is active, bits Ap through A7 of the address bus will contain the 8-bit counter

value (the current state of the 74L.8393). When DONE is active, the refresh fiip-flop is pre-

set, which removes the HOLD signal. This causes the processor to release HLDA, which

in turn causes the 2-bit shift register to be loaded with 1s. At this point, the bus request is

over, and the processor resumes execution. Because the 555 timer also clocks the 8-bit

counter, a unique row address is generated each refresh cycle.

A Dynamic RAM Controller

We may conclude that the circuitry required to address, control, and refresh DRAMs is
both complicated and extensive (which may translate into expensive). There must be a
simpler way.

There is!

Varicus companies make DRAM controtler devices that take care of all refreshing
and timing requirements needed by the dynamic RAMs. All circuitry is contained in a single



9.10 DIRECT MEMORY ACCESS 3N

< Data bus
Address Address {}
bus bus

ALE - RAS _

ROR8 — DRAM » DRAM
RD N controller CAS memory
WR _ WE .

READY =

FIGURE 8.27 DRAM controller interfacing

package in most cases. The DRAM controller does its work independently of the proces-
sor, This means that the DRAM controlier will issue a wait to the processor when
the processor tries to access memory during a refresh cycle. Figure 9.27 shows how a
DRAM contreller is used in an 8088-based system, Using a dedicated DRAM controller
minimizes the time required to design, debug, and eventually troubleshoot DRAM mem-
ory systems. It may also be more cost effective in the long run.

Dynamic RAM Summary

Our study of DRAMS has shown that they are slow and require complicated circuitry to get
E them to work (unless a DRAM controller is used). On the other hand, DRAM:s are cheaper,
*5 per bit, than static RAM, they consume less power, and have much larger bit densities.
'f With the advance of the microcomputer into the word processing arena, where very large
memories are needed to store and manipulate text, dynamic RAM becomes a very eco-
nomical solution. Image processing, large informational databases, and virtually any large
storage systemn make the use of dynamic RAMs an ideal choice. Furthermore, interfacing
dynamic RAMSs is made easier with the use of a DRAM controller.

9.10 DIRECT MEMORY ACCESS

Direct memory access, usually called DMA for short, is a process in which a device ex-
ternal to the CPU requests the CPU’s buses (address bus, data bus, and control bus) for its
own use to speed up memory-to-memory data transfers. Examples of external circuits that
might wish to perform DMA are video pattern generators, which share video RAM with the
CPU, and high-speed data transfer circuits such as those used in hard disks.

In general, a DMA process consists of a slave device requesting the use of the
master device’s buses. In a microprocessor-based system, the master is usually the CPU.
Once the slave device has control of the bus, it can read or write to the system memory as
: necessary. When the slave device is finished, it releases control of the master’s buses, and
3 system operation returms to normal.
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An example of why DMA is a useful technique can be illustrated in the foliowing way,
Suppose you wish to add a hard disk storage unit to your microcomputer. The hard disk
boasts a data transfer rate of 5 million bytes per second. This comes to 1 byte transferred
every 200 ns! Older microprocessors would be hard put to execute even one instruction in
200 ns, much less the multiple number of instructions that would be required to read the byte
from the hard disk, place it in memory, increrent a memory pointer, and then test for an-
other byte to read. A DMA centroller would be very handy in this example. It would merely
take over the CPU’s buses, write all the bytes into memory very quickly, and then return
control to the CPU. Even today, DMA is still a valuable addition to a microprocessor-based
system.

To perform DMA on the 8088, two signals may be used, They are RQ/G Ty (request/
grant) and RQ/GT;. Both of these signals are bidirectional; they are both inputs and
outputs. A logic zero must be placed on either signal to request the processor’s bus, with
RQ/GT, having priority over RQ/GT;. The processor will acknowledge the takeover when
the current bus cycle finishes and output a 0 on the appropriate signal line. The low-level
request signal must be at least one CLK period long for the 8088 to recognize it. The
processor will output a 0 for one CLK period during the next Ty or Ty state to acknowledge
the takeover, It will then enter a “hold acknowledge™ state until the new bus master sends
another low-level pulse to RQ/GT. All bus takeovers must consist of this three-pulse se-
guence. It is important to note that the device performing the DMA is responsible for main-
taining the DRAM refresh requirements, either by performing them itself, or by allowing
them to happen normally with existing circuitry.

Still another way to transfer data to an external device is through a technique called
memory-mapped /O, which is slower than DMA but just as useful. It is even possible for
a system to employ both DMA and memory-mapped I/O, using DMA for the high-speed
transfers and memory-mapped /O for the slow ones.

9.1

MEMORY-MAPPED I/0

Normally, a memory location, or group of locations, is used to store program data and other
important information. Data is written into a particular memeory location and read later for
use, Throngh a process called memory-mapped I/Q, we remove the storage capability of
the memory location and instead use it to communicate with the outside world. Imagine
that you have a keyboard that supplies an 8-bit ASCII code (complete with parity) when-
ever you press a key. Your job is to somehow get this parallel information into your com-
puter. By using memory-mapped 1/0, a memory location may be set aside that, when read,
will contain the 8-bit code generated by the keyboard. Conversely, data may be sent to the
outside world by writing te a memory-mapped output Iocation. The 8088 CPU is capable
of performing memery-mapped /O in either byte or word lengths. All that is required is a
memory address decoder, coupled with the appropriate bus circuitry. For a memory-
mapped output location, the memory address decoder provides a clock pulse to an octal
flip-flop capable of storing the output data. A memory-mapped input location would use the
memory address decoder to enable a tri-state octal buffer, placing data from the outside
world onto the CPU’s data bus when active. Figure 9.28 shows the circuitry for an 8-bit
memory-mapped /O location, sometimes referred to as a memory-mapped IO port. The
memory address decoder may be used for both input and output.
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FIGURE 9.28 Memory-mapped I/O circuitry

9.12 TROUBLESHOOTING TECHNIQUES

As we have seen before, a good knowledge of binary numbers is beneficial when working
with microprocessors, and necessary to the efficient design of address decoders (and other
interfacing circuitry). Once the decoders are designed, however, they must be tested to see
whether they perform as required. Testing the operation of a memory address decoder can
be accomplished any number of ways. The circuit can be set up on a breadboard, simulated
via software, or just plain stared at on paper until it seems correct.

In situations like the troubleshooting phase of the single-board computer project in
Chapter 12, testing the memory address decoder (similar to Figure 9.14) is often necessary.
In addition to checking the wiring connections visually {or via a continuity tester or DMM),
a logic analyzer is connected so that the waveforms can be examined. Even an old eight-
channel logic analyzer can be used to diagnose difficult problems in a microprocessor-based
system if the clock speed is not too high. Oscilloscopes typically fall short in showing the
associated high-speed timing relationships (unless they are storage scopes or the program is
executing a loop).

The logic analyzer is connected so that all of the inputs to the address decoder are
sampled, and as many of the cutputs, as necessary. In addition, the logic analyzer is set up
so that it triggers (and begins capturing data) at RESET, and the initial activity of the
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processor’s address bus can be observed. If the single-board’s EPROM is not enabled, the

system will not function at all. The logic analyzer will show how the address decoder

responds at power on.

The logic analyzer ¢an also be used to examine the data coming out of the EPROM

or RAM. Sampling the data and a few of the address lines should be enough to verify
whether the data is correct. It is sometimes possible to spot switched data or address lines
this way.

These techniques also apply to /O circuitry, which we examine in the next chapter.

SUMMARY

In this chapter we studied some of the most common methods used in the design of memory
circuitry for microprocessor-based systems. Full- and partial-address decoding, memory-
mapped IO, direct memory access, and the logical requirements for static and dynamic
RAMSs were all covered. A good designer will employ many of these techniques in an effort
to construct a new system that is logically simple and elegant but also functional and easy
to troubleshoot. The end-of-chapter questions are designed to further test your knowledge
of these topics. You are encouraged to work all of them to increase your ability to design
memory address decgders, partial-address decoders, and complete memory systerns.

STUDY QUESTIONS

1. Explain the different functions associated with processor signals ADy through AD».

2. How does external circuitry know when address information is present on the multi-

plexed address/data bus?

. List the different control bus signals used in minimum mode and maximum mode.

4. How can the RD, WR, and I0/M outputs be used to detect any kind of access to
memory? Design a circuit that will output a 0 on MEMORY whenever a memory read
or write occurs,

5. If a state time on an 8088-based system is 250 ns, what is the minimum time spent

doing a memory read?

. When (and why} are wait states inserted into memory accesses?

. How many address lines are needed for a 128KB memory? For a 2MB memory?

. For the state time of Question 5, what is the time spent doing a memory read with two

wait states?
9. Two 2KB EPROMs are used to make a 4KB memory. How many address lines are
needed for the EPROMSs? What upper address lines must be used for the decoder?

10. For the memory of Question 9, what is the address of the last memory location, if the

starting address of the EPROM is E4000?

11. Design a memory address decoder for the EPROM memory of Question 10, using a

circuit similar to that in Figure 9.10,
12. Repeat Questions 9 through 11 for these memory sizes and starting addresses:
{a) 8KB, base address of CC000
{b) 32KB, base address of 80000
(c) 256KB, base address of 00000
13. What are the decoded address ranges for the circuits in Figure 9.297
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14, What signal: (or signals) is missing from the address decoder in Figure 9.297 Modify
the decoders to include the missing signal (or signals).
15. What are the address range groups for the decoder in Figure 9.30?

FIGURE 9.30 For Questions 15

and 16
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16. Use a circuit similar to that of Figure 9.30 to decode these address ranges:

18000 to 187FF
18800 to 18FFF
19000 to 197FF
19800 to 19FFF
1A000 to 1A7FF
1A800 to 1AFFF
1B00O to 1B7FF
1B800 to 1BFFF

17. What are two main advantages gained in using partial-address decoding? Two disad-

vantages?

18. Give three possible address ranges for each decoder in Figure 9.31. Address lines Ag
through A, are used by the memories,
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FIQURE 9.31 For Qugstion 18

19,

20.

21.

22.

23.

26.
27.
28,
29,
30.

. Why do DRAMSs consume less power than static RAMs?
25,

© @)
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Suppose that three different memory decoders have output signals RAMA, RAMB, -
and ROM. Design a circuit to generate a READY delay of 200 ns using a 100-ns-
period clock and a circuit similar to that of Figure 9.19. Any of the three signals going -;
low triggers the generator, ;

4

Use an 8-bit parallel-out shift register to design a vartable wait-state circuit. Assume
that the shift register is clocked once every 125 ns, and that 0 to 7 125 ns wait states
are allowed.
Design a 32KB memory using 8KB EPROMSs. Show the address and data line, .
connections to all EPROMs and the circuitry needed to switch between the four 8KB-
sections. '
How do the RAS and CAS lines on a DRAM eliminate half of the required chip
address lines? .
Why does the size of a DRAM go up by a factor of 4 for each single address line that -
is added?

Explain how DRAM refreshing could be accomplished using an interrupt service
routine. '

How does program execution change on a system that supports DMA?

What is the 8088 doing while its external buses are involved in a DMA transfer? ;
Design a partial-address decoder for a 64KB EPROM with a base address of 40000..
Redesign the circuit of Example 9.6 using NAND gates.

What are the ranges of addresses for the partial-address decoders of Example 9,77
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