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Preface

This book is an introduction to the 8086 microprocessor. It describes
the 8086 architecture, shows how to design a svstem incorporating an 8086,
and discusses how to write programs that run on the 8086. Since the treat-
ment is detailed and relies heavily on examples and illustrations, it can be
useful to both the computer novice and the computer professional.

The book is composed of three main topics—8086 architecture. 8Us6
system design, and 8086 programming. The architecture is broken down
into 8086 machine organization (register and memory structure, addressing
modes), covered in Chap. 2, and 8086 instruction set, covered in Chap. 3.
The 8086 and 8088 svstem designs in Chaps. 4 and 5 show how to put these
microprocessors together with other components to form a complete mi-
crocomputer system. Programming is divided into 8U86 assembly-language
programming (Chap. 6) and 8086 high-level-language programming (Chaps,
7 and 8).

The first chapter is intended to bring a heterogeneous group of readers
up to a common level of knowledge about computers and microcomputers.
If you already have that knowledge and you're anxious to learn about the
8086, skip ahead to Chap. 2.

The first edition of this primer did not discuss the language Pascal
hecause no 8086 Pascal compilers were available at the time of that writing.
The only 8086 high-level language then in existence was PL/M. Today
several 8086 Pascal compilers exist, and each language is now covered in
its own chapter (Chap. 7 for PL/M and Chap. 8 for Pascal).

Another topic not in the original edition is the 8088, The primary
difference between the 8086 and 8088 processors is the amount of data
that each can transfer to and from the outside world at one time—the 8086
can transfer 16 bits. whereas the 8088 can transfer only 8 (both processors
can manipulate 16 bits of data internally). This difference has its greatest
impact on system design, and hence each processor has its own system
design chapter (Chap. 4 for the 8086 and Chap. 5 for the 8088). All other
chapters are applicable to both processors, although. for convenience, only
the 8086 is mentioned (constantly writing 8086/8088 is awkward).

I would like to thank those same people whom I thanked in the
original edition (plus a few new ones) who contributed many hours of their
own time to reading the drafts and finding my numerous errors. They are
Richard Altmaier. John Crawford. Rodney Farrow, Joseph Friedrich, Ste-
phen Hanna, Marek Jeziorek, Jeffrey Katz. Phillip Kaufman. John Palmer.



Samuel Quinng, Andrew Rabinowitz, Joseph Sharp, and Thomas Wilcox.
A special thanks goes to Alice Morse, my mother and lifelong proofreader.

Finally, let me thank my wife Anita for graciously relinquishing her
place on the dedication page to our daughter, Megan, who should be born
at about the same time as this book is published.

STEPHEN P. MORSE

San Francisco, California



Foreword

In 1972, Intel announced the 8008, the first commercially available
8-bit microprocessor, which ultimately led to the 8080, the industry standard
microprocessor. When they were introduced, some observers wondered what
these new gadgets could be used for, To date, over three million have been
used, not counting support and peripheral circuits, for thousands of different
uses from telephone switching systems to TV games.

Since 1972, the microprocessor revolution has opened a multitude of
component and system applications, from one-device engine control to
single-board computers for complex industrial control tasks. In 1978, Intel
introduced the first high-performance 16-bit microprocessor, the 5086.

The thrust of the 8086 has always been to help users get their products
to market faster using compatible software, peripheral components, and
system support. In this *family” concept, the CPU is the heart of a system,
extending to interfaces, memories, peripherals, communications, computer
systems, and software. This 8086 family consists of several CPUs as well as
complete support for bus control. For example, Intel provides the 50
CPU, which utilizes the same 16-bit internal architecture as the 8086 but
has an external 8-bit bus, thus bridging the gap between 8-bit and 16-bit
processors. The 8089 is designed as a special high-performance 1/0 proces-
sor for offloading and processing in parallel the host CPU (also available is
the 8086-2, an 8-MHz version of the standard 5-MHz 8086). The BOR6
family was designed as a multiprocessing family such that a system consisting
of multiple processors is easily implemented, supported not only by the
8086 family of CPUs but also by “family™ bus support circuitry, The 8289
Bus Arbiter, in conjunction with the 8288 Bus Controller, provides a power-
ful and eflicient means of arbitrating multiple CPUs residing on a shared
systemn bus, Whether designing a single CPU system or a high-performance
multiple processor system, the 8086 family supports the “total system™
solution.

At first glance, the complexity of 16-bit microprocessor system design
seems to govern the choice between diverse component products. The key
issue is actually synergism. The ease of use among Intel products offers
building-block solutions to entire system design problems. One can use the
same components for designing a single microprocessor-based system with



one common bus or a very powerful multiple processor system with a host of
shared resources.

With the common thread of compatible architecture, user language
(like PLM or PASCAL ), and a series of development systems that support
each and every programmable device, Intel has endeavored to ease the
design task for engineers working on microprocessor-based systems, both
large and small.

We recommend Stephen Morse’s book to those interested in using the
16-bit universe as the solution to their design problems.

DAvE GELLATLY
Microprocessor Marketing Manager
Intel Corporation
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introduction

The aim of this first chapter is to gain a technical and historical perspective
on microcomputers in general and the 8086 in particular. Microcomputers are not
unlike any other computer excepl in size. So we’'ll start by summarizing the
fundamentals of computers and then describe the evolutionary process that led to
the microcomputer. Finally, we’ll show where the 8086 fits mnto the picture.

Computer Overview

Before we talk about a microcomputer, let’s briefly summarize the notion
of a computer. Besides serving as a review, this section will introduce some of
the terms and concepts used throughout the book.

The basic units that make up a computing system are shown in Fig. 1.1.
Figure 1.2 shows the same system except all the recognizable components are
replaced by impersonal boxes. Let’s examine the behavior of such a system by
focusing on the function of each box.

The role of a computer is to obtain data from an input device, process the
data. and deliver the final results to an oufput device. The particular processing to
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Fig. 1.1 Primitive computing system.
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be done is specified by a list of instructions called the program. The program is
stored in the program area.

The operations of the computer are controlled by a device called a conirel
unit, The control unit does the following three steps repeatedly:

l. Ferches an struction from the program area

2. Decodes the instruction to determine what operations are to be per-
formed

3. Execwies the instruction by sending control signals to devices that per-
form the operations

The operations that are performed during instruction execution consist of
moving data between devices and performing computations on data within a
device. Computations are performed by the arithmeric device. The dara area is
used to supply mnputs for the computations and to hold the intermediate results of
the computations.

To see how all this ties together, let’s analyze the execution of a particular
instruction, namely an ““add ™" instruction. The control unit sends a control signal
to the program area requesting the next instruction. The program area responds
by sending an instruction to the control unit. The control unit then decodes the
instruction and discovers 1t's an “add ™ instruction. It then sends out control
signals to (1) the data area telling 1t to move two values to the arithmetic device,
(2) the arithmetic device telling it to add the two values it received, and (3) the
data area telling it to receive the result of the addition.

The program area and the data area are similar in that both consist of
memaory in which information is stored. However, there is a big difference in the
kind of information each area holds. The data area holds intermediate results,
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which are frequently changed during the execution of the program. The program
area holds the program, which usually doesn’t change while it is being executed.
(Programs that modify themselves have fallen from favor in recent vears.) In
some systems the program is actually “‘engraved’™ into the memory so it can no
longer be changed; it can only be read. Memories having this property are called
read-only memories (ROM tor short). A ROM would obviously be unsuitable for
use in the data area. The data area consists of readable-writable memory that
came to be called RAM by accident; it should have been called RWM. (RAM
stands tor random access memory, which unfortunately 1s not a very descriptive
title. )

A memory is a collection of sequential locarions, each having a unique
address, Bach location contains a sequence of birs (short for binary digits ). These
bits are the conients of the location. Each bit is either 0 or 1. More will be said
about binary digits later in this chapter,

The data area consists of registers and flags in addition to memory. Like
memory, the registers are also used to hold intermediate results. It's usually
easier and faster to access values in registers than in memory. The computer uses
the flags as indicators to keep track of what’s going on. There are two kinds of
flags—those that record information about the results generated by previously
executed instructions (status flags) and those that control the operations of the
computer (conrrol flags). An example of a staws flag is a flag that indicates a
result is too big for the computer to handle. An example of a control flag is a flag
that tells the computer to execute instructions at a slower rate, such as one per
hour.

Another device in a computing system is a port. A port is the door through
which information passes when coming from or going to an input or output
device. For the sake of simplicity, ports were not shown in Figs. 1.1 and 1.2,

Data Formats

The contents of a memory location can represent either an instruction in the
program or a piece of data. The ways instructions are stored—as a sequence of
bits in a location—are called the instruction formats and may vary from one
computer to another. The instruction formats of the 8086 are presented in Chap.
3. The data formars used 1n the 8086 are described here.

Data processed by a computer can be either numeric (numbers) or non-
numeric (characters). A payroll program might make extensive use of numeric
data, whereas a text-editing program would be concerned with non-numeric data.
The format used for storing non-numeric data is known as ASCIIL.

Mumber Systems We are accustomed to representing numbers as a
sequence of decimal digits, such as 365. This is interpreted as 3 hundreds, 6 tens,
and 5 ones. It is sometimes called a base-10 representation. It's no accident that
we have ten Ningers, and we use a base-10 representation for our numbers.
Computers don’t have fingers; they count with voltages. For reliability, they use
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Table 1.1 Hexadecimal Representation

e ——— e e e —

Group of Four Bits Hexadecimal Digit Vaiue
0000 ] Zero
0001 i one
0010 2 Iwo
0011 3 three
0100 4 four
01071 5 five
0110 ] 5ix
0111 7 SEVEDN
1000 8 eight
1001 9 mine
1010 A ten
1011 B eleven
1100 C twelve
1101 ] thirteen
1110 E fourteen
1111 F fifteen

only two voltage levels. They either have a voltage or they don't, and it’s pretty
difficult (though not impossible) to confuse the two situations. So it follows that
computers want to represent numbers as a sequence of binary digits (bits), such
as 11010, This i1s the base-2 representation of | sixteen, | eight, U fours, 1 two,
and 0 ones. Binary numbers can be added, subtracted, multiplied, and divided
directly (no need to convert them to decimal numbers first) as long as we
remember that | plus 1 is 10 (1 two and 0 ones) and not 2. For example:

1001 binary representation of nine
+ 0101 binary representation of five
1110 binary representation of fourteen

We tend to get confused with long sequences of binary digits, although
computers aren’t perturbed the least bit. For example, 10110101 is the binary
representation for one hundred eighty-one. To make things simpler, we have
devised a scheme of compressing long sequences of binary digits by grouping the
bits four at a time. Each group of four is represented by a single character, as
shown in Table 1.1. Thus 10110101 is abbreviated to B5. This is called a
hexadecimal number and is exactly the number system we would have used if we
had been born with 16 fingers.

Signed Mumbers The binary notation is perfect for describing positive
numbers and zero. But when we want to allow for negative numbers, we need to
have an additional mechanism to indicate the sign of the number. The simplest
way to do this is o use the most significant (leftmost) bit of the number to
indicate the sign. For example:
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OO0 0100 would be +4
TOC0 O 100 would be —4
0111 1111 would be +127
1111 1111 would be —127

Such a representation is called sign-magnitude representation and has one serious
drawback: it requires a new set of arithmetic rules. This becomes obvious when
we try to use binary arithmetic to subtract +1 from () and expect 1o get — 1.

0000 QOO0 0 in sign-magnitude
0000 OO0 +1  in sign-magnitude
1111 1111 — 127 in sign-magnitude

[f we want to use the same binary arithmetic on signed numbers that we
used on unsigned numbers, we need a signed-number representation in which
1111 1111 represents — 1, not —127, Furthermore, subtracting +1 from —I
should give —2. Let’s perform this subtraction to see what —2 should look like.

i111 1111 here’s — |
o QOO0 D001 subtract + 1
1111 1110 and call this —2

So it seems that we should represent positive and negative numbers as follows:

0000 0011 plus three
OOO0 0010 plus two
OO0 OO0 plus one
OO0 OO0 ZET0

1111 1111 minus one
[111 1110 minus two
1111 1101 minus three

This is called a rwe's complement representation, and it has the property that
hinary additions and subtractions will give the correct two's complement result.
For example:

(OO0 GO +3 in two's complement
+ 1111 1110 -2 in two's complement
0000 0001 £ 1 in two's complement

It also has the property that the most significant bit of every non-negative (posi-
tive or zero) number is 0 and of every negative number is |. Thus, just like in
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sign-magnitude representation, this bit serves as a sign bit. Properties of signed
numbers are explored in more detail in Chap. 3.

The sign of a two's complement number can be changed by changing the
value of each bit and adding +1. For example, we can obtain the two's comple-
ment representation of —3 from the two's complement representation of +3 as
follows:

COO0 0011 +3 in two's complement
1111 1100 +3 with each bit changed
+ 0000 0001 +1 in two’s complement
1111 1101 =3 in two's complement

There is one precaution to note about two’s complement numbers. If an
8-bit two’s complement number is to be extended to 16 bits (so that it can be
added to a 16-bit two's complement number, for example), some thought must
be given as to what goes into the additional eight bits.

Suppose we wanted to add 0000 0001 (+1 in two’s complement) to 0000
0000 D000 D011 (+3 in two's complement). In this case there's no doubt that we
would simply append eight 0's on the left side of the +1 and then add:

OO0 QOO0 0000 00 1 (+3 in two's complement)
+ 0000 OO0 0000 (001 (+1 in two’s complement)
OO0 0000 0000 0100 (+4 in two's complement)

However, if we wanted to add 1111 1111 (=1 in two's complement) to
OO0 D000 0000 0011 (+3 in two's complement), we mus append eight 1's 1o
the left side of —1 (appending 0's would make it a positive number). The
addition is then:

OOO0 OO0 COO00 001 1 (+3 in two’s complement)
+ 1111 1111 1111 1111 (=1 in two’s complement)
OO0 G000 0000 G010 {+2in two's complement)

Thus the extension of an 8-bit number to a 16-bit number looks like this:

Value &-bit Representation 16-bit Representation
+1 OO (00T G000 0000 G000 0001
=] 1111 1111 1111 1111 1111 1111

The rule for extending a two's complement number is to append additional bits
on the left side of the number with each such appended bit having the same value
as the original sign bit. This process is called sign extendine.

Characters Characters can be represented as a sequence of bits. As a
minimum we need to be able to represent 26 letters and 10 digits for a total of 36
characters. But it also would be nice to be able to distinguish between upper case
and lower case letters (another 26 characters) and to be able to represent some
special characters (+ and * for example). So now we have over 64 characters and
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thus need at least seven bits to represent a single character (the largest value that a
6-bit number can have is only 64). A commonly used 7-bit encoding is called
ASCIH (American Standard Code for Information /nterchange) and is shown in
Appendix C. An 8-bit memory location is called a byte of memory and is
conveniently used for the storage of an ASCIl-encoded character (the eighth bit 15
sometimes used as a check on the validity of the other seven).

Stacks

A stack is a concept that is frequently found in microprocessors as well as
in larger machines. Other names for stacks are “‘pushdown lists™™ or “'last-in-
first-out queues. '’ These names are intended to convey the image of a device for
stacking cafeteria trays. When a new tray is placed on top of the stack of trays, it
pushes all trays beneath it down one level. When the top tray is removed from the
stack, all trays pop up one level. The last tray placed on the stack will be the first
tray to be removed.

To understand what all this has to do with computers, we have to look at
subroutines. Subroutines (sometimes called procedures) are parts of a program
that are called upon to perform specific tasks. This provides a means of subdivid-
ing the total problem to be solved into smaller and simpler parts. A subroutine
itself might call upon other subroutines to further subdivide the work. After a
subroutine finishes its task, it returns control back to the routine that called upon
it. The result is a sequence of subroutines, each calling upon other subroutines,
until the last subroutine called upon decides to return. In other words, the last
subroutine called will be the first subroutine to return.

When a subroutine is called upon, there is a certain amount of information
that must be saved. This might include the current contents of some of the
registers and the current settings of the flags. It certainly includes the address in
the calling routine to which the subroutine will eventually return control. When
the subroutine completes its task, it will retrieve this saved information so that it
can restore the contents of the affected registers, set the flags to their original
settings, and use the *‘return address ™" to return control to the appropriate instruc-
tion. But since the last subroutine called is the first subroutine to return, the last
piece of information saved must be the first to be retrieved. Thus the information
must be stacked like cafetena trays.

So far we have described how a stack behaves and why a stack would be a
useful thing in a computer. Now let’s see how a computer stack can be im-
plemented. Since the stack has to hold information, it must be some Kind of
memory. Actually any portion of the available memory (other than the read-only
memory ) can be used as a stack. All that is needed is a pointer to the last prece of
information that was placed in the stack portion of memory. This pointer is often
called the stack pointer, and the information it points at 1s usually called the rop
of the stack. When a new piece of information is placed on the stack (a process
referred to as pushing), the stack pointer is updated so that it points to the next
memory location, and the information is placed in that location. When a piece of
memory is retrieved from the stack (a process referred to as popping), the
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information is retrieved from the memory location that the stack pointer is point-
ing at, and the stack pointer is again updated—but this time in the opposite
direction.

8086 Memory Utilization (A Sneak Preview)

The preceding sections have illustrated that memory may be used to hold
the program (code), to store data (numeric and character), and as a stack. Thus it
15 not surprising that the B0B6 actually separates its memory into code segments,
data segments, and stack segments. These segments of memory are discussed in

Chap. 2.

The Microcomputer Story
Now that we 've summarized the basic concepts of a computer, let's take a
look at the history of computers and see how they evolved into microcomputers.

From Big Computers to Microcomputers In the 1950s all electronic
devices (radios and televisions, as well as computers) were built of bulky
vacuum-tube devices. Computers of that vintage are sometimes referred o as
first-generation computers. Examples are IBM's 630 and 704. These computers
were housed in large rooms containing several racks of electronic equipment. By
the end of the decade, transistors and other solid-state devices began to replace
vacuum tubes. Computers using this technology are called second-generation
computers (the IBM 7090 and the Burroughs BS500, for example).

In the 1960s many discrete electronic components (resistors, capacitors,
transistors, etc. ) were combined into one single complex electronic component
called an integrared-circuit (1C for short). The IC is fabricated on a wafer of
silicon smaller than a postage stamp. It is mounted on a centipede-like structure
that can be plugged into a system. This pluggable integrated-circuit became
known as a chip. Computers built out of 1C chips are the third-generation com-
puters (the IBM 360, the GE 635, and the Burroughs B6700). But the
integrated-circuit technology continued to advance, and by the early 1970s many
of the components in Fig. 1.2 could be put together onto a single chip (Intel 's
4004 and B0O8). This led to the coining of the term computer-on-a-chip.

By this time, not only had the size of computers been drastically reduced,
but so had the price. The vacuum-tube computers were priced in the millions of
dollars. Computers-on-a-chip were initially priced around %300, and within a few
years competition drove that price down to less than 510,

Computers-on-a-chip are called microcomputers or microprocessors, Al-
though the terms are sometimes used interchangeably, there is a difference. A
microprocessor 1s a single chip. 1t usually consists of a control unit, an arithmetic
and logical unit, registers, flags, and interfaces to both memory and input/output
devices. Program and data memory, as well as input/output devices, are usually
not on the chip. A microcomputer is an entire computer system consisting of a
microprocessor chip, memory chips, and input/output devices. Sometimes the
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Fig. 1.3 Special-purpose computer system.

entire computer system is contained on one chip (Intel’s 8048). This is called a
single-chip microcomputer.

As computers became small and inexpensive, it became economical 10
build them into special-purpose systems such as cash registers, calculators, and
typewriters. An example of a computer built into a traffic light is shown in Fig.
1.3, It is not surprising that microprocessors are frequently found in such
special-purpose control applications.

From 8008 to 8086 The microprocessor era started with the mntroduc-
tion of Intel's 4004 and 8008 processors in 197 1. This was the first generation of
microprocessors. Both of these chips were designed for specialized
applications—the 4004 in a calculator and the 8008 in a computer terminal.
These microprocessors were somewhat of a novelty and not taken seriously. But
by 1974 when the 8008 matured into the 8080 (the second-generation mi-
croprocessor), the computer industry began to take notice. The 8080 was the first
microprocessor deliberately designed to be useful in a great variety of apphca-
tions. It guickly became the “‘standard™ microprocessor.
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The microprocessor was now able to perform the computational tasks of
the older and bulkier equipment and was inexpensive enough to find its way into
the hands of the hobbyist. Many companies other than Intel began building 8080
chips, and some companies (notably Zilog) built enhanced versions of the 8080
Intel, itself, introduced an enhanced version in 1976 called the 8085. But the
basic BO8( character wasn't sigmficantly changed until 1978 when Intel produced
the BOB6. The 8088, a modified version of the 8086, appeared the following year.
These processors are compatible enough with the BUS0 so that software written
for the 8080 can be preserved, But they are sufhiciently advanced to be considered
the third generation of microprocessors.

Secret of B0B6's Success What did the B086 offer that made it an
instant success? To appreciate the answers, we must look at the limitations and
restrictions of the RBOBO.

The early success of the BOBO encouraged its use in larger and larger
systems. Eventually these systems became so large that they could no longer
tolerate the upper limit of 65,000 locations of 8-bit memory addressed by the
BUBL. The 8086 addresses over one million locations of memory. The 8080 was
also being used more and more in areas requiring rapid processing of data longer
than eight bits. The BOBO’s B-bit data size meant that longer data had to be broken
down into small pieces, and each piece had 1o be operated on separately, thereby
increasing the processing time. The 8086 operates on data that is 16 bits long,
while at the same time retaining the ability to process 8-bit data items so tha
shorter pieces of data can still be processed efficiently. As the 8080 was starting
to be used as a general-purpose computer, the lack of multiply and divide instruc-
tions and the lack of operations on signed numbers were making it cumbersome
to use. The BUSH provides these previously missing arithmetic facilities. More
and more BUB0 programs were being written in a high-level language and then
translated into a language understood by the 8080, The means by which the 8080
could address its data did little to provide for the creation of efficient 8UB0 code
from programs written in a high-level language. The addressing modes of the
BUBH were designed to accommodate high-level-language processing, A fair
number of applications found the BOBU pitifully trying to juggle strings of data, a
task for which it was ill-prepared. The 8086 was designed to process data strings
efficiently. And, finally, as systems became more and more complex, no single
processor could be expected to perform all the functions of the system. But the
BUOBO never learned how to cooperate with other processors. The BO86, on the
other hand, was designed 1o be used in a multiprocessor environment,

Secret of 8088's Success  What did the 8088 offer that also made it a
success?! For one thing, it contained all the advanced features found in the 8086,
But the amount of data transferred between the 8086 processor and memory at
one time s twice as much as the 8080 is able to transfer. Although being able to
transter more data at a time is usually a desirable feature (that's why the 8086
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was given this ability), it makes it difficult to use the 8086 in systems designed
for the 8080. The amount of data transferred by the 8088 at one time 15 exactly
the same as the amount transferred by the BOSO.



2

8086
Machine Organization

Overview

One way to describe a computer is to describe the functional components
that make up that computer. A description of these components and the interac-
tion between them is sometimes referred to as the architecture of the computer. It
is concerned with such things as how many registers are in the computer, what
functions the registers serve, how much memory can be connected. how the
memory s addressed, and what sort of input/output facilities are available,

The BOBG is a single integrated-circuit chip containing most of the compo-
nents that make up a computer. The circuitry that controls all the functions of the
computer is contained on that chip. Also contained on the chip are all of the
registers and flags. The memory and input/output ports are not contained on the
chip but can be easily connected to the chip to form a computer. The collection of
all those things on the chip is sometimes referred to as the processor,

If we had to summarize the architecture of the 8086 in one paragraph, it
would be as follows: *"The BOB6 has four sets of registers. One set contains
general registers that are used to hold intermediate results. The second set con-
tains pointer and index registers that are used to locate information within a
specified portion of memory. The third set contains segment registers that are
used to specity these portions of memory. And the fourth set contains the instruc-
tion pointer. There are also nine flags in the 8086, These flags are used to record
the state of the processor and to control its operation. The BOB6 can access up to
1,000,000 bytes of memory and up to 65,000 input or output ports.”" The first
half of this chapter will elaborate on these features.

Typical computer instructions involve locating designated operands (data
to be processed), performing an operation on the values of these operands, and
storing the result back into a designated result location. The locations of the
operands and of the result can be either in memory or in a register as designated
by the instruction. The facilities available for designating these locations are
referred to as the operand-addressing modes of the computer. The operand-

12
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Fig. 2.2 Examples of words in memory.

afddressing modes of the 8086 will be described in the second half of this chapter,
The actual instructions that operate on the designated operands are described in
Chap. 3.

Memory Structure
The memory in an BOB6 system is a sequence of up to 2 (approximately
LOOO,000) 8-bit quantities called hyvies. Each byte is assigned a unique address
funsigned number) ranging from O to 29— | (0000 0000 0000 0000 0000 to 1111
LEEL B1EL 110D LLLD in binary, 00000 to FFFFF in hexadecimal). This is
~ illustrated in Fig. 2.1
! Any two consecutive bytes in memory are defined as a word. Each byte in
@ word has a byvte address, and the smaller of these two addresses is used as the
k address of the word. Examples of words are shown in Fig. 2.2
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Fig. 2.3 Example of "backwords  storage in memory.

A word contains 16 bits. The byte with the higher memory address contains
the eight most significant bits of the word, and the byte with the lower memory
address contains the eight least significant bits. On first reading, this seems very
natural, Of course the most significant byte should have the higher memory
address. But then when you consider that memory is a sequence of bytes starting
at the lowest address and going toward the highest address, it becomes apparent
that the 8086 stores its words backwards (perhaps they should be called
backwords). This is illustrated in Fig. 2.3.

The 8086, as well as the 8088, has some instructions that access (read or
write) bytes and other instructions that access words, Now here comes the dif-
ference between the two processors. Let's consider the BUSS first. The amount
of information that the 8088 transfers to or from memory at one time s always
8 bits. A byte instruction in the 8088 can perform its function with one memory
access, whereas an 8088 word instruction must do two memory accesses 1o fwo
consecutive bytes. Examples of 8088 byte and word reads are shown in Fig. 2.4,

Mow for the 8086, The amount of information it transfers to or from memory
at one time is always 16 bits. In the case of byte instructions, only cight of those
hits are used and the other eight are ignored. The 16 bits are always the contents
of two consecutive bytes in memory starting with a byte at an even address. That
means that a word instruction that reads or writes a word starting at an even
address can perform its function with one memory access. However, word in-
structions for words starting at odd addresses must do more work; they must do
two memory accesses to two consecutive even-address words, ignore the unwanted
half of cach, and do some byte juggling with the remaining halves. Examples of
the various byte and word reads are shown in Fig. 2.5.

The program in the 8086 (or 8088) is oblvious 1o all of these memaory-
accessing contortions; an instruction merely requests the accessing (reading or
writing) of a particular byte or word, and the processor does whatever 1S necessary
to perform such an access.

Memory Segmentation
Since the 8086 can address up to 2% bytes of memory, it would seem that,
within the 8086 processor, byte and word addresses must be represented as 20-bit



8086 Machine Organization 15

MEmory

. owaer algrasses

BOnH r :
'a"'!..ﬁ:- BE IM(S 'qE'qI'_-.' I
(B} : ' highe acdressis
EEMory
.. war addrasses
Aoan
—« BYTE OF WonRnD &
FiRs EING =
£
b
P x 'F'wi-h
SECE e
D gy OF WORD B
B Fagher addresses

Fig. 2.4 Reading bytes and words from 8088 memary. (a) Reading in a byte,
(b) Reading in a word.

quantities. But the BO86 was designed to perform 16-bit arithmetic, and thus the
address objects it manipulates can only be 16 bits in length. An additional
mechanism is therefore required to build addresses,

We can conceive of the one megabyte memory as an arbitrary number of
segments, each containing at most 2! (approximately 65,000) bytes. Each seg-
ment begins at a byte address that is evenly divisible by 16 (i.e., the four least
significant bits of the byte address are ‘0"). At any given moment, the program
can immediately access the contents of four such segments, These four segments
are called the current code segment, the current data segment, the current stack
segment, and the current extra segment. (The extra segment 15 a general-pupose
area often treated as an additional data segment.) We identify each current
segment by placing the 16 most significant bits of the address of its first byte into
one of four dedicated registers. These registers are called segment registers.
Segments need not be unique and they may overlap. Examples of segments are
shown n Fig. 2.6,

As an example, assume that the 16-bit code segment register contains the
hexadecimal value CO18. This makes the code segment start at byte address
CO180 and extend for a total of 2'® (10000 hexadecimal) bytes. The last byte in
the code segment is therefore at byte address DO1TF.

We refer to bytes or words within a segment by using a 16-bit offset
address within the 2'® byte segment. The processor constructs the 20-bit byte or
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Fig. 2.5 Reading bytes and words from 8086 memory at even and odd ad-
dresses. (a) Reading in even-addressed byte. (b) Reading in odd-addressed
byte. (c) Reading in even-addressed word. (d) Reading in odd-addressed word
requires two memaory accesses.
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word address by adding the 16-bit offset address to the contents of a 16-bit
segment register with four low-order zeros appended, as shown in Fig. 2.7,

So, in the previous example, the byvte at byte-address CFFFF lies within
the current code segment, Specifically, it has an offset address of FETF (CFFFF-
COL80) within the segment. This is illustrated in Fig. 2.5

Input/Qutput Structure

The things connecting an 8086 system to the rest of the world are called
poris. It is through these ports that the 8086 can receive information about
external events (for example, passenger’s seat belt not buckled) and can send out
signals that comtrol other events (for example, prevent car from starting and
heckle driver).

Fhe BOR6 can access up to 2'" (approximately 65,000)) 8-bit ports analo-
gous to memory bytes. Each 8-bit port is assigned a unique address ranging from
Uto 2'°=1. Any two consecutive 8-bit ports can be treated as a 16-bit port
analogous to memory words; and, like memory words, 16-bit ports at odd ad-
dresses (all 16-bit ports in the case of the B088) will require two accesses instead
of one cach time they are used. In fact, ports are addressed in the same manner
that memory bytes or words are addressed except there are no port segment
registers. In other words. all ports are considered to be in one segment,

Register Structure

Fhe BOSO processor contains a total of thirteen 16-bit registers and nine
| -bit flags. For descriptive purposes, the registers are subdivided into four sets.
Three of the sets each contain four registers. A thirteenth register, namely the
instruction pointer, is not directly accessible to the programmer and is therefore
in a set by itself. The 8086 registers and flags are shown in Fig. 2.9.

The three sets of accessible registers are the general registers, the pointer
and index registers, and the segment registers. The general registers are used
primarily for holding operands for arithmetic and logical operations. The pointer
and index registers are used for holding offset addresses within segments. The
segment registers are used for specifying starting addresses of segments.,

General Registers In a processor without general registers, each in-
struction would fetch its operands from memory and return its result to memory.
But memory accesses take time. This time could be reduced by temporarily
keeping frequently used operands and results in a quickly accessible place. The
set of general registers in the 8086 processor is such a place.

The general registers of the 8086 are the 16-bit registers AX, BX, CX, and
DX. The upper and lower halves of each general register can be used separately
as two 8-bit registers or together as one 16-bit register. Thus each half of a
general register 1s given its own name. The least significant low halves are named
AL, BL, CL, and DL, and the most significant high halves are named AH, BH,
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Fig. 2.9 The 8086 registers and flags.

CH, and DH. The dual nature of these registers permits them to handle both byte
and word quantities with equal ease,

For the most part, the contents of the general registers can participate
interchangeably in the arithmetic and logical operations of the 8086. For exam-
ple, the ADD instruction can add the contents of any 8- or 16-bit general register
to any other general register of the same size and store the result into either of the
registers. However, there are a few instructions that dedicate certain general
registers to specific uses. For example, the string instructions require the CX
register to contain the count of the number of elements in the string. Neither the
AX, BX, nor DX register may be used for this purpose. This specialized use of
the CX register suggests the descriptive name COUNT for the CX register.
Specialized uses for the AX, BX, and DX registers (to be described later) suggest
the descriptive names ACCUMULATOR, BASE, and DATA.

These specialized uses of the general registers have the disadvantage of
making the processor harder to learn because there are more special rules to
memorize. And it appears that programs will be longer because of the need to
move data from one general register to another prior to executing certain instruc-
tions. However, let’s consider how we would write a program for a processor
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that treated all the general registers as equals all the time. In order to keep track
of where things are, we would probably organize the program so that particular
kinds of data always reside in particular registers. We might choose to always use
the CX register to keep track of the number of elements in a string. We would
never have to move the string size into CX; it would always be there. But since
the string instruction in our hypothetical processor can obtain the string size from
any general register, each string instruction would have to specify where its
string size is to be found. This could be done either by making each string
instruction longer (two bytes instead of one) or by having more 1-byte string
instructions. The first solution has a direct impact on making programs longer.
The second also makes programs longer because there are only a small number of
I-byte instructions (256 of them) and having more I-byte string instructions
means that some other 1-byte instructions must be increased to two bytes. So, by
having dedicated registers for certain instructions, the 8086 architecture has
actually resulted in a decrease in program size.

Pointer and Index Registers An instruction that accesses a location in
memory could specify the address of that location directly. This address takes up
space in the instruction, thereby increasing the size of the code. If addresses of
[requently used locations were stored in special registers, instructions that access
these locations would no longer need to contain the address but could instead
specify the register that contained the address. Such registers are sometimes
called pointer or index registers.

This use of registers is not unlike abbreviated telephone dialing. You can
call anyone in your town by dialing his (or her) 7-digit phone number. Or, if your
telephone company provides this service, you can enter some frequently called
phone numbers into a set of “‘registers. " Then you can call these selected people
by dialing only the one or two digits that specify the register.

The pointer and index registers of the 8086 consist of the 16-hit registers
SP, BP, 81, and DI. These registers generally contain offset addresses for ad-
dressing within a segment. For example, an ADD instruction could specify that
one of its operands is located in the current data segment of memory at an offset
contained in a particular pointer or index register (say SI).

Pointer and index registers serve another (and perhaps more important)
function besides reducing the size of instructions; they permit instructions to
access locations whose offsel addresses are the result of previous computations
performed while the program is running. It is often necessary to perform such
computations in order to establish the offset address of variables, especially in
high-level language programs. These computations could be performed in a
general register and the result moved to a pointer or index register to be used as
an offset. Elimination of such moves would result in shorter programs. For this
reason, the values contained in pointer and index registers are permitted to
participate in arithmetic and logical operations along with the 16-bit general
registers. Thus the ADD instruction mentioned above could specify that its other
operand is the contents of the DI register,
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There are some differences among the registers that result in dividing this
set of registers into the pointer registers SP and BP, and the index registers SI and
DI. The pointer registers are intended to provide convenient access to data in the
current stack segment as opposed to the data segment. This use of the stack
segment as a ““data area’ has certain advantages (which will be discussed at the
end of this chapter) for the implementation of high-level languages. Thus, unless
a segment is specifically designated, offsets contained in the pointer registers are
assumed to refer to the current stack segment, whereas offsets contained in the
index registers are generally assumed to refer to the current data segment. (If the
word *‘generally " is used, you can bet there 1l be an exception mentioned soon. )
For example, if an ADD instruction specifies that SI contains the offset of one of
its operands, that operand will be assumed to be in the current data segment
unless the ADD instruction explicitly designates some other segment.

There are some instructions that distinguish between the two pointer regis-
ters SP and BP. The PUSH and POP instructions obtain the offset for the
top-of-stack location from the SP register, thereby suggesting the descriptive
name STACK POINTER for this register. The BP register may not be used for
this purpose. This leaves the BP register free to contain the offset of the “base ™
of a data area in the stack segment, thereby suggesting the descriptive name
BASE POINTER.

Furthermore, the string instructions make a distinction between the two
index registers SI and DI, Those string instructions requiring a source operand
obtain the offset for the source operand from S1; similarly, DI contains the offset
of the destination operand. This suggesis the descriptive names SOURCE
INDEX and DESTINATION INDEX. For those string instructions, the roles of
S1 and DI may not be interchanged. As an example, the string-move instruction
will move the string located in the current data segment starting at the offset
contained in 51 and relocate it to the current extra segment (there 's the exception
you were promised) at the offset contained in DI; the SI and DI registers are not
explicitly mentioned by the string-move instruction. (Incidentally, the destina-
tion string is in the extra segment instead of in the data segment so that each
string would have a segment of its own and could be up to 2' bytes long. )

Segment Registers You will recall that the 8086 has a one megabyte
memory, but addresses contained in instructions and in pointer and index regis-
ters are only 16 bits long. These addresses cannot be addresses in the one
megabyte memory but must be address offsets into some particular 65,000 byte
segment. But which one?

The segment registers of the 8086 are the 16-bit registers CS, DS, S8, and
ES. These registers are used to identify the four segments that are currently
addressable. Each register identifies a particular current segment, and they can-
not be used interchangeably: C§ identifies the current code segment, DS the
current data segment, 55 the current stack segment, and E5 the current extra
segment,
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QK. An instruction specifies an offset into a segment, and the segment
registers specify the four segments we could use. Which one do we select” The
answer depends on how the offset is to be used. An offset might be specifying the
next instruction to be executed, or it might be specifying an operand for an
instruction.

All instruction fetches are taken from the current code segment. S0 we
need a register that contains the offset in the current code segment of the next
instruction to be executed. This is the purpose of IP, the INSTRUCTION
POINTER. For example, if CS contains hexadecimal 1FF7 and IP contains
hexadecimal 003A . then the next instruction fetched would come from memory
location 1FFAA because:

1FF70 code segment start address
+ D03A offset contained in IP
IFFAA memory address of next instruction

(You will recall from Fig. 2.6 that the hexadecimal digit **0"" is appended to the
value in the segment register when constructing memaory addresses. )

The segment for operand fetches can generally be designated by preceding
the instruction with a special 1-byte prefix. This prefix specifies from which of
the four current segments the operand is to be fetched. In the absence of such a
prefix (the usual case), the operand is taken from the current data segment unless
(1) the offset address was calculated from the contents of a pointer register, In
which case the current stack segment is used; or (2) the operand is the destination
operand of a string instruction, in which case the current extra segment is used.
(The reasons for these two exceptions were mentioned in the previous section.)

As an example, consider an ADD instruction that has one of its operands in
the data segment and at the offset contained in SI. The instruction would specity
S1 in its operand field but would make no mention of DS. When executing the
instruction, the processor would know to use the contents of DS along with the
contents of SI in order to locate the operand. Next, consider an ADD instruction
for which the operand is in the code segment (as might be the case with constants
in ROM) and at the offset contained in SI. This ADD instruction would, as
before, specify 51 in its operand field; but, in addition, the instruction would be
preceded by a prefix byte specifying C5.

Flags The 8086 contains nine flags that are used to record processor
status information (status flags) or to control processor operations (control flags).
The status flags are generally set after the execution of arithmetic or logical
instructions to reflect certain properties of the results of such operations, These
flags are the carry flag (CF), indicating if the instruction generated a carry out of
the most significant bit; the auxiliary carry flag (AF), indicating if the instruction
generated a carry out of the four least significant bits; the overflow flag (OF),
indicating if the instruction execution generated a signed result that is out of
range; the zero flag (ZF), indicating if the instruction generated a zero result; the
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sign flag (SF), indicating if the instruction generated a negative result; and the
parity flag (PF), indicating if the instruction generated a result having an cven
number of **1 " bits

The control flags are the direction flag (DF), which controls the direction
of the string manipulation instructions; the interrupt-enable flag (IF), which
enables or disables external interrupts; and the trap flag (TF), which puts the
processor into a single-step mode for program debugging.

More details will be given on each of these flags throughout Chap. 3, and
the final section of that chapter summarizes the behavior of the flags.

Instruction Operands and Operand-Addressing Modes

Instructions in the BO86 usually perform operations on one or (wao
pperands. For example, the ADD instruction adds the value contained in one
aperand to the value contained in a second operand and stores the result back into
one of these operands. The INCrement instruction adds | to the value contained
in the operand and stores this result back into the operand. The time has come to
show how an instruction specifies its operands (more formally referred to as its
operand-addressing modes).

Single Operand Let’s examine an instruction that specifies a single
operand. such as the INCrement instruction. The most common uses of the
INCrement instruction are to increment the contents of a pointer or index register
(when computing offset addresses) or of a 16-bit general register (when perform-
ing arithmetic computations). For such operands, the instruction takes a very
simple 1-byte form as shown in Fig. 2.10. It contains a 3-bit reg field that

ofscode reg

Fig. 2.10 Single-operand instruction where operand is in a 16-bit register.

specifies one of the eight 16-bit registers (general, pointer, or index). The regis-
ter encodings used in the reg field are shown in the first two columns of Table
2.1. The remaining five bits of the instruction identify the operation and are
collectively referred to as the opcode, In the case of INCrement, the opcode is
01000, As an example, the instruction that increments the contents of the BP
register is shown in Fig. 2.11. This operand-addressing mode is sometimes referred
to as the register-mode. Table 2.2 summarizes all the operand-addressing modes.
addressing modes.

Cpoods req

0100011 01
IR B&

Fig. 2.11 Instruction that increments contents of BP.



24 The BOBG6/8088 Primer

In its most general form, the INCrement instruction can increment any
general, pointer, or index register (eight or 16 bits) or any byte or word of
memory. This form is two bytes long as shown in Fig. 2.12. The opcode field is
now split; seven bits of opcode are contained in the first byte and three in the
second. The opcode for INCrement in this form is 1111111,000. The w field is a
I-bit field specifying the width of the operand. If w = 0, the operand is eight bits;
otherwise it is 16 bits. The mod ficld specifies whether the operand 1s in a
register or in memory. If mod = 11, the operand is in a register; otherwise it is in

opCode L] misd|opeode i

Fig. 2.12 Single-operand instruction whera oparand is in a register or memaory.

memory. If the operand is in a register, the r/m field specifies which register; if
the operand is in memory, the r/m field tells where in memory it is (r/m stands
for register or memory).

First consider the case where the operand is in a register (mod = 11). The
register encodings used in the r/m field are shown in Table 2.1, This is another
instance of the register operand-addressing mode. As an example, the instruction
that increments the contents of the CL register is shown in Fig, 2.13.

opcoda W mod opooda rm
0 R D S R 1 1|00 040 3.1
1M byt req-  ING  CL
istar

Fig. 2.13 Instruction that increments contents of CL.

Now consider the case where the operand is in memory (mod = 00, U1, or
10}. This operand-addressing mode is sometimes referred to as indirect memory
addressing because the operand is in memory but the offset 15 not specified
directly. Instead, it is obtained by adding together a seemingly strange assort-
ment of values. (The usefulness of such a mode will be justified in the next
section.) The offset is the sum of up to three numbers: a 16-bit value (called a
displacement) specified in the instruction, the contents of an index register (51,
DI, or none) specified in the instruction, and the contents of a base register (BX,
BP, or none) specified in the instruction. The r/m field specifies the base and
index register as shown in Table 2.3, The mod field specifies the displacement as
shown in Table 2.4. The offset thus formed locates the operand within its seg-
ment. The operand is in the current data segment (unless the contents of pointer
register BP were used in computing the offset address, in which case the operand

opcode W o Dpoode rm dispdacament

P T D o o N 01|00 0j1 00 1 J T s (e B (R ol v

Fig. 2.14 An example of memory operand {see text).
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Table 2.1 Register Encoding

16-bit Register B-bit Register

000 AX AL
001 Cx CL
010 DX DL
011 BX BL
100 SP AH
101 BP CH
110 Sl DH
11 DI BH

— =T ==

Table 2.2 Operand Addressing Modes

IMMEDIATE
REGISTER
DIRECT MEMORY ADDRESSING
INDIRECT MEMORY ADDRESSING
base reqister
index register
base register + index register
base register + displacement
index register — displacement
base register + index register + displacement

e — =

Table 2.3 Base and Index Register Specified by
r/m for Operands in Memory (mod + 11)

rim Field Base Register Index Register
000 BX Sl
001 BX &
010 BP Sl
011 BP Di
100 none =l
101 none ol
110 BP none
111 BX none

If mod = 00 and rim = 110, see note below Table 2.4

is in the current stack segment). Still another addition, involving the contents of a
seement register, is necessary to form the 20-bit memory address of the operand.

As an example, consider the instruction shown in Fig. 2.14, The opeode
field is 1111111 000, which is the INCrement instruction. The w field 1s a 1,
which indicates the operand is 16 bits. The mod field is 01, which indicates the
operand is in memory; and, furthermore, the displacement is the contents of the
next hyte of the instruction sign extended to 16 bits. Thus the displacement is
D000 D000 0101 1100, The r/m field is 100, which indicates that the contents of
the index register SI are to be added to the displacement to form the offset
address. Assume S1 contains 1010 0000 1000 0110, Then the offset address 1s as
follows:
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Table 2.4 Displacement as Specified by mod for
Operands in Memory (mod +11)

Mod Displacement Comment

00 zero (16 bits worth)

o 8-bit contents of next byte Instruction contains
of instruction sign extended an additional byte
to 16 bits

10 16-bit contents of next two Instruction contains
bytes of instruction (next byte two additional bytes

contains least significant
eight bits and byte after that
contains most significant eight bits)

if mod = 00 and rim = 110, then.

1. Tables 2.3 and 2.4 do nol apply

2. Instruction contains lwo additional bytes

3. Offset address is contained in those bytes (least significant eight bits precede most

significant eight bits)

1010 0000 1000 0110 contents of 51
+ 0000 0000 0101 1100 displacement
1010 000G 1110 G010 offset address

Since BP was not used in computing the offset address, the offset refers to the
current data segment. Assume DS contains 1111 0000 1111 0000. Then the
memory address of the operand 15 as follows:

FLIT 0000 TTET 0000 data segment
_+ 1010 0000 1110 0010 offset address
P11 1010 1E1T 1110 0010 memory address

The operand is 16 bits wide (specified by the w field) so the operand is the
contents of the bytes located at address 1111 1010 1111 1110 0010 and at address
1111 1010 1111 1110 0011 with the higher-addressed byte being the most signif-

1cant.

ursgue paiierm
identifying prefis
tiyhe

00 t|seg|1 ¥ 0

= 00 = current exira segment
01 = curment code segment
10 = current stack segmenl
11 = gurrent data segmen

Fig. 2.15 Segment-overriding prefix,
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The operand need not be restricted to the current data segment or stack
segment. It can be fetched from any one of the four current segments by preced-
ing the instruction with a 1-byte prefix denoting a segment register. This 1-byte
prefix is shown in Fig. 2.15. As an example, Fig. 2.16 shows the same instruc-
tion as Fig. 2.14 except that now the operand is in the current extra segment.

5 OpCoae L mod opoode 1im displacerman
OO0 01110 (oM TREek [ sl et B 1 010001100 B S ) A B
ES

Fig. 2.16 Example of using segment-overriding prefix (see lext).

So far we have shown how to specify the offset of an operand in memory
by poing through a base and/or index register. But often we know exactly where
the operand is, and we want to specify the offset directly in the instruction. This
made of operand addressing is called dirvect memory addressing. In this mode,
the offset is contained in two bytes of the instruction (" ‘hackwords,” of course).
The remainder of the instruction must specify the opcode and the fact that the
mode is direct memory addressing. It would be convenient to use @ combination
of the bits in the mod and r/m fields to indicate this mode. Unfortunately, all the
combinations have already been accounted for by the indirect memory-
addressing mode and the register mode. But one of these combinations corre-
sponded to an infrequently used indirect memory-addressing mode and so was
chosen to correspond to direct memory addressing instead. This combination 1s
mod = (0 and r'm = 110 For example, the instruction which mcrements the
byte at offset 0101 1010 1111 0000 in the current data segment 1s shown in Fig,
2.17.

The infrequently used mode that was lost to the direct memory-addressing
mode is indirect through BP (no index register and no displacement). So now an
instruction that forms its offset from just the BP register and a zero displacement
will need to have mod = 01 and use one byte in the instruction to specify the zero
displacement.

Qponae W mod apoode 1M nee] two byles of ingirechon
o B ke (S B (N R ) I__'.nl':uEl::-Lllj:‘l_'l = 101 0000 Qorrgiay aly o
NG byt IME asasl mgnifican mast sianifican
bit of offsel ot o ofset
Adoress addrass

afsed 15 n el
W Byles

Flg. 2.17 Instruction that increments byte al offset 0101 1010 1111 0000 in
current data segment.

Two Operands Now that we've mastered the one-operand instruction,
let's consider an instruction that has two operands such as ADD. As mentioned
previously, ADD takes the value of one operand, adds it to the value of the other
operand, and stores the result back in the location of either operand. IT both
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operands could be in memory, the instruction would need a mod field and an r/m
field for each. To keep the instruction short, it was decided that at least one of the
operands must be in a register, Now the instruction needs a mod and r/m field for
one of the operands but only a reg field for the other. This 1s shown n Fig. 2.18.

[t Tt o) | mead]| 1Eg Flm

Fig. 2.18 Typical two-operand instruction.

The two-operand instruction uses the w field to indicate if the operands are
eight bits (w = ) or 16 bits (w = 1). Also present is a new field not encountered
before, namely the d field id stands for destination). The d field specifies
whether the result should be stored back into the operand specified by the mod
field and rim field (d = 0) or into the operand specitied by the reg field id = 1).
The operand into which the result 15 to be stored 1s called the destinarion
operand, and the remaining operand is called the sowrce operand.

As an example, consider the ADD instruction shown in Fig. 2.19. The
opeode for ADD is 000000, The w field 1s U, specifying that both operands are
eight bits. The operand specified by the reg field is CH. The mod field 15 11,
specifving that the mod rim operand is in a register, and the r/m field identities
the register as being BL. The d field specifies that the result is to be placed back
into the operand specified by the reg field, namely CH. Thus the mnstruction will
add the contents of register BL, the source operand, to the contents of register
CH, the destination operand, and store the result back into CH.

faTalelninc] i W gl T8 £
1
0 Q04Q 00 IZZ-i'II"_. S | 0 o
] =
A0 |hy'.9 | CH
||
bo e
e BL
operand

Fig. 2.19 Example of two-operand instruction (see text).

opcode |w)  reg dala data i w=1

Fig. 2.20 Simplest immediate-operand instruction

opoode W reg gals

[ R [ 0.8 @8 T 1 "'III'.I'ZIIL'.:I

MOY W LA

Fig. 2.21 Example of immediate-operand instruction (see text).

opoode j""' modiopoode] nm data data if w 1

Fig. 2.22 Immediate-cperand instruction using mod and r'm fields.
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apoods W mad opocode  r'm daki
L1 00 011 0 ol0 0 oy 11 o Rl O I RS R e 80 N S O RO 2
1
B word memary MOY (]

Fig. 2.23 Example of immediate-operand instruction using mod and r/'m fields
(see text).

One of the operands of a two-operand instruction can be a constant con-
tained in the instruction itself (referred to as an immediate operand). Since
instructions are frequently located in read-only memories (ROMs), this would be
an ideal place to keep constant operands. But forget about trying to store a result
back into such an operand. The memory won’t allow it.

An instruction that can specify an immediate operand is the MOVe instruc-
tion. The most common use of such an instruction is to move a constant into a
register (general, pointer, or index). In such cases, the non-immediate operand
gan be specified by a reg field, and the instruction takes the simple form shown
in Fig. 2.20. The w field indicates if the operands (immediate as well as non-
immediate) are eight bits (w = 0) or 16 bits (w = 1); if eight bits. the immediate
operand occupies one byte in the instruction; otherwise it occupies two bytes and
18 stored “backwords.” As an example, Fig. 2.21 shows an instruction that moves
the value 1111 0000 0000 1111 to the 16-bit DI register.

A slightly more complicated immediate-operand instruction uses the mod
and r'm fields instead of the reg field to speafy the non-immediate operand.
This is more general (non-immediate operand can be in memory) but requires
an additional byte as illustrated in Fig. 2.22, Figure 2.23 shows an instruction that
moves the value 1111 0000 0000 1111 into a word in memory in the data
segment at the offset contained in DI

Since two-operand instructions have only one w field, either both operands
must be eight bits or both must be 16 bits. However, immediate operands are
frequently small numbers that don’t require 16 bits. This is particularly true of
immediate operands used with addition, subtraction, and comparison instruc-
tions; it is less true of immediate operands used with logical instructions. It
follows that we could reduce the size of immediate-operand instructions if we
didn’t have to use 16 bits 10 house small numbers. To accomplish this, some of
the immediate-operand instructions (additions, subtractions, and comparisons)
contain an s field (s means sign-extend). This field only has significance for
16-bit operands (w = 1) and signifies whether all 16 bits of the immediate
operand are contained in the instruction (s = 0) or whether only the eight least
significant bits are contained in the instruction and must be sign-extended to torm
the 16-bit operand (s = 1). This form is illustrated in Fig. 2.24.

Figure 2.25 shows an example of such an instruction. In this example, the
value OO 0000 0000 1111 is added to the contents of a word 1in memory and the

oprode slw modjopcode| dala clata 5 5w =01

Fig. 2.24 Immediate-operand instruction containing s field.
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opcode W mod opcode m dala
1LI_|'."':li||l.| g olg 0 oj1 11 i Bt R A T e, R |
'
A0 wond msemdry. Al Ll
A lwl]]
externd

Fig. 2.25 Example of immediate-operand instruction containing an s field,

result placed back into the memory word. The memory word is in the data
segment at the offset contained in DI. Note that one byte is eliminated by having
the s field.

Comments about Operand-Addressing Modes
After having read and understood the operand-addressing modes just de-
scribed, you might be asking the following questions:

1. Do I really have to fill in the mod, r/m, reg, w, s, d, etc., fields every
tme I want to use an instruction that has operands?
2, Why are there so many memory-addressing modes?

The answer to the first question is NO, unless you are of the conviction that the
only proper way to write a program is in terms of 1's and ('s. But if you believe
in automatic programming aids such as assemblers or compilers, you'll never
have to look at a mod, r/m, reg, etc.. field again: any decent assembler and
every compiler will make these details invisible to you.

To understand the answer to the second guestion, you will recall that the
8086 was designed so that & program written in a high-level language could be
translated into efficient code. Typical high-level language features were exam-
ined to determine what kinds of operand-addressing modes would best support
them. Some of these features will now be discussed.

Most programming languages have the concept of simple vanables and
arrays. A simple variable is a variable that represents a single value; an array 1s a
variable that represents a sequence of values. Consider an assignment statement
typical of the kind found in many high-level languages,

All) = X

This statement is read **Ith element of A becomes X. " It could be translated into
code that moves the contents of the memory location corresponding to the simple
variable X into a register, say BL, and then moves the contents of BL into the
memory location corresponding to the Ith element in the array A. Assume that X
1s the contents of the memory location at offset OFFO (hexadecimal) in the current
data segment. Furthermore, assume A{0Q), the first element of the array A, is al
offset OFF1 in that segment. The machine instruction that moves (the contents of)
X into BL is shown in Fig. 2.26 (a). This utilizes the special case of mod and rim
chosen for direct memory addressing. Since accessing of simple vanables such as
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X is a frequent occurrence, it 1s not surprising that a special addressing mode was
provided. The machine instruction that moves the contents of BL into A(I) is
shown in Fig. 2.26 (b). Here it is assumed that the value of the index [ already
exists in an index register. Such array accesses point out the need for the indirect
memory-addressing mode “index register + displacement.” Assignments of the
form A(I) = B(J) point out the need for at least two index registers, each with
the addressing mode just mentioned, speaifically ““SI+ displacement™ and “ D] 4
displacement.” Accesses to array elements such as A(l+ 2) present no additional
complication; the displacement field of Fig. 2.26 (b) would merely contamn OFF3,
the offset of A(2), instead of the offset of A(l).

opode dow mod  req rim aftset

B |
1|'::'||;|1|:-i'-|l 0o 1T I 10 1 1 1 180 08 0 g &0 813 1A

P

BACHY Lyl 3l | least significani maoEl sgniticant

nits of ofiaal bits of offsel
ko -"\' ,-';
req Baoepiicn casa
opaerand offgel e in

maxl wo byles

opoode d w mod  reg i displacemean
10001 0|oo 1olo 1 11 09 11 Y0001 00001 %41
: - -
M byt Bl least significant st sigrileant
J tits of displacemang bits ol dispiacemen
ic b ¢
hLL oliset is
operand comlents ol L

plus displacement
1a)

Fig. 2.26 Machine instruction for A{l) = X, (a) Moving X to BL. (b) Moving BL
to Al

Certain high-level languages have the concept of a based variable. A based
variable corresponds to the memory location whose address 1s contained in some
other variable called a pointer. If the value of the pointer (i.e., the value con-
tained in the memory location corresponding to the pointer) changes, the based
variable will correspond to a different memory location. A convenient way to
access a based variable 1s to place the value of the pointer in BX and then use the
operand-addressing modes involving BX. Specifically, the mode “"BX™" would
be used to access a simple based variable and “*BX + SI"" or “"'BX + DI would
be used to access an element in a based array.

Some high-level languages employ the concept of a record. A record (also
called a structure in some languages, notably PL/M) is a collection of named data
items possibly of differing types. This is in contrast to an array, which is a
sequence of (unnamed) data items all of the same type. A payroll program, for
example, might have a record corresponding to each employee. Each record
might contain the employee’s name, social security number, year-of-hire, and
salary. A particular record item such as year-of-hire is in the same position in
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every employee record. For example, if year-of-hire is contained in the fourth
byte from the start of each employee record and the employee record for John
Doe starts at offset 03B4 (hexadecimal), then John Doe's year of hire is con-
tained in the memory location at offset 03B7. Thus the location of any given item
in a record is at a fixed location and can be accessed with direct addressing; it 1s
in essence no different from a simple vanable.

Consider now a based record and assume that the value of the pointer on
which the record is based is contained in the BX register. The operand-
addressing mode to access an item from such a record would be “'BX + dis-
placement’” where displacement would be the position in the record correspond-
ing to the item. For example, displacement would be 3 if the item were year-of
hire in a based employee record. Unless the record is quite large (more than 256
bytes), the displacement can be contained in eight bits and a single-byte dis-
placement (mod = (1) can be used.

Although the operand-addressing mode for accessing items in based rec-
ords appears similar to the mode for accessing array elements (both are *‘register
+ displacement’"), there is a big difference. In the case of array elements, the
displacement corresponds to the start of the array, and the register corresponds to
the distance into the array. In the case of based records, the register corresponds
to the start of the record, and the displacement corresponds to the distance into
the record.

Arrays and records can be combined. Consider an array where each ele-
ment of the array is an employee record. And, furthermore, consider that this is a
based array. Assume that the pointer is in BX and an index corresponding to an
array element is in 51. The operand-addressing mode needed to access the year-
of-hire item of the particular record being indexed 1s “"BX +351 +displacement ™
where displacement would be a 3. This justifies the need for the BORG6's most
complicated operand-addressing mode, namely “‘base register + index register
+ displacement. '’ So it appears as though the operand-addressing modes aren't
overkill after all.

What still remain to be justified are the operand-addressing modes involy-
ing BP as the base register and the corresponding use of the stack segment instead
of the data segment. These modes have been provided to allow for an efficient
implementation of block-structured languages and reentrant subroutines. A reen-
trant subroutine is a subroutine that may be invoked (called upon) while it is
already in execution from a previous invocation. This could occur if (1) the
subroutine invoked itself, (2) the subroutine invoked some other subroutine tha
in turn invoked the onginal subroutine, or (3) the execution of the subroutine was
suspended because an interrupt occurred, and duning the processing of the inter-
rupt, the subroutine was invoked again,

All the data (local variables and parameters) utilized by a reentrant sub-
routine must have a unigue memory location for each concurrent invocation of
the subroutine, otherwise the data being used by one invocation of the subroutine
might be corrupted by a subsequent invocation. This means that memory must be
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allocated for the subroutine’s data every time the subroutine is invoked. Such
memory is called an activation record. Although it’s not essential, it would be
highly desirable for the subroutine to release this memory when the subroutine
finishes. Since the last subroutine invoked is the first to finish, the stack serves as
a convenient place from which to allocate such memory. Each time a subroutine
is invoked, a block of memory on the top of the stack is reserved for the
activation record by simply changing the contents of register SP, the stack
pointer. During the execution of the subroutine, it is necessary to maintain a
pointer to the beginning of the activation record; this is the reason for having BP,
the base pointer. Accesses to items within the activation record can be performed
with the operand-addressing modes involving BP. Specifically, a simple variable
within the activation record can be accessed by the mode “BP + displacement, ™
and an array element within the activation record can be accessed with “'BP + 51
+ displacement. "’ Since BP was involved in the address calculation, the access
will be to the current stack segment (as opposed to the current data segment),
which is exactly where the activation record 15,

The uses of the memory-addressing modes in high-level languages are
summarized in Table 2.5.

Table 2.5 Use of Direct and Indirect Memory-Addressing
Modes in High-Level Languages

Not Based Based Activahon Record
SIMPLE VAR direct BX BP + placement
ARRAYS Sl +displacement BX + Sl BP + 5l + displacement

DI + displacement BX+ DI BP + DI +displacement
RECORDS direct BX + displacement BP + displacement

ARRAYS OF REC Sl +displacement BX + Sl+displacement  BP + Sl +displacement
Dl + displacement BX + Dl +displacement BP 4Dl +displacement
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8086
Instruction Set

The previous chapter described the source and destination operands of an
instruction; this chapter describes the operation an instruction performs on these
operands. The instructions are described in an informal manner. A more formal
description can be found in the fnfel MCS-86 User’s Manual.

Several of the instructions have a general (long) form as well as a restricted
(short) form. The short form uses fewer bytes but is more limited in the operands
it allows. The purpose of the short form is to allow the most frequent cases to be
programmed in the fewest number of bytes. For example, the general form of the
PUSH instruction pushes an operand that is either in a register or in memory. It
requires two bytes to specify the operand. The short form of PUSH operates only
on registers and is only one byte long. Unless you're planning to write your
programs directly in |'s and 0's, you won't have to be concerned about instruc-
tions having multiple forms; a good assembler will let you specify the instruc-
tions, and it will select the most efficient forms. Appendix A summanzes the
possible forms of each instruction and Appendix B summanzes the opcodes.

For convenience, the instructions are grouped into the following catego-
ries: data-transfer instructions, arithmetic instructions, logical instructions, string
instructions, transfer-of-control instructions, interrupt instructions, flag instruc-
tions, and synchronization instructions. Each of these categones will now be
described in detail.

Data Transfer Instructions

The BOR6 has four classes of data transfer instructions: general-purpose
transfers, accumulator-specific transfers, address-object transfers, and flag trans-
fers. These are summarized in Table 3.1.

General-Purpose Transfers The general-purpose transfers are MOV
(move), PUSH, POP, and XCHG (exchange). A segment register may be used as
one of the operands of these instructions so that new values may be placed into

34
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segment registers and the old values saved. Once a value is placed in segment
register, it makes little sense to perform any calculations using that value. There-
fore, none of the other instructions permit segment registers as operands. (The
segment register is specified with a 2-bit seg field where 00 denotes ES, U1
denotes CS. 10 denotes SS, and 11 denotes DS; if the instruction has a d field,
then d = | denotes that the segment register is the destination operand.)

Table 3.1 Data Transfer Instructions

General Purpose

MOV (move): SOURCE = > DEST
PUSH {push): SOURCE = > stack
POP (pop): stack = > DEST
XCHG (exchange): SOURCE = = > DEST
Accumulator Specific

IN {input): port = > AL or AX
OUT {output): AL or AX = port
XLAT (transiate): f{AL) = AL

Address Object Translers
LEA fload effective address into register). offset of SOURCE = > REGISTER

LDS (load pointer into register and D5): SOURCE, SOURCE +1 = = REGISTER
SOURCE +2, SOURCE+3 == D&

LES {load pointer into register and ES): SOURCE, SOURCE +1 = > REGISTER
SOURCE+2, SOURCE+3 = > ES

Fiag Transfers

LAHF (load AH with flags): SF.ZF AF.PF,CF = > AH
SAHF (store AH into flags): AH = = 5F ZF AF PF,CF
PUSHF{push flags): flags = = stack

POPF (pop fiags): stack = > flags

The MOV instruction performs a byte or word transfer from the source
operand to the destination operand. One of the operands is specified with a mod
field and an r/m field. The other operand can be specified either by a reg field, a
seg field (segment register operand), or a data field (immediate operand). In
order to optimize frequently occurring cases, several short forms of the MOV
mstruction also are provided, as shown in Fig. 3.1
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Fig. 3.1 Formats of MOV instruction.

The PUSH instruction transfers a word from the source operand to the
stack. The POP instruction does just the opposite; it transfers a word from the
stack to the destination operand. The stack is a portion of memory contained in
the current stack segment. The 5P register contains the offset of the last word
entered onto the stack. This word 15 called the rop of the stack. As successive
words are pushed onto the stack, they are placed in consecutively lower memaory
addresses (the stack grows toward lower memory and shrinks toward higher
memory ). The PUSH instruction starts by decrementing the contents of SP by 2,
thereby locating the next free stack word. The POP instruction finishes by incre-
menting the contents of SP by 2, thereby removing the word just accessed from
the stack. Figure 3.2 illustrates the effect of a PUSH instruction and a POP
INStruction.

The operand of a PUSH or POP instruction is specified either by a mod
field and an r/m field, a reg ficld, or a seg field, as shown in Fig. 3.3.

A word of caution 15 in order at this time, Consider what would happen if
an nstruction changed the contents of the CS register. The effect of such an
instruction would be to cause a new segment to become the current code seg-
ment. But the usual incrementing of the IP register will cause IP to contain the
offset of the next sequential instruction in the previows code segment. Thus the
combination of CS and IP will specify a meaningless memory address, and the
processor will attempt to fetch the next instruction for execution from this mean-
ingless address. So, unless the instruction that alters the contents of CS also puts
a related value 1n IP, the processor will wind up making a wild transfer. For this
reason, certain instructions that permit a segment register to be vsed as an
operand may not use one particular segment register—namely CS. This occurs in
(1) a MOV instruction when the seg field denotes C5 as the destination operand
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Fig. 3.2 Example of pushing and popping entries on stack. (&) Initial stack
configuration. (b) Stack configuration after executing a PUSH instruction that
pushes the value of ADTF onto the stack. (c) Stack configuration after executing
a POP instruction
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Fig. 3.3 Formats of PUSH and POP instructions.

and (2) the POP instruction. The actions of the processor when encountering such
instructions are undefined. The undefined instructions are shown in Fig. 3.4.

The final general-purpose data-transfer instruction is the XCHG instruc-
tion. This instruction performs a byte or a word interchange between the two
operands. There is no need to distinguish the operands as source and destination,
and hence the instruction contains no d field (thereby making room for another
opcode). The XCHG instruction has a general form and a short form as shown in
Fig. 3.5

Accumulator-Specific Transfers The accumulator-specific transfers
include IN (input), OUT (output), and XLAT (translate). Unlike the previous

apcode 4 opc mod opc SEg M
TR« e TR T e afa 14-
£
0 I A
WA
I
s810
opaerand

1)

opoode  seg  obCode

00 00 141 1

Fig. 3.4 Undefined instructions. (a) Moving a new value into CS. (b) Popping a
new value into C5
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100001 1w mod| reg | mm

NOHG—axchanod registen memory wilh regisher

1.0 01 0] reg

KLHG=—exchanme with accumulaio

Fig. 3.5 Formats of XCHG instruction.

transfers, which treated all registers other than the segment registers as equals,
these transfers discriminate by permitting only the accumulator to serve as the
operand. The reason they were made accumulator-specific was to avoid the need
for any mod, r/m, or reg fields.

The IN instruction transfers data (byte or word) from an input port to the
accumulator (AL or AX). Similarly, the OUT instruction transfers data from the
accumulator to an output port. The port number can be specified enther directly
by a byte in the instruction or indirectly by the contents of the DX register. Note
that this is a specialized use of the DX register: none of the other general-purpose
registers can be used for this function. Only the first 256 ports can be specified
directly in the instruction, whereas any of the 2'* (approximately 63,000} ports
can be specified indirectly. The direct specification, although requiring the in-
struction to contain an additional byte, has the advantage of not requiring the
execution of an additional instruction to preload the port number into a register.
The indirect access has the advantage that program loops can be used 1o access
consecutive ports. The formats of the IN and OUT instruction are shown in Fig,
3.6. The difference between the direct and the indirect port specification is
shown in Fig. 3.7.

The XLAT instruction (shown in Fig. 3.8) transfers a byte from a table into
the accumulator AL. The beginning of the table is specified by register BX
{another specialized use of a general-purpose register). The index into the table 15
the original contents of AL.

1.1 y0 .09 -'J[-.r- porl

IM—input to ALMAX from fieed pod

1.1 40 1 1 Qfw

I —iripadl 1cs Al AY from vanahle porn

[ R L 0 Y poet

O T —0udpat from ALBK 1o Hxed por

s g A (1 i e B

QUT—outpud from ALMAK to variable pon

Fig. 3.6 Formats of INJOUT instructions.
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Fig. 3.7 Contrasting direct and indirect port specification for inputting the byte
from port 3C (hexadecimal). (a) Direct specification: port number in instruction.
(b) Indirect specification: port number first loaded into DX register.

[ v R I

KLAT—translate bybe 1o AL

Fig. 3.8 Formal of XLAT instruction.

The XLAT instruction is useful for translating an encoded value into the
same value under a differemt encoding. For example, consider the following
encoding of the decimal digits O through 9:

Dhigit Encoding

0 11000
00011
00101
00110
01001
01010
01100
10001
10010
10100

VOO0 =) L s e B o

This encoding is of practical interest because each encoded value contains
exactly two **1"" bits {sometimes referred to as a 2-out-of-5 code) and 1s actually
used in telephone signaling applications. Suppose we want to translate the binary
digit 7 into a 2-out-of-5 code. The steps to perform this translation are as follows:

|. Place the offset of a table containing the encodings into BX.
2. Place binary 7 (0000 O111) into AL,
3. XLAT—this will fetch the seventh entry from the table (0001 0001) and

place it in AL.

This translation is illustrated in Fig. 3.9.
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Address-Object Transfers The address-object transfers are LEA (load
effective address), LDS (load pointer into DS}, and LES (load pointer into ES).
These instructions provide the programmer with some control over the address-
ing mechanism. The formats for these instructions are shown in Fig. 3.10. Note
that although these instructions use a mod and an r/m field to specify one
pperand and a reg field to specify the other operand, there is no d field to specity
which operand is the source and which is the destination. The d field 1s unneces-

altsi! IO currestl

BX

dala sagrmienl

franskalicn tabse: | G001 1000 p————

DOoD001 1

OO0

R R
Q000100
QOO0 010
CO00 100

OO0 0001

OO0 000

Q00 o

1aj

AL | 0OO000T 11

AL | 00070001

{c

Fig. 3.9 Example of using XLAT instruction 1o translate the digit 7 from binary
encoding to a 2-out-of-5 encoding. (a) Translation table for converting binary to
2-put-of-5 code. (b) Contents of register AL before executing XLAT instruction.
{c) Contents of register AL after executing XLAT instruction.

1 60 k1 1401 mod]|  neg 1

LEA—Ipad E& 10 rengster

R T o [+ O L B | mod| reg i
LOS—ioad pomniter o DS
11000 VYO Q mod|  rag rim

LES—ipad poinier o ES

Fig. 3.10 Formats of address-object transfer instructions.
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sary because the source operand of these instructions always comes from or
refers to memory and hence has to be specified by the mod and r/m fields. The
reason the source operand must come from or refer to memory will become
apparent as each of the address-object transfers is described.

The LEA instruction provides access to the offset address of the source
operand as opposed to the value of the operand. Hence this instruction would be
meaningless if the source operand did not refer to memory. The etfect of the
instruction is to transfer the 16-bit offset address of the source operand to the
l6-bit register designated as the destination operand. This facility 1s useful for
passing the offset address of a variable from one part of the program to another so
that the other part of the program can modify the value of the variable if it so
desired. Objects that are passed between different parts of the program are called
paramerers, and the different parts of the program are called subroutines. For
example, suppose one subroutine had the responsibility for incrementing vari-
ables. Other parts of the program could call on this incrementing subroutine and
have it increment a specific variable. The offset address of the variable to be
incremented could be passed as a parameter to the incrementing subroutine by
placing the offset address in a mutually agreed upon register, such as B, prior to
calling the incrementing subroutine. The LEA instruction is tailor-made to do
just that. The reg field of the LEA instruction would designate the BX register
(011}, and the mod and r/m fields would designate the offset address of the
variable. The instruction would be executed prior to calling the subroutine. The
subroutine could then access the variable by using the appropriate operand-
address mode involving BX (mod =00, r/m=111). Note that if the value of the
variable instead of its offset were passed to the incrementing subroutine, the
subroutine would know the value but would be unable to alter the variable.

The LDS instruction transfers four consecutive bytes (32 bits) from a
source operand to a pair of 16-bit destination registers. The source operand must
be in memory. One destination register is the 16-bit destination operand specified
by the reg field in the instruction; the other destination register is DS. The LES
instruction is similar to LDS except that the other destination register is ES
instead of DS. The actual data transferred is illustrated in Fig, 3.11. The LDS
and LES instructions provide an efficient means for setting up the segment start
address and offset address of a variable so that the variable can be accessed by
succeeding instructions. This combination of segment start address and offset
address is called a pointer; the LDS (or LES) instruction transfers a pointer from
memory into registers appropriate for the operand-addressing modes. For exam-
ple, assume offset addresses OF1C to OFIF (four bytes) in the current data
segment contain a pointer 1o a l-byte variable as shown in Fig. 3.12 (a). The
two-instruction sequence for loading the value of the variable in the AL register
is shown in Fig. 3.12 (b).

Flag Transfers The flag transfer instructions (Fig. 3.13) provide access
to the set of processor flags. The instructions are LAHF (load AH with flags),
SAHF (store AH into flags), PUSHF (push flags), and POPF (pop flags).
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Fig. 3.13 Formats of flag-transfer instructions.
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Fig. 3.15 Correspondence between flags and bils on the stack.



B08E Instruction Set 45

The LAHF instruction transfers the flag registers SF (sign flag), ZF (zero
flag), AF (auxiliary carry flag), PF (parity flag), and CF (carry flag) into specific
bits of the AH register. The SAHF instruction transfers specific bits of the AH
register into these flags. These five flags were singled out for no other reason
than that they were the five flags present in the BOB0 processor. (The LAHF and
SAHF instructions exist mainly to permit programs written for the 8U80 to be
translated into efficient 8086 programs. ) The correspondence between bits in AH
and the five flags is shown in Fig. 3.14.

The PUSHF instruction enters a word on the stack and transfers all nine of
the flags into specific bits of this word. The POPF instruction removes a word
from the stack and transfers specific bits of this word into the nine flag registers.
The correspondence between bits of the stack word and the nine flags is shown in
Fig. 3.15.

Arithmetic Instructions

The 8086 provides the four basic mathematical operations in a number of
different varieties. The arithmetic instructions of the 8086 are shown in Table
3.2, Both 8- and 16-bit operations and both signed and unsigned arithmetic are
provided. Furthermore, correction operations are provided to allow arithmetic to
be performed directly on decimal rather than on binary digits.

Table 3.2 Arithmetic Instructions

Addition
ADD {add): DEST +SOURCE = = DEST
ADC (add with carry) DEST+SOURCE+CF = > DEST
INC (increment): DEST+1 = = DEST
Subtraction
SUB (subtract): DEST-SOURCE = = DEST
SBB (subtract with borrow): DEST-SOURCE-CF = > DEST
DEC {decrement): DEST-1 = > DEST
NEG (MNegate 0—DEST = > DEST
CMP (compare): DEST-SOURCE == 7
Multiplication
MUL {rmultiply): AL*SOURCEs = = AX
or AX"SOURCE s = = DX,AX
IMUL (integer multiply): Same as above but signed multiply
Division
DIV (divide): AX/SOURCEs = = AL ;remainder = > AH

or DX, AX/SOURCE & = > AX ;remainder = > DX

IDIV (integer divide): Same as above but signed divide
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unsigned S
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Fig. 3.16 Range of 8- and 16-bit signed and unsigned numbers.

The difference between signed and unsigned numbers is in your interpreta-
tion of the bit patterns. Unsigned numbers are interpreted in binary notation,
Signed numbers are interpreted in the two's complement notation described in
Chap. 1. Figure 3.16 shows the range and representation of signed and unsigned
numbers. Addition and subtraction operations are the same on both types of
numbers. Thus the ordinary binary addition and subtraction instructions designed
for unsigned numbers will also give the correct results when applied to signed
numbers, The only difference between signed and unsigned addition and subtrac-
tion 1s the mechanism for detecting out-of-range results. The add and subtract
instructions set the CF flag if the result, when interpreted as an unsigned number,
15 out of range; and set the OF flag if the result, when interpreted as a signed
number, is out of range. It is possible for either the signed or unsigned result to
be out of range with the other result being in range. Figure 3,17 illustrates this,

The six status flags are set or cleared by most arithmetic operations to
reflect certain properties of the result of the operations. We have just discussed
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two of these flags, CF and OF. In general, the six flags are set to recogmze the
following conditions:

1.

.

CF is set if the operation resulted in an unsigned result being out of
range.

OF is set if the operation resulted in a signed result being out of range
(called signed overflow),

ZF is set if the result of the operation is zero (signed or unsigned).
SF is set if the most significant bit of the result of the operation is a "1
thereby indicating a negative result.

PF is set if the result of the operation contains an even number of 1’
bits (called even pariry).

AF is set if a correction is needed for decimal operations (discussed in
detail later).

A summary of the behavior of these flags appears at the end of this chapter
Multiple-precision arithmetic is a means of dealing with unsigned numbers
larger than 16 bits by breaking the numbers into 8- or 16-bit fields and perform-
ing repeated operations on successive fields starting with the least significant. If
any of these operations yields an out-of-range result, the result is still valid, but a
‘1" is carried into (addition) or borrowed from (subtraction) the operation on the
next field. As an example, consider adding the 24-bit number 0011 1010 OOK)

inlerpratabon &s nterpretalion a5
FEprEsEniation LnsigrEd NUmbers sigraEd numeers
|ai both signed ooo0 oo 1 A
ardd unsagnd opog. 101 i1 11
reguits m ————— - —
rANGE ooog 111 15 LCF=0 15 OF =0
i) unsignec Doo0 0111 ) 7
U out 1111 18 e 3
of range —— — 5 - :
OO0 000 £ GF =1 - OF =0
*“sgul of ranga"”
{c) - sighed Qoo tOoe | -3
resul out gt 1100 124 + 124
of range D -— _ o
1000 OO0 133 E=L 123 oF=1
““*out of range” "
igh  bBoin sigmed 1000 G111 135 1217
and unsicred i111 0181 245 11
resull out —_— — e :
of range o111 1100 124 GF 124 L=
et of range” ™ =il of rangae”™™”

Fig. 3.17 Examples of oul-of-range resulls in unsigned and signed additions.
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0111 1011 0010 to the 24-bit pumber 0100 0000 1100 0010 0101 0011, This can
be done in three successive additions on 8-bit numbers, as shown below:

I. The least significant eight bits are added together:

1011 0010
0101 0011
0000 0101 with CF = |

2. The muddle eight bits are added together along with any carry generated
by the previous addition:

| {last CF)
OO 0111
1100 0010
1100 1010 with CF = 0

3. The most significant eight bits are added together along with any carry
generated by the previous addition:

(0 ilast CF)
Q011 1010
OO0 10 0000

—————— e LG

0101 1010

Thus the result is 0101 TO10 1100 1010 0000 0101, This example points out the
need to have an instruction (add-with-carry) that adds the values of the two
operands and the value in CF all together. A similar instruction, subtract-with-
borrow, is useful for multiple-precision subtraction.

An unsigned addition or subtraction result going out of range can be planned
tor when performing tasks such as multiple-precision arithmetic. It is a normal
event and does not indicate an error condition. A signed result going out of
range, on the other hand, 15 usually unanticipated. It indicates that a fault has
occurred and that the results must be corrected before computations can proceed.

Addition Instructions The addition instructions are ADD (add), ADC
(add-with-carry), and INC (increment). These instructions may, in general, be
applied to any operands.

The ADD mstruction (Fig. 3.18) performs a byte or word addition of the
contents of the source and destination operands and stores the result back in the
destination operand. One of the operands can be in a register or in memory (mod
and r/m field); the other operand can be in a register (reg field) or in the
instruction (immediate field). Both a general form and short form of the
immediate-operand ADD instruction are provided.

The ADC instruction is similar to the ADD instruction except it includes
the initial value of CF in the addition. This facilitates the multiprecision arithme-
tic discussed above. The forms of the ADC instruction are the same as the forms
for the ADD instruction and are summarized in Fig. 3.19,
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Q0000 Dd]w mod|  reg nm
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GO0000 1T 0w data data if w 1

ALD—add immedeaie waih ACCumubEhon 10 accumuotabon

Fig. 3.18 Formats of ADD instruction.
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Fig. 3.19 Formats of ADC instruction.
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Fig. 3.20 Formats of INC instruction,

The INC instruction has only one operand. The instruction adds “1’ to the
contents of the operand and stores the result back in that operand. The INC
instruction has a general form and a short form as shown in Fig. 3.20.

The INC instruction is identical to the ADD instructions with an immediate
operand of 1 but requires fewer bytes. INC was included in the instruction set
because adding (and subtracting) 1 is a very frequent operation and should
therefore be done in as few bytes as possible.

Subtraction Instructions The subtraction instructions are SUB (sub-
tract), SBB (subtract with borrow), DEC (decrement), NEG (negate), and CMP
(compare). The first three are analogous to the three addinon instructions, and
their formats are shown in Fig. 3.21,

The NEG instruction (Fig. 3.22) changes the sign of its operand. For
example, if the operand contained the representation of —1 (1111 1111), the
NEG instruction would change it to +1 (0000 0001).

The CMP instruction is similar to the subtract instruction except the result
is not stored back into the destination operand. In fact, the result is not stored
anywhere; it is just lost inside the processor. No doubt you 're probably wonder-
ing, “'Of what use is an instruction that loses its result?"" It turns out that the flag
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Fig. 3.22 Formats of NEG instruction.

Table 3.3 Flag Setting after a CMP

Instruction Is Executed

1000 0 Ofs |w mod{D 1 1] ©'m data data | sw - 01
SBB—subtract-with-borrow immesiate with registesmemory 10 TRgISIe memony
g0 0111 Qw dala data if w

Relationship of Destination Operand to Source Operand

Signed Operands

Unsigned Operands

of the operands.

EQUAL

LESS THAN
LESS THAN
GHEATER THAN
GREATER THAN

BELOW
ABOVE

CF ZF SF
AR TR
R
gl g
-0 0
= & 9
S T
i i

OF

= D=5 O

—

Unspecified entries in above table can be efther '0" or '1" depending on the actual values
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settings that reflect certain properties of the result are more important than the
result itself. From these flag settings, we can deduce the relationship between the
value of the two operands that entered into the subtraction. For example, if the
ZF flag is set to *17, then the result is zero and the vilue of the two operands must
have been identical. The flag settings for each of the various possible relation-
ships are shown in Table 3.3. A CMP instruction is typically followed by a
conditional jump instruction (discussed later) that tests the flag settings to see if
particular relationship was satisfied. The forms of the CMP instruction are the
same as the forms of the SUB instruction and are shown in Fig. 3.23.

Multiplication and Division Instructions Multiplication of two 8-bit
numbers has the potential for yielding a product up to 16 bits long. Consider, tor
example, the multiplication of the unsigned numbers shown in Fig. 3.24.

Similarly, the multiplication of two 16-bit numbers can give a 32-bit prod-
uct. The 8086 multiplication instructions permit multiplying either an 8- or 16-bit
quantity contained in AL or AX by an operand of the same size specified in the
instruction itself. The 16- or 32-bit product is placed back into AX and, if
necessary, into DX. This is illustrated in Fig. 3.25,

The division instructions of the 8086 are designed to undo what the multi-
plication instructions did. Specifically, the division instructions divide the 16-bit
number in AX (or the 32-bit number in AX and DX) by an operand of half that
size specified in the instruction. The remainder is placed in AH (AX in the bigger
case), and the quotient is placed in AL (DX in the bigger case). This is illustrated
in Fig. 3.26.

00111 Qfdjw mod| feg r'm

CMP—compare regisbermemony with register

10 00 0 0fs|w modl1 1 1] r'm data data if sw = 01

CHWP—compare immédialg wiih regsier mamary
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Fig. 3.23 Formats of CMP instruction
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Flg. 3.24 Example illustrating that product can be up to twice as long as
operands.
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Unlike addition and subtraction, the ordinary binary multiplication and
division instructions that work for unsigned numbers do not give the correct
results when applied to signed numbers. This is illustrated in Fig. 3.27. Thus
special multiplication and division instructions must be provided for signed num-
bers. The BOB6 multiplication and division instructions are MUL (unsigned mul-
tiply), IMUL (signed multiply, sometimes called integer multiply), DIV (un-
signed divide), and IDIV (signed divide, sometimes called integer divide). The
tormats of the multiply and divide instructions are shown in Fig. 3,28

A word about signed division is in order. If we divide —26 by +7, we
could get a quotient of —4 and a remainder of +2. Or we could get a quotient of
—3 and a remainder of —5. Either pair of results would be correct. In one case
the remainder is positive, and in the other case it is negative. The 8086 signed
division instruction was designed so that the remainder will have the same sign as
the dividend. For the above division, the 8086 will produce a quotient of —3 and
a remainder of —5. Division, defined in this manner, will give quotients (and
remainders) with the same absolute value for —27 divided by +7, —27 divided
by =7, +27 divided by +7, and +27 divided by —7.

Table 3.4 summarizes the number of bits in the operands and the results of
various arithmetic instructions. The instructions were designed so that the
double-length result of a muluplication could be used in a future division. What
if you want to use the result of a multiplication for something other than division?
For instance, how would you multiply 17 (0001 0001) by 10 (0000 1010) and add
20 (0001 0100) to the product? That's simple. Just ignore the eight most signifi-
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cant bits of the product. But now comes the problem of performing a division on
a number that was not generated by a previous multiplication. For example, try to
divide a plain old 8-bit version of 35 (0010 0011) by 7 (0000 0111). The division
instruction expects a 16-bit dividend to be in AX. Simply putting an 8-bit divi-
dend into AL won't work because the division instruction will use whatever
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niarpretaton as
A sEnesd rumbser
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1111 1118 255 1
i1l 111 255 1
1111 1111
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1111 1110 0000 000
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Fig. 3.27 Example demonstrating that ordinary binary multiplication does not
give correct result for signed numbers.

n e I s N e modfi1 O Of r'm

MLIL—multiphy |unsigned)

P 1 tpw

medi1 0 1] rm
-

IMUIL—iriager multiphy |sigred]

1 1101 B T

[ITIIZ'II 110 rnm

L —diivade [ursagned)

e e (e N T AR W mod/1 1 1] nm

D —mnteger divide (signed]

Fig. 3.28 Formats of multiply and divide instructions.

Table 3.4 Size of Operands and Results

First Operand Second Operand Result
ADD 8 (addend) B (augend) 8 (sum)
16 (addend) 16 (augend) 16 {sumj}
SUBTRACT 8 (minuend) 8 (subtrahend) 8 (difference)
16 (minuend) 16 (subtrahend) 16 (difference)
MULTIPLY B (multiplicand) 8 (multiplier) 16 (product)
16 (multiplicand) 16 (multiplier) 32 (product)
DIVIDE 16 (dividend) 8 (divisor) 8 (quotient),

32 (dividend)

16 (divisor)

8 (remainder)
16 (quotient),
16 (remainder)
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parbage 1t finds in AH as the eight most significant bits of the dividend. Well,
that’s no problem. Just make sure to zero out AH before doing an 8-hit by 8-bit
division or zero out DX before doing a 16-bit by 16-bit division,

Zeroing out the most significant half of the double-length dividend works
fine for unsigned division, but how about signed division? Converting the 8-bit
version of =2 (1111 1110) to the 16-bit version (1111 1111 1111 1110} involves
setting the eight most significant bits to all 1's, whereas converting the 8-bit
version of +3 (0000 0011) to the 16-bit version (C000 0000 0000 001 1) involves
setting the eight most significant bits to all 0's. The rule is simple: just extend the
leftmost bit (sometimes called the sign bit) of the 8-bit version into every bit
position in the most significant half of the 16-bit version. The process of stretch-
ing numbers by extending the sign bit is called sign extension. The 8086 provides
instructions (Fig. 3.29) to facilitate the task of sign extension. These instructions
were initially named SEX (sign extend) but were later renamed to the more
conservative CBW (convert byte to word) and CWD (convert word to double
word). The CBW instruction extends the sign bit of AL into all bits of AH: the
CWD instruction extends the sign bit of AX into all bits of DX. Figure 3.30
summarizes the steps for performing 8-bit by 8-bit or 16-bit by 16-bit divisions.

Decimal Arithmetic  All the arithmetic operations discussed so far have
been on binary numbers. That’s because computers think in binary. But people
don’t. Our world is decimal, If God had intended for us to think in binary, we
would have been born with only two fingers. So the first obstacle we face when
doing arthmetic operations with computers is converting input numbers from our

100178005

LBW—ronver byie 1o word

B 7 5 ¢ R N R ¢ ¢

CW—comvert word 1o double ward

Fig. 3.29 Formats of sign-extension instructions.

SIGNED UMSIGNELD
B-nit by 8-hit mirve divisor into AL move divisos into AL
sign extend AL inlo AH (CEW) putl zerc into AH
thwiide AH by dividend devede AH By dhedivrd
Te-hit by 16-0it mowe divisar nto AX AEIVE nesar il &K
sign axtend AX mio OX (SWLH) auf zarg into 0%
dividis BX AKX by dividend diviese [ AX by diwvidend

Fig. 3.30 Performing equal length divisions.
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Table 3.5 BCD Encoding of Decimal Digit

Dhgit: 0 1 2 3 4

Encoding: 0000 0001 0010 0011 0100
Digit: 5 B 7 8 9

Encoding: 0101 0110 0111 1000 1001

language to theirs and then converting results back the other way. The fact that
the conversions waste time is unfortunate, But what's worse is that the computer
is thinking about a different problem than we are thinking about, and this could
result in some surprising results. For example, we would be justifiably upset if
pur computer-controlled car odometer wrapped around after 131,071 (instead of
99.999) miles just because 131,072 is a power of 2.

Why then must computers be so stubborn and insist on “‘thinking " in
binary? Just because they work with only two voltage levels, 0 and 1, they need
not represent their numbers in binary notation. Certainly these 0's and 17s could
be used to encode each decimal digit in a number separately. For example,
instead of representing the decimal number 37 by its binary equivalent 0010
0101, it could be represented by a binary encoding for 3 (0011}, followed by a
binary encoding for 7 (0111), resulting in the representation 0011 0111, Note
that this is a binary encoding of the demical digits and 1s appropriately referred to
as binarv-coded decimal or BCD. Table 3.5 lists the encoding of each demical
digit. The reason computers typically “‘think’" in binary notation instead of in
BCD is that the binary notation is more compact. For example, the number 125
gan be represented in eight bits in binary notation (0111 1101} but reguires 12
bits in BCD (D001 0010 O101).

How about arithmetic on numbers represented in BCD notation? Can BCD
numbers be added, subtracted, multiplied, and divided? One way to do this 1s to
have BCD addition, BCD subtraction, BCD multiplication, and BCD division
included in the instruction set of the computer in place of (or in addition to) the
conventional binary addition, binary subtraction, binary multiplication, and bi-
pary division instructions. Another solution is to use the binary arithmetic in-
structions on the BCD numbers, knowing full well that the wrong BCL answer
will be obtained and then executing a special adjustment instruction that will
convert the answer to the correct answer in BCD notation. The latter is used by
the B0K6.

Consider, for example, adding the BCD representation of 23 to the BCD
representation of 14 by using the (8-bit) binary addition instruction. The addition
is shown below:

OO10 0011 =
+ 0001 0100 =
Q011 0111 = .

b
—) o tad
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Lo and behold, the binary addition gives the correct BCD result! So in this
example, no adjustment is necessary. Let’s push our luck further and try to add
289 in BCD o 14 in BCD. This addition is as follows:

0010 1001 =29
+ 0001 0100 = 1 4
0011 1101 =37

This answer is not correct because the encoding 1101 does not represent a
decimal digit. What's happened is that a 4-bit encoding can represent up to 16
distinct digits, but there are only 10 distinct decimal digits. Thus any addition of
two digits whose sum is greater than 9 will enter into the forbidden 6-digit range
and give the incorrect answer. The way to adjust for this is to add 6 to the sum in
any digit position that treads in the forbidden range, thereby compensating for the
six forbidden digits that must be passed over. Thus the sum of the previous
example 1s adjusted as follows:

0011 1101 = 37

+___0110=06
0100 0011 =4 3

And 43 is the correct answer, In this example, the journey through the forbidden
range was easy to detect because the result was “‘caught in the act.”” A more
subtle case occurs when the sum passes completely through the forbidden range
and winds up on a valid digit of the other side. The addition of BCD 29 and BCD
I8 illustrates this.

0010 1001 = 2 9
+ 0001 1000 = 18
0100 0001 = 4 1

In this case, the result is incorrect because the rightmost digit of the sum passed
completely through the forbidden range, and thus that digit should be adjusted by
adding 6. However, there is no way to determine that such an adjustment is
necessary by inspecting the result. One property of a digit passing completely
through the forbidden range is that, during the addition, a carry is generated out
of the corresponding digit position. In the above example, a carry 1s generated
out of the low-order digit position into the high-order digit position. Thus results
could be adjusted if we had some way of knowing when carries are generated out
of either digit position. The carry flag (CF), already discussed, indicates when an
addition generates a carry out of the most significant bit (and hence out of the
most significant digit). The auxiliary-carry flag (AF) exists solely to indicate
when an addition generates a carry out of the least significant digit, so the BCD
adjustment can be applied. In the above example, CF is set to 0, and the AF is set
to 1 after the addition.
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Multiple precision arithmetic can be performed on BCD numbers. This is
illustrated by adding the number 2889 to the number 3714, It involves two
successive additions and adjustments as shown below:

I. The least significant pairs of digits are added together:

1000 100] = 89
+ 0001 0100 = 1 4
1001 1101 =9 7 CF =0 AF =0

2. Adjustment is applied:
1001 1101 =9 7

+ 0110 = adjustment
1010 0011 = ? 3
+ 0110 = adjustment

0000 0011 = 0 3 CF = 1 AF = |

3. The most significant pairs of digits are added together along with the
last value of Ck:

1 (last CF)
0010 1000 = 2 8
+ 0011 0111 = 37
O110 0000 = 60 CF =10 AF =1

4. Adjustment is applied:

0110 0000 = 6 0
+ 0110 = adjustment
0110 0110 = 6 6

5. The final result:
OLIO 0110 0000 0011 =660 3

The 8086 instruction that performs the decimal adjustment is DAA (deci-
mal adjust for addition). The DAA instruction assumes the sum is in AL. Based
on the value in AL and the settings of CF and AF, the DAA instruction deter-
mines the necessary adjustment and applies it to AL. A similar instruction, DAS
(decimal adjust for subtraction), will adjust the result after a subtraction opera-
tion. It is not possible to apply an adjustment for multiplication because the BCD
result is buried under and indistinguishable from the cross-terms generated.
Similarly, a divide adjustment is not possible. So, if you need to perform multi-
plication or division on decimal numbers, you'll have to use a different decimal
representation as described below.

The BCD representation discussed so far is more accurately referred to as
packed BCD because two digits are packed into a byte, Another representation,
called unpacked BCD, contains only one digit per byte. The digit 1s contained in
the four least significant bits; the most significant bits have no beanng on the
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Table 3.6 ASCIl Representations of Digits
Digit ASCIl

0011 0000
0011 0001
0011 0010
0011 0011
0011 0100
0011 01N
0011 0110
o011 01N
0011 1000
0011 1001

—_— ———— —

D00 =~} v Lh & 0 PR = 0

value of the represented number. One example of unpacked BCD is the ASCII
representations of digits. ASCII is a 7-bit representation of a set of characters
(see Appendix C). The ASCII representations of digits are shown in Table 3.6.
The four most significant bits contain 0011, which is not relevant to the digit
value.

Addition and subtraction of unpacked BCD representations can be adjusted
in a manner similar to the packed BCD adjustments, except only the least signifi-
cant digit is affected. Unlike packed BCD, multiplication and division adjust-
ments are possible for unpacked BCD. The instructions that perform these four
adjustments are called ASCII adjustment instructions (because ASCII is the most
common example of unpacked BCD) and are AAA (ASCII adjust for addition),
AAS (ASCII adjust for subtraction), AAM (ASCII adjust for multiplication), and
AAD (ASCI adjust for division). The forms of the decimal and ASCII adjust
instructions are shown in Fig. 3.31.

o1 e0Ts

LAA-—decimal {packed) adjust for adddion

o fR N A N I e

DAS—decimal (packed) adpus! lor subirachon

o 0 O B R

Ad A S (unpacked) adjust lor acdition

R 7R R R S e |

AA S B S0 (unpacked) adjust for sublraction

B I+ (I (A lIZZ'UIZZ'I.:-1I.'.I1I.'?

AMM—ASC (unpacked) adjusi for multipfication

| B S R | a B v S R 0 R TR 0

AJA—ASC junpacked) adjust for division
Fig. 3.31 Format of decimal and ASCII adjust instructions.
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As an example of unpacked BCD multiplication, consider multiplying 9 by
4. Assume unpacked 9 (0000 1001) is in the BL register and unpacked 4 (0000
(100} is in the AL register. Applying the (unsigned) binary multiplication in-
striction specifying BL as the source (multiplier) will put the 16-bit binary
product, namely 36 (0000 0000 0010 01009, in AX. The multiplication adjust-
ment (AAM) must decompose the binary 36 in AX into 3 (0000 0011) 1 AH and
inta & (0000 0110} in AL. This is nothing more than dividing the contents of AL
by ten and placing the quotient in AH and the remainder in AL. In fact, it’s no
coincidence that the AAM instruction is two bytes long (it appears as though one
byte would have sufficed) with the second byte being nothing more than the
binary representation of ten (0000 1010). In reality, the AAM instruction is a
kind of division instruction (although it doesn 't put the remainder and quotient in
the same places that DIV and 1DIV do) with the divisor operand contained in the
second byte of the instruction. Don’t be surprised if changing the second byte
from ten (0000 1010) to seven (0000 O111) results in a divide-by-seven instruc-
tion (although Intel makes no such promise). And it follows that putting sixteen
(U001 00003 in the second byte should result in converting a packed BCD number
in AL into an unpacked BCD number in AH and AL.

Observe that in the example just presented, the operands 0000 1001 and
(000 0100 were unpacked BCD numbers having all zeros in the most significant
four bits. If this were not the case, the multiplication would generate cross-terms
that would hide the desired result 0010 0100 (it was just such cross-terms that
made adjustments for packed BCD multiplication impossible). Thus betore mul-
tiplying unpacked BCD numbers, you must zero the most significant four bits of
each operand unless you know that they are already zero A convenient instruc-
tion for zeroing selected bits of a byte is the AND instruction (to be discussed
later).

So far we have seen how to multiply a 1-digit unpacked BCD number by
another 1-digit unpacked BCD number. Let’s now try to multiply a multidigit
number by a |-digit number. For example, 539 times 6. When we first learned
arithmetic. we were taught to perform such multiplication as follows:

“Nine times six is 54. Write down the four and carry the five. Three times
six is 18, plus five to carry makes 23, Write down the three and carry the
two. Five times six is 30, plus two to carry makes 32, Write it down.™

In summary form it looked something like this:

25 (carres)

Now let's see how an 8086 would tackle this problem. Assume the number
539 is stored as unpacked BCD in variables a3, a2, and al respectively. Also
assume that the number 6 is stored as unpacked BCD in variable b. Furthermore,
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assume that the most significant four bits of a3, a2, al, and b are all zero. We
want to multiply a3, al, al by b and put the result in variables ¢4, ¢3, ¢2, cl.
This 1s represented diagrammatically as follows:

al a2 al
*® b
g e g g

The steps in an BOB6 program to perform this multiplication would be something
like this:

1. al *b —>AX ‘nine times six is . . .

2. AAM - 54 (five in AH, four in AL)
3. AL —>¢] swrite down the four

4. AH —>c¢2 , and carry the five

5 a2 *h —>AX :three times six is . . .

6. AAM . 18 (one in AH, eight in AL)
1AL + 2 —>AL plus five to carry makes . . |
K. AAA : 23 (two in AH, three in AL)
9. AL —>=¢2 swrite down the three
10, AH —>¢3 . and carry the two
I1l. a3 * b —>AX five times six is . . .
12. AAM ; 30 (three in AH, zero in AL)
13. AL + ¢2 —>AL plus two to carry makes |
4. AAA B .
15. AL —>¢3 S0 Write
16. AH —>c4 ; it down

Observe the use of additions and the corresponding AAA adjustments in the
above example. Let's examine one of those AAA s in detail. When the AAA on
line 8 adjusted AL from invalid (0000 1101) to three (0000 001 1), it generated a
carry out of the least significant digit of AL. That carry did not go into the most
significant digit of AL but rather went into the least significant digit of AH,
thereby adjusting AH from one (0000 000 1) to two (0000 00103, Thus the AAA
instruction involves an adjustment not just to AL but to both AH and AL. This
side effect of AAA would not have been necessary if AAA were used solely for
additions and not for multiplications.

A more elegant algorithm (invelving a loop) for doing multidigit unpacked
BCD mutiplication is outlined in Fig. 3.32. Although only single-digit mutipliers
are discussed here, the extension to multidigit multipliers is straightforward.

Next consider an unpacked BCD division, such as 42 divided by 6. As-
sume unpacked 42 15 in AN (0000 0100 i AH, 0000 0010 in AL) and unpacked
6 (0000 01107 is in BL. The unpacked representation of a single-digit number,
such as 6, is nothing more than its binary representation. So let’s put the div-
wlend, 42, into binary. This can be done by multiplying the contents of AH by ten
and adding it to the contents of AL. A binary division of AL (binary 42) by BL
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Fig. 3.32 Multi-digit unpacked BCD arithmetic.
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(6} would then give the binary representation of 7 in AL. But binary 7 is nothing
more than unpacked 7, so the unpacked division is complete.

There are three points to note from the preceding example, First, division
adjustment (AAD) consists of multiplyving AH by ten and adding in AL (again,
it's no coincidence that the second byte of the AAD instruction 1s a ten). Second,
division adjustment precedes the division operations, whereas addition, subtrac-
tion, and multiplication adjustments follow the corresponding arithmetic opera-
tion. In other words, the addition, subtraction, and multiplication adjustments
correct a bad (i.e., non-BCD) result, whereas the division adjustment prevents a
bad result from occurring. Third, the unpacked BCD dividend and divisor must
have all zeros in the most significant four bits. This requirement applies to
multiplication as well but is not necessary for addition and subtraction.

A multidigit dividend can be divided by a single-digit divisor in much the
same manner as was already illustrated for mutiplication. An algorithm for doing
such multidigit unpacked BCD division is shown in Fig. 3.32. Unfortunately,
this method does not generalize to divisions with muludigit divisors. Such divi-
sions can be done by “‘puessing ™" at the guotient, using unpacked BCD multipli-
cation and subtraction to see how close the guess was, and then successively
refining the guess. This is exactly what we do in the ordinary pencil-and-paper
method of long division. More refined algorithms for performing long divisions
are discussed in the book entitled The Art of Computer Programming—Volume 2
by Donald E. Knuth.

Logical Instructions

The 8086 logical instructions consist of Boolean instructions and shift/
rotate instructions as summarized in Table 3.7,

Table 3.7 Logical Instructions

AND: DEST and SOURCE = = DEST

TEST: DEST and SOURCE = = 7

OR: DEST or SOURCE = > DEST

X0OR: DEST xor SOURCE = > DEST

NOT: not DEST = > DEST

SHL (shift logical left): CF< DEST = —0
SHR (shift logical right): 0——=DEST =>CF
SAL (shift arithmetic left): same as SHL

SAR (shift arithmetic right): sign— > DEST. =>CF

ROL (rotate left):

ROA (rotate right)

RCL (rotate left through carry):
RCH (rotate right through carry):
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Fig. 3.33 Formats of Boolean instructions.

Boolean Instructions The Boolean instructions are NOT, AND, OR
(inclusive-or), XOR (exclusive-or), and TEST. The forms of these instructions
are shown in Fig. 3.33

The AND, OR, and XOR instructions perform a logical function between
each bit of a source operand and the corresponding bit of a destination operand
and place the result back in the bit of the destination operand. The NOT instruc-
tion has only one operand; it performs its function on each bit of that operand and
places the result back in that same bit. The logical functions performed by these
instructions are defined in Table 3.8,
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Table 3.8 Definition of Logical Functions

One Operand

Source Bit | Not
0 1
1 0

Two Operands

Source Bit Destination Bit And Or Exclusive-Or
0 0 0 0 0
0 1 0 1 1
1 0 0 1 1
1 1 1 1 0

The *‘and’’ function is useful for clearing (sometimes called masking)
specified bit positions in a number; one operand specifies the bit positions and the
other specifies the number. For example, we can clear the most significant four
bits in an 8-bit number by ‘‘anding’’ that number with 0000 1111, (You will
recall that it was necessary to clear the most significant four bits of an unpacked
decimal number prior to performing a decimal multiplication or division.)

In a similar manner, the *“*or”” function and ‘‘exclusive-or’’ function are
useful for setting and complementing specified bit positions in a number. For
example, we can set the most significant bit in an 8-bit number by “oring™ the
number with 1000 0000, and we can complement the middle four bits in an 8-bit
number by *‘exclusive-oring " that number with 0011 1100, The “*not’” function
is useful for complementing every bit in a number; it is equivalent to
“exclusive-oring '’ that number with all 1's.

The TEST instruction is similar to the AND instruction in that both perform
an “‘and " function between corresponding bits of two operands. However, the
TEST instruction retains only the flag settings and not the result. Such an instruc-
tion is useful for examining specified bit positions in a number to determine if
any of them are 1. Again, one operand specifies the bit positions and the other
specifies the number. If the (discarded) result is non-zero, as indicated by the ZF
flag (ZF = () means result is not zero), then at least one of the specified bits 1s a
I For example, to determine if any of the least significant four bits of BL are 1,
place 0000 1111 into BH, execute a TEST instruction that designates BL and BH
as its operands, then execute a conditional jump instruction that jumps if ZF 1s (1
Note that the AND instruction could have been used in place of the TEST
instruction, but this would have destroyed the initial value of one of the operands
because the AND instruction doesn’t discard its result,

Shift/Rotate Instructions  The shift instructions provide a very efficient
mechanism for doubling or halving a number (fewer bytes and fewer cycles than
doing a multiplication or division). To double an unsigned number, just shift all
bits one position to the left and fill in the vacated rightmost bit with a 0. And if
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the bit that was shifted off the left end is placed into CF, an out-of-range result
can be detected by testing CF for a 1. For example, doubling the number 63
(0100 0001) by shifting left results in 130 (1000 0010) with CF becoming 0
(in-range), whereas shifting left the number 130 (1000 0010) results in 4 (0000
0100y with CF becoming | (out-of-range). Similarly, halving an unsigned
number is accomplished by shifting all bits one position to the right, filling in the
vacated bit position with a 0, and placing into CF the bit that was shifted off the
right end. In this case, CF = 1 indicates that the number was not even. For
example, halving the number 9 (0000 1001) results in 4 (0000 0100) with CF
becoming 1.

The instructions that perform the doubling and halving of unsigned num-
bers are SHL (shift left) and SHR (shift right). Two other shifts, SAL (shift
arithmetic left) and SAR (shift arithmetic right), are useful for doubling and
halving signed numbers. The forms of these instructions, along with the rotate
instructions, are shown in Fig. 3.34.

The difference between halving a signed number, SAR, and halving an
unsigned number, SHR, is that in the former the leftmost bit (sign bit) must
remain unchanged. For example, halving +6 (0000 0110) should result in +3
(0000 001 1), and halving — 120 (1000 1000) should result in —60 (1100 0100).
Thus SAR will shift all bits one position to the right but at the same time leave the
sign bit unchanged.

Observe that using the SAR instruction to halve +35 (0000 0101) gives +2
(0000 0010), and using it to halve —35 (1111 1011} gives —23 (1111 1101).
Right-shifting an odd number always gives a result that is smaller than half the
number (—3 is smaller than —2%).

- r% [ 1 oAl 2 ujw mod| 1 O 0] nm
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11010 u'l-: w moal1 0 1] nm
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]
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RCRA—rotate-ihroegh-camy reght (9-bit rotate)

Fig. 3.34 Formats of shift/rotate instructions.
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There is no distinction between doubling a signed number and doubling an
unsigned number. So, in fact, SHL and SAL are simply two different names for
the same instructions.

The rotate instructions provide the ability to rearrange the bits in a number.
ROL (rotate left) and ROR (rotate right) permit left or right rotation of the bits:
the bit that falls off one end is rotated around to fill in the vacated position on the
other end. Two other rotate instructions, RCL (rotate with carry left) and RCR
(rotate with carry right), permit the carry flag CF to participate in the rotation: the
bit that falls off one end winds up in CF, and the bit that was in CF is rotated
around into the vacated bit—sort of a computerized version of musical chairs.

The operand to be shifted or rotated can be in memory or in a register
(specified by a mod field and an r/m field in the instruction). Furthermore, the
operand can be 8 or 16 bits (specified by a w field). Another field, v, specifies
whether the shift or rotation is to be for a distance of one bit (v = 0) or any
number of bits (v = 1). In the latter case, the distance is specified in CL, the
COUNT register (another example of a specialized use of one of the general-
pUrpose registers).

Admittedly, one purpose of the v field is to provide for more efficient
multiple-hit shifts and rotations. (But be aware that it is more efficient to do a
2-hit shift by executing two 1-bit shifts with v = 0 than by loading a 2 into CL
and doing a shift with v = 1.) The primary purpose of the v field, however, is 1o
permit shifts and rotations over a variable pumber of bits (hence the reason the
field is called ¥). The variable shift instruction is used when the number of bits o
be shifted over is the result of a previous computation. Figure 3.35 shows an
example of a variable shift.

String Instructions

A string is simply a sequence of bytes or words in memory. A sining
operation is an operation that is performed on each item in a string. An example
is a string move, which moves an entire string from one area of memory 1o

cpoode L mog opoode  nm

1101041 1 101 0 1o 1 9 cl:looocoo 1t o0

shift:rotate | byta | SHA 2]

wanahie
l‘m‘ BL
INSTRUCTICHY VARIABLE COUNT

BL:It 107D 1T 11 E'-L-_‘.ll,"l'f-ﬂu1'.ﬂl

INITIAL CONTENTS OF OFERAND FINAL COMTEMTS OF CPERARNLD

Fig. 3.35 Example of a variable shift,
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Table 3.9 String Primitives

MOVS move SOURCE = = DEST
UPDATE SlI, DI

CMPS compare SOURCE-DRDEST == 7
UPDATE 5i, DI

SCAS scan AL-DEST => 7
UPDATE DI

LODS load SOURCE = = AL
UPDATE S

STOS store AL = = DEST

UPDATE DI

e - e

AX is used in place of AL for word operations.

another. Since string operations usually involve repetitions, they could take a
long time to execute. The 8086 has a set of instructions that decreases the time
required to perform string operations. This speed up is accomplished by (1)
having a powerful set of primitive instructions so that the time taken to process
each item in the string is reduced, and (2) eliminating bookkeeping and overhead
that are usually performed between the processing of successive items. The string
primitives are summarized in Table 3.9.

Elementary String Instructions To illusirate how string instructions
speed up the processing of strings, consider how a sequence of bytes would be
moved. We'll need some way of denoting where the bytes are now and where
we 'd like them to be. Let's use SI (SOURCE INDEX) and DI (DESTINATION
INDEX) for that purpose. Into SI we’ll place the offset in the current data
segment of the first byte in the sequence. Into DI we'll place the offset to which
that byte should be moved. A likely place to store the count of the number of
bytes to be moved would be CX, the count register. If CX is initially zero, no
bytes should be moved. The steps for performing the string move are as follows:

If CX contans zero, we're done.

Fetch the byte whose offset is contained in 51,

Store that byte into the location whose offset is contained in DI
Increment SI by 1.

Increment DI by 1.

Decrement CX by 1.

Go back to step 1 and repeat.

_-Cl'ﬂ"l.ﬂ-h-‘u-lH'—'

Steps 2 and 3 perform the actual move of each byte. Steps 4 through 6 are
bookkeeping. Steps 1 and 7 are overhead. The actual move of each byte can be
speeded up by having a 1-byte primitive instruction that transfers the byte whose
offset is contained in SI to the byte whose offset is contained in DI Furthermore,
if that primitive instruction also incremented SI and DI, part of the explicit
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bookkeeping would be eliminated. With such a primitive, the string move is
simplified to the following:

1. If CX contains zero, we re done.
2. Perform ‘“‘move-primitive.
Decrement CX by 1.

4. Go back to step | and repeat.

T
.

Steps 1, 3, and 4 could be eliminated if the move-primitive were “‘souped
up’’ to incorporate a test-decrement-and-repeat based on CX. The result is a
single step that incorporates the move-pnimitive within it. The SITINE MOVE Now
becomes as follows:

I. Soup up the accompanying primitive
la.  Move-primitive

The 8086 has an instruction, MOVS (move string element), which is the move-
primitive described above. Furthermore, any string primitive can be *'souped
up'’ by preceding it with a special 1-byte prefix called a repear prefix. The
combination of the repeat prefix and the MOVS primitive forms a 2-byte instruc-
tion.

There can be a problem if the place that the sequence of bytes goes to
overlaps the place that it came from. For example, consider moving the five
bytes starting at offset 100 into the five bytes starting at offset 102 as shown n
Fig. 3.36. The bytes at 100 and 101 are copied successfully into 102 and 103
But when it comes time to copy the byte from 102 into 104, a problem occurs; the
byte in 102 is not the byte that was there originally but rather the byte that came
from 100. So the byte from 100 gets copied again, this time into 104, Eventually
it will also get into 106, Similarly, the byte from 101 will wind up in 103 and
105

This problem would have been avoided completely if the bytes were moved
in reverse order, specifically the byte from 104 moved first, then the byte from
103, and so forth. However, if the overldp were in the opposite direction (100
through 104 into 98 through 102), the reverse move would have the problem, and
the forward move would work properly.

Laslcirg Al
= ==
¢ 100 |
1061 h“‘x L : l
o :
10 a\\\li.-'-: ;
{ 10
102 ,H“ 2
103 103
\\\ \\.‘ 104
104 \\\ \
105 § 105
i —_
106 | | 106

Fii;-. '3.35 ! ;ﬁ:n overlapping move
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Let me point out that one man ‘s problem might be another min ‘s blessing.
The *‘problem " with overlapped string moves becomes a usetul feature when we
need to repeat a pattern of bytes over a portion of memory.

he 8086 has a flag called DF idirection flag), which governs the direction
in which strings are processed, If DF = 0, strings are considered as progressing
in the forward direction (toward higher addresses) starting from the offsets in 51
and DI If DF = | they progress in the reverse direction. This will tell the string
primitives to decrement rather than increment 51 and DI Thus, if an overlapped
move moves bytes to higher offsets (thereby necessitating a reverse move), DF
should be initialized to 1. Depending on the setting of DF, ST and DI will contain
either the lowest offsets (DF = 0) or the highest offsets (DF = 1) in the strings.
Instructions for setting and clearing DF (STD, CLD) will be discussed later under
Flag Instructions.

To facilitate moving strings from one segment to another, 1t would be
convenient if SI and DI were offsets into different segments. We stated that 5]
contains the offset into the current data segment. However, we didn’t reveal to
which segment the offset in DI refers. It would be most fortunate if the primitive
string instructions were designed so that they use DI as an offset into the current
extra segment. They were! Now to move a string from one segment to another,
start by loading DS and ES with the appropriate segment start addresses, and 51
and DI with the appropriate offsets within those respective segments. A string
move within a segment is accomplished by loading DS and ES with the same
value.

Certain string operations are more efficiently performed on words instead
of bytes. A move, for example, would go much faster if the elements being
moved were words. To allow for word strings, each string primitive instruction
contains a 1-bit w (width) field that distinguishes between byte operations (w =
0) and word operations (w = 1). The move-primitive for words is similar (o the
move-primitive for bytes except that ST and DI are incremented (decremented if
DF = 1) by 2 instead of by 1. CX, however, is always decremented by I, and we
miust therefore initialize it to contain the number of words (not bytes) if we are
using word primitives.

Now let's consider another string operation, namely scanning through a
sequence of bytes to find a particular value. For example, if the bytes contain
ASCI character codes, this operation finds the first occurrence of a specific
character in a message. Let us use D1 to contain the offset of the sequence
and CX to contain the number of bytes in the sequence. Place the specific byte
being searched for into AL. The steps for performing the scan are shown below:

1. If CX contains zero, we re done.

2. Fetch the byte whose offset is contained in DI

3. Compare it to the byte in AL (comparing means subtracting and seting
flags, ZF in particular).

4. Increment (decrement if DF = 1) Dl by 1.
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-1 100 1)z

AEP—repeat pref
HEPME/ REPNZ—repaal while nol egualinot zera {2 =0)
REPE/REPS—repeal while agualzera (z=1)

PO R 1 Ofw

WO S—moi string alemenis

1T @ 7007 1w

CMPS—compare sinng elaments

03B T 1 Hw

S0AS—scan lor Siring akErmin|

01071 0w

LODS—load sinng elameni

10 1071 0 1w

ST 05—clora siring alemani

Fig. 3.37 Format of REP prefix and string primitives.

5. Decrement CX by 1,
6. If ZF = 0, then the two bytes were not identical; so go back to step |
and repeat.

Steps 2, 3, and 4 are done by the BO86 scan-primitive SCAS (scan string ele-
ment). Steps 1, 5, and 6 are done if the scan-primitive is *‘souped up’* with the
repeat prefix. Word scanning (w field = 1) is similar 10 byte scanning except that
AX 15 used in place of AL, and DI is incremented (decremented) by 2 instead of
by 1.

Mote that the repeat prefix behaves slightly differently with the scan-
primitive than it does with the move-primitive: with the scan it tests the ZF flag
before deciding to repeat. In general, the repeat prefix will test the ZF flag
whenever the accompanying primitive string instruction is one which may mod-
ify the ZF flag. (MOVS never affects the ZF flag;, SCAS sets or clears ZF
depending on whether the bytes match or not.)

Another string operation is scanning through a sequence of bytes looking
for any byte other than a particular byte. An example would be finding the first
non-zero entry in a table, This is done by using the repeat prefix on the scan-
primitive instruction as was done in the previous scanning operation, except that
now the condition for repetition is ZF = 1. Since the testing of ZF is dictated by
the repeat prefix, that prefix must indicate which value of ZF is to cause repeti-
tions. This is specified by a 1-bit z field in the repeat prefix. The z field is ignored
when the repeat prefix is used with string primitives, such as MOVS, which
never modify the ZF flag. The form of the repeat prefix and of the string
primitives (including a sneak preview of those primitives about to be discussed)
is shown in Fig. 3.37.
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The next string operation is comparing two sequences of bytes to see which
one should come first. In particular, if the bytes contain ASCII character codes,
this operation puts the sequence in lexicographical order (lexicographical is
simply a fancy term for alphabetical but takes non-alphabetic characters into
account as well). Again assume that the offsets of the two sequences are in 51 and
D1, and the number of bytes to be compared (size of the shorter sequence) 1s
contained in CX. The steps for performing the string comparisons are as follows:

. If CX contains zero, we're done.

Fetch the byte whose offset is contained in 51
Compare it to the byte whose offset is contained in DI
Increment (decrement if DF = 1) SI by 1.

Increment (decrement if DF = 1) DI by |

Decrement CX by 1.

If ZF = 1, the two bytes are identical, so go back to step | and repeat.

Lh o Lo b o—

=

Steps 2, 3. 4, and 5 are done by the 8086 compare primitive CMPS (compare
string elements), and the remaining steps are done 1f a repeat prefix (witha 1 in
the z field) is appended to the CMPS instruction. Word comparing is similar to
byte comparing, except SI and DI are incremented or decremented by 2 instead
of by 1.

A word of explanation is in order here. As long as the byles being com-
pared in step 3 are identical, the zero flag (ZF) will be set 1o | and step 7 will
keep looping back. The looping ends when either the two bytes are not identical
(step 7 will no longer loop back) or the end of the shorter string is reached (step |
will skip us out of the loop). After the looping ends, we can test ZF to see if we
reached the end of the shorter string. (ZF will still be 1 in that case.) If we did
not, we can test the carry flag (CF) to determine which string is greater (CF = 1
means the string pointed at by DI is greater).

The final two string primitives are LODS (load string element) and STOS
(store string element). The load-primitive loads the byte or word whose offset is
contained in SI into AL or AX and increments (decrements if DF = 1) Sl by 1 or
2. The store-primitive stores the byte or word contained in AL or AX into the
byle or word whose offset is contained in DI and increments (decrements if DF =
1) DI by | or 2. Unlike the previous primitives, these two primitives were not
intended to be used with the repeat prefix. They were included for use in building
up more complicated string operations. However, the store primitive does per-
form a useful function when used in conjunction with the repeat prefix: it fills
every byte or word of a sequence with the same value. (This could also be done
with an overlapped string move but slightly less efficiently, requiring two HEI‘tI‘EL*:.
instead of one.) A repeat prefix on the load-primitive does nothing useful:
repeatedly loads AL or AX with successive bytes or words in a sequence, ;.,aLh
time destroying the previous value loaded.

Complex String Instructions  The five primitive string instructions pro-
vide the most common string operations. It would be a hopeless task to provide a
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primitive instruction for all conceivable operations. A strategy that makes more
sense 1s to provide a means of building up efficient complicated string instruc-
tions, possibly using some of the primitives as building blocks. As an example,
consider the operation of negating a sequence of bytes where each byte represents
an 8-bit signed number. Let SI contain the offset of the first byte of the sequence,
and let DI contain the offset of where the first byte of the negated sequence 15 to
be placed. Let CX contain the count of the number of bytes in the sequence. The
steps for performing this operation are as follows:

If CX contains zero, we're done, so skip over the following steps.
Fetch the byte whose offset is contained in SI.

Increment SI by 1.

Negate the byte fetched.

Store the result into the byte whose offset is contained in DI.
Increment DI by 1.

Decrement CX by 1.

(o back to step | and repeat.

Lad bd =

e

o2 =1 @ LA

Analogous to the previous examples, we would like to have a primitive instruc-
tion that performs steps 2, 3, 4, 5, and 6. There is none! So the next best thing
would be to build up these steps from 8086 instructions. I some of the building
blocks are string primitives, the incrementing of SI and DI can be done at no
additional expense. Specifically, steps 2 and 3 can be done by the load-primitive,
4 by a negate instruction, and 5 and 6 by a store-primitive. This simplifies the
task to:

If CX contains zero, we're done; so skip over the following steps.
Perform *‘load-primitive. "’

Negate byte in AL.

Perform *‘store-primitive. ™

Decrement CX by 1.

Go back to step | and repeat.

Ln.[b-':.utu-

i

Steps 1, 5, and 6 were previously accomplished by “‘souping up’™” a string
primitive with the repeat prefix. In this case, the body of the loop consists of
more than just a string primitive, and thus the repeat prefix cannot be used. What
is needed are a few efficient instructions that simulate the complex actions of the
repeat prefix. Step | requires a conditional jump instruction that jumps if CX
contains zero. The destination of the jump should be specified in as few bits as
possible. So naturally the 8086 has an instruction, JCXZ, that will jump if CX
contains zero. The destination of the jump is specified in a single byte of the
instruction; that byte contains the difference (as a signed number) between the
offset of the destination and the offset of the JOXZ instruction. Our next wish
would be for an instruction that decrements CX and then jumps unconditionally.
That instruction also exists and is called LOOP; the destination of the jump in a
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LOOP instruction is specified in a single byte exactly as was done in JCXZ. The
example now becomes the following:

JCXZ over the following steps.
Perform *‘load-primitive. ™’
Negate the byte in AL.
Perform *‘store-primitive.

5. LOOP back to step 1.

el o

Each step represents a single B086 instruction.

The LOOP instruction introduced above does an unconditional jump. But
we have already seen that for some string operations, it is desirable to loop based
on the setting of the ZF flag. The corresponding 8086 instructions are LOOPZ
(loop if ZF set) and LOOPNZ (loop if not ZF set). Of course, both LOOPZ and
LOOPNZ decrement CX before looping. Alternate names for these instructions
are LOOPE (loop if equal) and LOOPNE (loop if not equal), these names maore
clearly indicate the underlying condition on which we are looping.

As an example of using the LOOPNZ instruction, consider the previous
example of negating a sequence of bytes. However, this time the number of bytes
is unspecified. It is known that none of the bytes in the sequence is zero.
However, the sequence is followed by a zero byte. The steps now become as
follows:

. Perform *“‘load-primitive.”
2. Negate byte in AL.

3. Perform *‘store-primitive.”’
4, LOOPNZ back to step 1.

Note that the initial JCXZ instruction is not necessary here (why?).

The forms of the instructions that simulate the repeat prefix are shown in
Fig. 3.38.

Let us wrap up the discussion on strings by considering an example that
translates numbers between O and 15 into a Gray code, A Gray code has the

i 60010 ditf
LOCP—loop
TR T R < i O+ B | diff

LOOPME LOOPNE —ipop while nol zeromol equdal (2 =L
LOOPZ LOOPE—ipop white reroiegqual (2= 1)

11 0 101 chdf

JOKE—jumep on GX zero

Fig. 3.38 Format of instructions simulating REP prefix.
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property that only one bit changes between adjacent values. An example of a
Gray code for the numbers 0 through 15 is the following:

Binary Crray
OO00 000U
(K] (W]
(010 OCH
(LR (R0
0100 0110
(101 (0K
(110 0101
GrLl 0111
10O § 8%
100 1110
1010 1 100
1011 1101
BILY 1040 ]
1101 1011
1110 1010
1111 1K

Assume that there is a sequence of bytes starting at offset 100 in the current data
segment and containing binary numbers between U and 15, Also assume that CX
contains the number of bytes in the sequence. Furthermore, assume that BX
contains the offset of the first byte of a 16-byte Gray code translation table,
which is simply the 16 values given above. Notice that conditions are ideal for
using the XLAT instruction. Let us place the translated sequence into the extra
segment starting at offset 50. The steps for pulling this off are as shown:

Maove 100 into S1.

Mowve 50 into DI

JCXZ over the following steps.
Perform *‘load-primitive. ™
XLAT.

Perform ‘‘store-primitive.

7. LOOP back to step 3.

R

The XLAT instruction fits in perfectly with string loops as if it were designed for
this purpose. It was!

Unconditional Transfer Instructions

The main types of unconditional transfer instructions in the 8086 are
jumps, calls, and returns. Jumps load a value into the instruction pointer, thereby
breaking the sequential execution of instructions. Calls do the same thing, but
first they save the current value of the instruction pointer on the stack so that at
some time in the future execution can continue from where it left off. Returns
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oceur at that time in the future: they remove an entry from the stack and place it
back into the instruction pointer, thereby resuming the previous execution. Calls
and returns are the mechanism used to invoke subroutines. But all this 1s nothing
new.

What is new is that the calls, jumps, and returns come in two flavors—
intrasegment and intersegment. The intrasegment ones transfer control within the
current code segment. The intersegment ones transfer control to an arbitrary code
segment (by changing the contents of C5), which then becomes the current code
segment.

Obviously, intersegment transfers can do everything that intrasegment
transfers can do and then some. Why then do we need both? Simply because
intersegment transfers take longer 1o execute (they have more to do); and, with
the exception of returns, they require more bytes of code (they have more to say).

As an example of an intersegment jump, suppose the current code segment
starts at BOOOO (hexadecimal) and that the instruction pointer contains (AU
(hexadecimal). That means the next instruction to be executed is at BOOAD.
Suppose at location BOOAO we have placed a jump instruction that will transfer
control to location ADI00 (hexadecimal). But the current code segment ranges
from BOOOO to BFFFF, and hence a jump to location ADLIO0 would have to be an
intersegment jump. Such an intersegment jump would have to specify a new
value for CS (possibly ADDO) as well as a new value for IP (0O10(0). This example
is shown in Fig. 3.39.

An intersegment call saves the current value of the code segment register,
as well as the instruction pointer, on the stack. An intersegment returm removes
twor 16-hit values from the stack and places them into the instruction pointer and
gode sepment register. This is in contrast to the intrasegment call and return,
which save and restore the instruction pointer only.

STy

Cs B 0 0 == B0

L= H LD JBAP

N L

naw C5

=
N

Fig. 3.39 Example of an intersegment jump instruction,
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The preceding example, besides illustrating an intersegment jump, illus-
trates another concept—namely a direct jump. A direct jump (or call) tells us
immediately where to go. An indirect one gives us the runaround: it tells us
where 1o go to find out where to go. Indirect transfers are useful when we don't
know where we want to go but must first compute it. For example, an indirect
intersegment jump or call uses a mod field and an r/m field to specify the first of
four consecutive bytes in memory (there are no 4-byte registers). These four
bytes would contain the new value of IP (two bytes) followed by the new value of
CS (two bytes), These values could have been computed by the preceding in-
structions.

Returns never tell us where to go; instead, they tell us to return from where
we came. Thus the concept of an indirect return makes no sense. The forms of
the unconditional jumps, calls, and returns are shown in Fig. 3.40.

An intrasegment jump specifies a new value for the instruction pointer but
not for the code segment register, Consider, for example, a jump instruction at
offset O1AZ in the current code segment. This jump instruction is to cause the
program to jump back by eight bytes to offset 01A0Q. The value 01 A0 could have
been contained in two bytes of the jump instruction: and, indeed, in many other
processors it is. But this has two disadvantages. First, many jumps are to nearby
places, and yet the instruction must dedicate two bytes to specifying the jump
destination. Second, if for some reason the entire section of code from offset
UIAO to 01BO must be moved and placed at offset 0500 to 0510, the jump
instruction specifying offset 01A0 would no longer jump back by eight bytes.
(Sections of code that can be moved and still execute properly are sometimes
called position-independent code.) If the jump instruction did not specify 01A0
but merely specified — 8, then (1) the jump destination fits in one byte and (2) the
code is position-independent. Thus direct intrasegment Jumps and calls specify
not the destination offset, but rather the difference (as a signed number) between
the destination offset and the offset of the jump or call instruction, Furthermore,
if that difference for a jump instruction can fit into eight bits (a very frequent
occurrence ), a short form of the direct intrasegment jump instruction can be used
which is one byte shorter than the regular direct intrasegment jump. There is no
short form of the call instruction because calls to nearby locations are not that
frequent an occurrence.

We've just seen two good reasons for using differences (relative offsets)
rather than actual offsets as jump destinations. Let's make sure there isn't a good
reason for nor using relative offsets. An actual offset is a 16-bit unsigned number
(from O to 65535) and can designate any location in the current code segment.
Can a relative offset, which is a signed number (from — 32768 to +32767), cover
the same range? For instance, is there a relative offset that could be used by a
jump instruction at offset 0 to get to offset 655357 The largest positive relative
offset is +32767, and this will take us only halfway there. So let’s consider
negative relative offsets. Since the jump instruction is already at the lowest offset
in the segment, where will a negative relative offset of — 1 take us? Answer: to
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the highest offset in the segment, namely 65535 (by processor design). In fact,
the jump instruction at offset 0 can get to any offset from 32768 to 65535 by
using a negative relative offset. It is clear from this discussion that relative offsets
can take us from a jump instruction located anywhere in the segment to any other
location in the segment,

111 7020 ohiff-low difl-nigh

JMP—jump direct imrasegment

T T T, O v e dif

JP—ump dirgct intrasegmend {sha)

S T TR T R T rnr_:r_'rl!i]i:- Fm

JMWF —juimp inairact in

irpsegmant

ahlset-low

aflsel-mgh

SR 0w

sag-high

JMP—jump girgst iMersegmeant

Tl ek e s, B e o]

J 'l rnm

JME—jemg indirec! nbtersegmiar
jurmp

01 Qoo ehi-lony chilt-hagh
CALL—catl indirect intraségmen
i e B R e | mod|o 1 G| wm
CALL—=call mdwesl intragegmenl
el L | 1 a oflset-iow affsel-migh
SR s fughn
CALL—-call direct mbzrsegment
A Imcct e m
CALL—call ingirect infersagment
T Qg
AE T—rsaturm intrasegmenl
i1 0000 14 dala-lo data-figh

RET—return infrasagment, agding immediale 1o SP

data-low data-high

RET—return inlersegment. adding immediate o SH

Fig. 3.40 Formats of unconditional jumps, calls, and returns.
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The preceding discussion about using relative offsets rather than actual
offsets does not apply to indirect jumps or calls, nor does it apply to intersegment
Jumps or calls. There are several reasons for this:

I. Indirect jumps and calls do not specify the destination; they specify
where to find the destination. More than one indirect jump or call could
specify the same place at which the destination 1s to be found. Thus the
concept of relative offset has little meaning since we don 't know which
instruction it is to be relative to.

2. Inmtersegment jumps and calls specify destinations in some other code
segment. If a section of code containing intersegment jumps or calls is
moved, the destination, being in some other segment, would not neces-
sarily also be moved. Hence using relative offsets would not lead to
position-independent code.

. The destination of an intersegment jump or call is not necessarily to a
nearby place, and thus there is no reason to expect to save any bytes by

[}
i

using relative offsets.

Before leaving the topic of unconditional transfers, one more thing needs to
be said about the return instruction. There is a vanation of the return instruction
that, after restoring the instruction pointer and possibly the code segment register
(with values popped off the stack), adds a constant (contained in the instruction
as an immediate operand) to the stack pointer. This has the effect of popping and
discarding additional entries off the stack. Such entries could have been placed
on the stack prior to issuing the call instruction so that a sequence of values could
be passed to the subroutine being called. When the subroutine completes its work
and does a return, these values would no longer be needed. Such values are
called parameters. The form of the return instruction just described provides a
convenient way for a subroutine to discard its parameters. If such a return-and-
discard instruction were not provided, the parameters would have to be discarded
in the following manner:

|. Before using a return, the subroutine removes the saved value of IP (and
possibly C8) from the stack and puts it somewhere else in memory for
safekeeping. This uncovers the parameters that were sitting on the stack
just below the saved values of IP and CS5.

. The subroutine then adds a constant to SP. This has the effect of
popping and discarding the parameters.

. The subroutine then replaces the saved values of IP and C5 (that were
put somewhere for safekeeping) back onto the stack.

4. The subroutine then executes a return instruction,

I

Ll

Certainly the return-and-discard instructions make this task much simpler.
Another way to discard parameters is by decrementing the stack pointer

after the subroutine executes the return instruction, On first reading, this seems

almost as efficient as the return-and-discard struction. But the decrementing of
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the stack pointer cannot be done by the subroutine (it already retumed), so it
would have to be done at every place the subroutine returns to. And when you
realize that the subroutine could be called from a large number of different
places, this solution starts looking less attractive.

The return-and-discard instructions use 16 bits to contain the number of
parameters {value that must be added to SP). Eight bits would have been suffi-
cient in all but exceptional cases, and the resulting instructions would have been
one byte shorter. However, in those rare cases where eight bits would be insuffi
cient, the alternative method of parameter discarding as described above is too
unpleasant to think about. 5o the extra byte was put onto the instruction.

Conditional Transfer Instructions

The 8086 provides conditional jumps that, along with the compare instruc-
tion (CMP), determine the relationship between two numbers. This is done in
two steps. First the 8086 executes the compare instruction that performs a sub-
traction of the two numbers, sets the flags based on the result, and discards the
difference. It then executes a conditional jump instruction that tests the flags and
performs a jump if the flags indicate the two numbers satisfy a particular relation.
For example, suppose we wanted to execute certain instructions if the number in
BH is equal to the number in BL. This is done as follows:

1. Compare BH to BL (flags become set).
2. Jump to step 5 if zero flag, ZF, 15 U.
3. Special instructions to be
executed if BH = BL.

el e

In this example, the compare instruction subtracted BL from BH and set the flags
based on the result. If BH = BL, the result is zero, and ZF would be set to 1,
Thus a test for equality is a test of ZF, and this is what was done by the
conditional jump in step 2. Specifically, if BH  BL, ZF is 0 and steps 3 and 4
are skipped over.

The forms of the conditional jump instructions are shown in Fig. 3.41.
Note that each of them consists of an 8-bit opcode followed by eight bits specify-
ing the jump destination. The destination is specified as the difference between
the destination offset and the offset of the conditional jump instruction. As
already mentioned, this provides for position-independent code (jumps are rela-
tive) and code compaction (destination specified in only eight bits). But this also
limits conditional jumps to have a jump destination that is relanvely close to
(within approximately 127 bytes of) the conditional jump instruction. It would
have used up too many opcodes if two forms (“close” and *‘not-so-close™) of
each conditional jump were provided. The “‘close’ case occurs more frequently
and was therefore optimized at the expense of the *‘not-so-close’™ case ("'not-
so-close ™’ conditional jumps can always be done in two instructions with a
“¢lose’” conditional jump jumping around a “‘not-so-close” unconditional

jump ).



80

The BOBE/808B8 Primer

9 10100 it

JE/JF—jump on équalizern

YA el e i

JHE NS —jump on fat egualingt 2ens

O3 17 11 100 dift

JLAJNGE—umjp an essinol greal or equal

4 I RS [ N B i dift

JHLJGE—jump on nol lessigrealer or equal

[ T R e R e I difl

JLEMG—ump Gn less of egualingt graalern

R T N T it [ R dift

JHLEJG—jump on nal less or equallgreater

g 11 ¥0E .0 dirt

JESHAE—jump on Belos not above or egual

¢ Il [ B B chtt

JHEJAE—jump on nol Delow/above or equal

,a 0 Tt T O v s - ditf

JBE/JMA—jump on Delow or equalingl above

i % ks (N £ T T R diff

JMBE! J&—jump on nod Delow or equalabove

0t diff

JPIPE—jump on parily/parity even

e B s I A ¢ e diff

JNPJPO—{ump on nal parity/parity odd

811 1890 0 diff

J0—jurmng on overflow

o 0 FER W 5 OO el 1 ditl

JHC—jimp on nof oved o

il R, ey S o o ifl

JE—jump on sgn

TR T T, B N e T (N diff

JHS-—jump on not sign

Fig. 3.41 Formats of conditional jump instructions.
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Besides testing for equality, it is often useful to know which number is
bigger. But this poses an interesting question. Is the B-bit number 1111 1111
bigger than 0000 00007 The answer is both yes and no. If these numbers were
considered as unsigned binary numbers, the first number would have a value of
255, and this 1s indeed bigger than 0. But if the numbers were considered as
sipned binary numbers, the value of the first number is — 1, and this is smaller
than 0. So we see that there are two ways of looking at “‘bigger’’ and *‘smaller™’
depending on whether the numbers are signed or unsigned. We therefore intro-
duce some new terms to distinguish between the two cases. If we are comparing
the numbers as signed numbers, we use the terms less than and greater than; if
we are comparing them as unsigned numbers, we use below and above. S0 1111
1111 is above 0000 0000 while, at the same time, it is less than 0000 OOO0. As
another example, 0000 0000 is both below and less than 0000 0001,

To summarize, the various relationships that could exist between two num-
bers are equal, above, below, less than, and greater than. Each of these condi-
tions can be determined by the flag settings after a compare instruction has been
executed; these flag settings were shown in Table 3.3, The 8086 provides condi-
tional jump instructions that test the flags to determine if any particular relation-
ship is or is not satisfied. The specific conditional jumps are as follows:

Name Meaning

JE jump on equal

INE jump on not equal

JL jump on less than
INL jump on not less than
JG jump on greater than
ING jump on not greater than
JB Jjump on below

JNB jump on not below
JA Jump on above

INA Jump on not above

Some other relationships might come to mind such as “‘less than or equal,”™ but
this is the same as “‘not greater than.’” The following is a list of alternate names
for the jump instructions listed above:

Name Alternate Name Meaning for Alternate Name

JE 1 Jump on zero

INE INZ. jump on not zero

JL INGE jump on not greater than or equal
IJNL IGE jump on greater than or equal

1G JNLE jump on not less than or equal
ING JLE jump on less than or equal

1B INAE jump on not above or equal
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Name Alternare Name Meaning for Alternate Name
INB JAE jump on above or equal
JA INBE jump on not below or equal
INA JBE jump on below or equal

For reference, the actual flag settings for the various conditional jumps are shown
below:

Name Flag Settings

JE/TZ ZF = 1

INE/INZ ZF =10

JLANGE (SF xor OF) = |
JNL/IGE (SF xor OF) = 0
JG/INLE ((SF xor OF) or ZF) = 0
ING/ILE ((SF xor OF) or ZF) = 1|
JB/INAE CF = ]

INB/JAE CF =0

JA (CF or ZF) = 0

INA (CF or ZF) = 1]

There are conditional jump instructions that are not concerned with the
relationship between two numbers but rather with the setting of a particular flag,
The JZ and INZ instructions mentioned above are actually tests on the zero flag,
Also, it turns out that the JB and JNB instructions mentioned above are nothing
maore than tests on the carry flag. Other conditional jump instructions that test the
setting of a particular flag are shown:

Name Meaning Flag Settings
15 jump on sign SF = 1
INS JUmp on not sign SF =0
JO Jjump on overflow OF = 1
INO jump on not overflow  OF = 0
1P Jump on parity PF = 1
INP jump on not parity PF = 0

Alternate names for the last two are given;

Name Alternate Name Meaning for Alternate name

JP JPE jump on panty even

INP JPO jump on parity odd
Interrupts

Most modern processors provide facilities for being interrupted by external
devices. This frees the processor from having to check periodically on such
devices to see if they are in need of any attention. For instance, instead of having
a processor frequently ask a keyboard if a key has been pressed and get back
negative responses maost of the time, it would be more efficient for the processor
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to ignore the keyboard but allow the keyboard to get the processor’s attention
when a key is pressed. The former method is referred to as polling, the latter as
interrupting .

Interrupt Mechanism The 8086 has two “‘apron strings’’ that external
devices can “‘tug on’’ to get attention. These “‘apron strings ' are, in reality, two
pins on the processor chip called the NMI (non-maskable interrupt) pin and INTR
(plain old interrupt) pin. Let’s consider the NMI pin first. When an external
device places a signal on the NMI pin, the processor will stop whatever it’s doing
(but not in the middle of an instruction) and take care of this interruption,
However, the processor might have been in the middle of a very important task,
s0 external devices should refrain from causing such interruptions except in real
emergencies. An example of a real emergency is if an external device notices that
the line voltage has just passed through 100 volts and is dropping. The technical
term for this condition is “‘power failure.”” In this case, the external device is
justified in interrupting the processor to inform the processor that it hasn 't long to
live. In its few remaining milliseconds, the processor could then attempt to put its
affairs in order (like transferring important results to a safe place) before its little
oscillator stops ticking. Barring such emergencies, if an external device wishes to
interrupt the processor, it should use the INTR pin. The processor can choose to
ignore this pin if it is not in the mood. The “‘'mood ' is set by the interrupt-enable
flag (IF): when IF is 0, the processor will not respond to signals on the INTR pin.
Interrupts are said to be enabled when IF = | and disabled when IF = 0.
Instructions for setting and clearing IF (STI, CLI) will be discussed later under
Flag Instructions.

Besides placing a signal on the INTR pin, the external device must convey
the reason for the interrupt to the processor. There may be any number of reasons
(let’s say 256) for an interrupt on the INTR pin, while there is only one reason
limpending doom) for an NMI interrupt. The external device will, upon request
of the processor, supply a number between 0 and 255 representing the reason for
the INTR interrupt. This number is often referred to as the interrupt tvpe. For
each different interrupt type, the processor has a program that it must execute
before resuming its normal tasks. The addresses of these programs are contained
in & 256-entry table. Each entry is four bytes long and contains the value of CS
and IP corresponding to the beginning of the programs for a particular interrupt
type. The table starts at memory address 0 as shown in Fig. 3.42. The programs
that are executed when interrupts occur are often referred to as interrupt routines.

MNow let’s see what the processor does when it receives an interrupt on its
INTR pin and interrupts are enabled (IF = 1). After completing the execution of
the current instruction, the processor stops doing whatever it was doing and
prepares to execute the piece of code corresponding to the type of the interrupt.
First, the processor saves all relevant information about what it was doing, so
when it finishes executing the interrupt routine, it can resume what it was doing.
A convenient place to save this information is on the stack. The values to be
saved are the current values of all flags, the current value of CS, and the current
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Fig. 3.42 Table of interrupt-code addresses.

value of IP. Next, the processor gets the interrupt tyvpe from the external device
and places the table entries corresponding to that type into IP and CS. For
example, suppose the external device supplied type 0001 (hexadecimal). In this
case, the 16-bit value starting at address 00004 is placed into IP, and the 16-hit
value starting at address 00006 is placed into CS. Thus the next instruction to be
executed is the first instruction in the interrupt routine coresponding to interrupt
type 1.

When the processor receives an interrupt on its NMI pin (regardless of the
setting of the interrupt-enable flag IF), it will do everything that it did for INTR
interrupts with one exception. It will not need to get the interrupt type from the
external device since there is only one possible reason for an NMI interrupt. The
type 2 entry in the interrupt table is reserved for locating the NMI interrupt
routine; hence the table entries for type 2 are placed into IP and CS. Other
reserved entries in the interrupt table (including those that might be used by
future versions of the 8086) are shown in Fig. 3.43.

Two more reserved interrupt types are division by zero (type O) and signed
overflow (type 4). Like the NMI interrupt, processing of these two interrupts
does not depend on the value of the interrupt-enable flag (IF). (In fact, this
statement is true for all the reserved interrupt types.) The processor itself au-
tomatically generates a type 0 interrupt whenever it attempts to divide by zero.
Thus the type O entry in the table should contain the 1P and CS values for
routine that recovers from such a division. Although signed overflow is also a
sertous matter, the processor does not automatically generate an interrupt when
signed overflow occurs. This is because the same ADD instruction is used for
both signed and unsigned arithmetic, and the processor has no way of knowing if
signed addition was actually intended (the same is true for subtraction). How-
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ever, the processor does provide an efficient (1-byte) instruction that generates a
type 4 interrupt if the overflow flag (OF) is set. This instruction, INTO (interrupt
on overflow), should follow every arithmetic instruction applied to signed num
bers whenever the potential for overflow exists.

Now let’s consider the interrupt routine itself. The interrupt routine does
not have to feel guilty about altering values in flags because the initial values of
the flags were already saved. However, if the interrupt routine alters any other
important item (items that the interrupted program could have been using—AX,
for instance), the interrupt routine must first save the imitial value of that impor-
tant item. Before the interrupt routine terminates, it must restore any of these
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Fig. 3.44 Formats of interrupt instructions.

important items that it saved. Finally, the interrupt routine terminates by execut-
ing an instruction called IRET (interrupt return) that restores the values of 1P,
CS, and the flags saved on the stack. Note that the interrupt return differs from
the intersegment return discussed previously only so far as restoring the flags is
concerned. They both restore IP and CS,

Another instruction usually associated with interrupts i1s the HLT (halt)
imstruction. HLT stops the processor and leaves CS and IP pointing to the
instruction following the HLT. When an interrupt comes along, these values of
CS5 and IP are saved on the stack and the processor starts executing
instructions—specifically, the instructions in the interrupt routine, When the
IRET instruction is encountered, the saved values of 1P and CS are restored. Al
this time the processor doesn’t remember that it was resting prior to receiving the
interrupt. So it will proceed to execute the instruction that CS and IP are now
pointing to—namely the instruction following the HLT. So, in effect, HLT
provides the processor with a way to relax while waiting for an interrupt,

Now consider all those interrupt routines, 256 of them, sitting at various
places in memory waiting for interrupts to occur so they can get called into
execution. Some of them might be useful to invoke even when no interrupt
occurs. Since the values of IP and C5 needed to execute the routines are con-
tained in four consecutive bytes in memory, it appears as though we could invoke
an interrupt routine by simply executing an indirect intersegment call instruction
that specifies those four bytes. But beware! The interrupt routine does not end
with a normal return instruction; it ends with an IRET, which will attempt to pop
the saved flags off the stack. So the flags had better be on the stack if this retum
1s to work properly. This could be accomplished by preceding the indirect inter-
segment call instruction with a push flag (PUSHF) instruction, But this is getting
cumbersome. What would be nice 15 a single instruction that does everything the
processor does when it recognizes an interrupt with one exception—the interrupt
type is specified in the instruction rather than supplied by the external device,
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This instruction is INT (interrupt), and its format, along with the formats of other
instructions related to interrupts (IRET, INTO, and HLT}, is shown in Fig. 3.44.
The value of the interrupt-enable flag (IF) has no effect on the execution of the
INT instruction.

Debugger Requirements  Notice that there are two forms for the INT
instruction. In the first form, the instruction is two bytes long, and the second
hyte specifies the interrupt type. In the second form, the instruction is one byte
lon, and the type is implicitly type 3 (see reserved types in Fig. 3.43). The fact
that it is type 3 is irrelevant (it could have been any type), but the fact that it is
one byte long is significant. A 1-byte INT instruction is essential for the opera-
tion of a software debugging program. To understand why, we have to learn
something about how software debuggers work.

A software debugger is an interactive program you can use to find out why
the program you wrote doesn’t work properly. A common thing you might want
to dio is tell the debugger to run your bad program until the instruction at a certain
address, say 100, is about to be executed. In debugging jargon, this is referred to
as ‘‘setting a breakpoint’’ at address 100, The debugger sets a breakpoint by
planting an instruction at address 100 that will transfer control back to the
debugger. The debugger can now let your program run, and when your program
reaches address 100, it will transfer back to the debugger. Naturally the debugger
would save the original contents of address 100 prior to setting the breakpoimt
and will restore the original contents after control returns to the debugger.

Now the question remains as to which BO86 transfer instruction to plant at
address 100, A jump instruction would work fine if there were only one break-
point set at any given time. However, if more than one breakpoint is set, the
debugger would need to know which breakpoint was actually reached. The INT
instruction is ideal since it saves information (CS and 1P) that locates the break-
point. Using the 2-byte INT instruction to set a breakpoint at address 100 would
mean that the contents of both 100 and 101 would have to be overwritten. The
debugger would save and eventually restore the original contents of both bytes.
In most cases this would present no problems. However, sooner or later vou'll
write 4 program, such as the one in Fig. 3.45, that jumps around and executes the
mstruction at 101 prior to executing the instruction at 100. But the instruction at
101 has been temporarily overwritten by the second byte of the INT instruction
planted at 100. This is the reason the debugger must use a [-byte INT instruction.
The debugger will be using the 1-byte INT instruction to generate type 3 inter-
rupts when programs are being debugged; therefore, you should not use the
I-byte INT instruction or any type 3 interrupts in your program if you ever intend
to use a software debugger to debug your program.

Another facility intended for the use of debugger programs is the trap flag
(TF). Whenever this flag is set, the processor will execute a single instruction
and then generate an interrupt of type 1 (see Fig. 3.46). This permits the debug-
ger to execute your program, one instruction at a time, and examine what was
done after each instruction. Such a mode of execution is referred to as single
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stepping. (Don't worry about repeated string instructions; single stepping
through them will cause an interrupt after each repetition instead of waiting for
the end of the entire instruction. )

The debugger can cause your program to execute in single-step mode by
modifying the set of flags saved on the stack by a previous interrupt so that the
saved value of TF is 1, and then executing an interrupt return (IRET) instruction.
Since it is the debugger and not your program that decides when your program is
o switch into single-step mode, there is no need for an instruction to set or clear
TE. For example, suppose your program is executing at full speed. You would
like to stop it and have it then resume one instruction at a time. After each
instruction you want to examine the contents of all the registers so vou can
determine if the program is behaving the way you expected. You can stop your
program by placing a signal on the INTR pin and providing the processor with an
interrupt type, say 30, The processor will stop executing your program (provid-
ing IF = 1) and save the values of the flags, C5, and IP on the stack. Then it will
start to execute the interrupt routine for type 50. In that routine, you have code
that goes to the stack and sets the saved value of TF to a 1. The interrupt routine
then executes an IRET to restore the saved values of 1P, CS, and flags. These are
the values that existed when vou interrupted yvour program, except that TF now
contains a 1. As a result, your program will execute a single instruction, and then
a type 1 interrupt will be generated. In response to this interrupt, the processor
will save the values of the flags (with TF = 1), C§, and IP on the stack and will
start to execute the interrupt routine for type 1. To prevent the processor from
single-stepping through the interrupt routine, TF is automatically cleared after
the flags are saved on the stack. The interrupt routine for type 1 should have code
that displays the contents of all registers. The final instruction of this interrupt
routine is again IRET, which restores the saved values of IP, CS, and flags. So
once again TF i1s 1, and the above process will be repeated. This 1s illustrated in
Fig. 3.46. The type | and type 50 imterrupt routines just described are part of
what we have been calling the debugger.

An BOB6 Mistake Let’s consider the instruction that moves a new value
into the stack segment register (S5). This instruction is one of two MOV instruc-
uons that must be executed if we want to change to another stack (a useful
pperation when the processor is alternately executing more than one program,
each with its own stack). The second MOV nstruction moves a new value into
the stack pointer register (SP). After both MOV 's are executed, the 55 and 5P
registers together specifv the location of the top of the new stack. However, after
the first MOV 15 executed but before the second, the combination of 55 and SP
does not have any significance; it certainly does not specify the top of any area
reserved for a stack (except possibly by accident). This isn’t a problem unless
someone tries to push a value on the stack during the stack change. But that is
exactly what an external interrupt or a single-step interrupt might try to do if it
arrives at the wrong time.
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This mistake was not discovered until after the 8086 was designed and
built. After the mistake was discovered, the 8086 was modified so that it will not
accept any interrupts immediately after executing an instruction that moves a new
value into 88,

Flag Instructions

The 8086 has instructions for setting and clearing the carry flag (STC,
CLC), the direction flag (STD, CLD), and the interrupt flag (ST1, CLI). Fur-
thermore, it has an instruction for complementing the carry flag (CMC). These
instructions are summarized in Table 3.10. The uses of these flags have already
been discussed—the carry flag (CF) for multiprecision arithmetic, the direction
Hag (DF) for string processing, and the imterrupt flag (IF) for enabling and
disabling interrupts. The forms of the flag instructions are shown in Fig. 3.47.

Table 3.10 Flag Operations

CLC |clear carry)

0 = =CF
CMC  (complement carry) 1-CF = - CF
STC (set carry) 1 = =0F
CLD (clear direction) 0=>DF
STD {set direction) 1=>DF
CLI {chear interrupt-enable) 0=>IF
STI (set interrupt-enable) 1 ==IF
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Fig. 3.47 Formats of flag instructions.
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Synchronization Instructions

Interrupts provide one means of synchronizing an 8086 with external de-
vices. There are two other forms of synchromization that the BUB6 architecture
provides. The first involves using a subordinate processor to do things for the
8086 that the 8086 cannot do for itself. The second involves sharing resources
(such as memory) with other processors in a multiple-processor system. Both of
these cases will now be examined in detail.

Subordinate Processors  Although the 8086 has a powerlul instruction
set, there are still many instructions that it is lacking. For example, there 1s no
instruction to perform operations on floating-point numbers. Certainly you could
write @ routine that performs an addition of two floating-point numbers, but this
is much less efficient than having a floating-point add instruction. A better
solution would be to have a separate processor capable of performing floating-
point operations and willing to offer its services to the BU6. If you had such a
floating-point processor, you could write floating-point instructions in your pro-
gram; the 8086 would invoke the floating-point processor whenever 1l encoun-
tered such instructions.

The subordinate processor operates by watching the 8086 and being con-
stantly aware of the instruction being executed. In particular, it is watching for
the special instruction ESCape, which is the embodiment of all instructions the
8086 needs help executing. The ESC instruction has a 3-bit field (x) indicat-
ing which subordinate processor is needed, and a 3-bit field (¥) indicating the
instruction that processor should execute. Both of these fields are ignored by the
8086 processor. (This description is slightly simplified; in reality, the six ignored
bits may arbitrarily be used to distinguish 64 combinations of processor and/or
instructions ., ) Furthermore, the ESC instruction has a med field and an r/m field
that designate a memory operand for the subordinate processor. These two fields
are indeed used by the 8086; the 8086 computes the memory address of the
operand and then actually reads the value of the operand from memory, although
it ignores the value when it gets it. The subordinate processor is watching all this
and now knows the address of the operand as well as the value of the operand.
The subordinate processor now has everything it needs (instruction and operand )
in order to execute the required operation,

The form of the ESC instruction is shown in Fig. 3.48 along with another
instruction, WAIT. The WAIT instruction is a synchronizing instruction; it is

1-8 871 817

WAl T —wail
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ESC—escapt

Fig. 3.48 Formats of subordinate processor synchromization instructions.
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executed by the BUB6 to determine when the subordinate processor finishes its
execution. When the subordinate processor is done, it puts a signal on a pin
named TEST on the 8086 chip. The WAIT instruction will hold up the 8086 until
it detects this signal on the TEST pin. Like the string instructions, the WAIT
instruction can be interrupted before the instruction 1s finished.

One way we could use WAIT and ESC is by preceding every ESC instruc-
tion with a WAIT instruction. We would then be assured that an instruction will
never be sent to the subordinate processor before that processor finishes execut-
ing any previous instructions sent to it. By placing the WAIT before the ESC
instead of after it, the BOB6 can be doing other things while the subordinate
processor is executing an instruction,

As an example, suppose we have two floating-point numbers that we wish
to add together. Each number is four bytes long. The first number is contained in
the current data segment starting at the offset contained in SI, and the second
number is contained in the current data segment starting at offset contained in DI
We want the floating-point sum to be placed in the current data segment starting
at offset contained in DI Assume that we have a floating-point processor that
responds to ESC instructions having an x field value of 101 (binary). Further-
more, assume that the mstructions the floating-point processor 1s capable of
executing are as follows:

001 Load operand into floating-point accumulator.
10 Add operand to floating-point accumulator.

011: Subtract operand from floating-point accumulator,
100 Multiply floating-point accumulator by operand,
101 Divide floating-point accumulator by operand.

1 10: Store floating-point accumulator into operand.

The floating-point accumulator is a register on the floating-point processor.

The BUBG sequence of instructions to accomplish the required addition is
shown in Fig. 3.49. The WAIT instructions keep the 8086 and the floating-point
processor synchronized while the ESC instruction passes information from one
to the other.

Resource Sharing Another form of synchronization is between two
processors sharing a common resource. For example, consider an airline reserva-
tion system in which computer processors from all over the country are making
entries into a common data base in some shared memory. Suppose one of the
processors wants to make a reservation for Harry Jones on a flight from San
Francisco to New York. First, the processor will read the data base and discover
that there are indeed 15 seats available on that flight. It will then reserve a seat for
Harry by writing a 14 into that word of the data base that indicates the number of
available seats. But suppose after Harry s processor reads the 15 and before it
writes back the 14, some other processor in another corner of the country tries to
miake a reservation for William Smith on that same flight. William s processor
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Fig. 3.49 Example of instruction sequence that invokes subordinate processor
isee taxt),

also reads the vacancy count of 15 and reserves a seat by writing back a 14. It
doesn 't matter which processor writes the 14 first; after both processors complete
their transactions, the seat count has gone from 15 to 14 and two people both
think they have reservations (is that why airlines get overbooked?).

Perhaps we could have avoided the problem if Harry’s processor made
Harry ‘s reservation by reading the 15 and writing back the 14 all in one instruc-
tion. The DEC (decrement) instruction will do just that. If there are no seats
available (count is zero), the DEC instruction will cause the count to go negative
(SF becomes 1) in that case, no reservation can be made, and an INC (incre-
ment) instruction should be executed to restore the count back to zero.

MNow there is no way for both processors to decrement the same iminal
count . . . unless William's processor comes along right in the middle of Harry 's
DEC instruction, and vou can just bet that one day that’s going to happen. In that
case, Harry s DEC instruction will fetch a value of 15, then do the subtraction
(while William's DEC instruction fetches the same 15), and then store back a 14
(while William s DEC instruction does the subtraction). Finally, William's DEC
instruction will store back a 14.

S0 it appears as though updating the count all in one instruction did not
completely solve the problem; it only reduced the likelihood of 1ts occurrence.
What is still needed is a way for Harry s processor to prevent all other processors
from accessing the data base while it is executing the DEC instruction. The 8086
accomplishes this by allowing any instruction to be preceded by a I-byte lock
prefix. Execution of such an instruction will cause the processor to place a signal
on an B086 output pin (called the LOCK pin) for the duration of the instruction.
The hardware of the airline reservation system can now be designed to give
exclusive memory access to any processor asserting the lock signal (if no other
processor can use the memory, then no other processor can access the data base).
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Fig. 3.50 Example of an instruction with a lock prefix.

An example of the decrement instruction preceded by the lock prefix is shown in
Fig. 3.50.

A Postscript on Prefixes
We 've now encountered all three 8086 instruction prefix bytes—segment-
override, repeat, and lock. Two questions come to mind:

I. Can any prefix be used on any instruction?
2. Can more than one prefix be used on an instruction’

With one exception, any prefix can be used with any instruction. The
exception is the repeat prefix, which may be used only with the string primitives.
Applyving it to any other instruction could give unexpected results because of the
way the facility was implemented. The lock prefix can be applied to any instruc-
tion and will cause the processor to place a signal on its LOCK pin for the
duration of the instruction. This signal is typically used to provide exclusive
memory access (o a processor (in a multiprocessor system) while executing an
instruction that both reads and writes memory (for example INC, DEC, XCHG),
However, the processor doesn’t care if you use the lock prefix with any other
mstruction, even one that doesn’t access memory. And, finally, the segment-
overriding prefix can be used with any instruction. If the instruction accesses an
operand in memory, this prefix specifies the segment; otherwise it has no effect.

Now, let’s consider combinations of prefixes. The lock prefix and the
segment-overriding prefix can be used together and each will perform its desig-
nated function. The behavior of the instruction is not affected by the ordering of
the prefixes. The repeat prefix, however, has some problems when used with
other prefixes. For one thing, it must always be the last prefix because it can be
applied only to an unprefived string primitive. For another, the combination of
the lock and repeat prefixes could prevent other processors in the system from
accessing memory for a relatively long time—the entire duration of the repeated
string instruction,

The combination of any prefix with a repeat prefix will make it impossible
to restart the string operation after being interrupted. To understand why, let’s
consider what happens when an interrupt occurs during the execution of a re-
peated string instruction. If the interrupt 1s forced to wait until all repetitions of
the instruction are completed, it might have to wait a (relatively) long time. So
the processor was designed to permit interrupts to be serviced after any repetition
of a string instruction. While the repetitions are occurring, the instruction pointer
contains the offset of the repeat prefix. If the instruction is interrupted, this is the
offset that 1s saved, and this is the offset at which execution resumes after the
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interrupt processing is complete. If the instruction contains any prefixes prior to
the repeat prefix, they will not be part of the instruction when it 1s reexecuted
after being interrupted. (Note that the reexecuted string instruction does not redo
what was done during the initial execution; the count in CX and string pointers in
SI and DI were updated during each repetition prior to the interrupt, and the
second execution starts with these updated values.) This problem would not exist
if, during the repetitions, the instruction pointer contained the offset of the first
prefix byte of the instruction. This is a flaw in the 8086 design!

Another instruction that has a potential problem with prefixes 1s WAIT.
WAIT, like repeated string instructions, can be interrupted before it completes its
task. And for the same reasons given above, WAIT will lose its prefixes if
reexecuted after an interrupt. But the repeat prefix may not be used with WAIT,
and both the lock prefix and the segment-overriding prefix have no effect on
WAIT, So WAIT, with or without prefixes, will always restart properly after
being interrupted.

Flag Settings

Throughout this chapter, references have been made to the flag settings
following certain instructions. This section ties all that information together and
completely describes the behavior of the flags.

The 8086 flags can be divided into two types: status flags and control flags.
The former reflect properties of the results generated by certain instructions, and
the latter control the operations of the processor. Table 3.11 shows the instrue-
tions whose results affect the status flags and the instructions that are used to
gstablish the settings of the control flag. Let’s attempt to explain the behavior of
some of these flags.

Addition and subtraction instructions affect all status flags in the following
manner: the overflow flag (OF) and carry flag (CF) indicate it the instruction
resulted in a signed or unsigned result out of range; the auxiliary carry flag (AF)
indicates if a correction is needed for decimal operations; and the sign flag (SF),
gero flag (ZF), and parity flag (PF) indicate if the result is negative, zero, or
contains an even number of s,

Grouped with the addition and subtraction instructions are the compare
instructions (CMP, CMPS, SCAS) and the negation instruction (NEG). The
compare instructions perform a subtraction, and the flags are set to reflect the
result of this subtraction. The NEG instruction adds 1 (after complementing all
hits), and the flags are set to reflect the result of this addition. The only time NEG
sets the carry flag to | is when the value being “‘negated " is zero; the only times
it sets the overflow flag to 1 is when the value being negated is — 128 (eight bits)
or —32768 (16 bits).

The increment and decrement instructions affect the stats flags in the same
manner as addition and subtraction instructions, except they do not affect the
carry flag. This gives us the ability to write a loop that performs multiprecision
arithmetic as follows:
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Table 3.11 Flag Settings
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A-STATUS FLAGS

OF

GF

AF

aF

.

PF

Addition & Subtraction
ADD ADC SUB SBC
CMP NEG CMPS SCAS

Increment & Decrement
INC DEC

Muitiplication & Division
MUL IMUL
DIV 1DV

Decimal Arithmetic
DAA DAS
AAA AAS
AAM  AAD

Boolean
AND OR XOR TEST

Shift & Rotale

SHL SHR (unit)

SHL SHR (variable)

SAR

ROL ROR RCL RCR (unit)
ROL ROR RCL RCR (variable)

Hestore Flags
POPF IRET
SAHF

Carry Flag Settings
STC
CLC
CMC

=3 A O =) &

=

1

w3 4+ +

i i ol o

-+

—

L3

wdl smd sad

-+

o iy

B-CONTROL FLAGS

DF

=

TF

Restore Flags
POPF IRET

Interrupts
INT INTO

Uirection Flag Settings
STD
CLD

Interrupt Flag Seftings
STI
CLI

C—

affected

Legend: + -
1
0

" = complemented
set to 1 ? = undefined
set to 0 - = unaffected
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SI pets offset of least significant byte of first operand.

DI gets offset of least significant byte of second operand.

Clear carry (CLC).

Add-with-carry (ADC) byte pointed at by SI to byte pointed at by DI.
Increment (INC) S1 so it points at next higher byte of first operand.
6. Increment (INC) DI so it points at next higher byte of second operand.
7. Jump back to step 4 if operands contain more bytes,

Lol [Pad ek

s

If the INC instructions in steps 5 and 6 affected the carry flag, the next executions
of the ADC instruction in step 4 would not give the correct result.

Multiplication instructions generate double-length results and would there-
fore have to base the status flags on as many as 32-bits. Since no other instruction
bases its flag settings on more than 16 bits, the processor would need a special
flag-setting mechanism just for this one instruction. And it isn’t clear what you
would do with such flag settings anyway. To keep the processor simple, the
values of most of the status flags are left undefined after a multiplication instruc-
tion, Undefined means the processor makes no attempt to set the flags in any
particular manner (it just executes the instruction in the simplest way it can with
total disregard for flag settings). Future versions of the processor might execute
the instruction in a different manner and give different settings to the flags.

After a multiplication instruction is executed, it would be useful to know if
the product can be considered as a single-length number without being out of
range (the product considered as a double-length number is never out of range).
This would enable us to do such things as multiply a byte by another byte and add
the product to a third byte. For this reason, the overflow and carry flags are not
left undefined; they indicate if the multiplication resulted in a signed or unsigned
out-of-range result when considered as a single-length product.

For simplicity, all status flags are undefined after executing a division
instruction.

The only status flag that is important after executing a decimal addition or
subtraction adjustment is the carry flag (needed for multiple-precision arithme-
tic): all the other flags could have been left undefined. However, the 8080 has a
DAA instruction (its only decimal instruction), and that instruction sets all five
8080 status flags (the 8080 doesn 't have an overflow flag). So, for compatibility,
the 8086 DAA instruction does the same. DAS, AAA, and AAS should also
affect these five flags just to be consistent; DAS does, but implementation
difficulties caused the sign flag, zero flag, and parity flag to be undefined after an
AAA or AAS. It's not clear what carry and auxiliary carry mean with respect to
the AAM and AAD instructions, so these were left undefined.

Since Boolean operations never produce results that are out of range, both
the overflow and carry flags are set to zero after executing such instructions. The
auxiliary carry flag has no utility following a Boolean instruction (its only pur-
pose is for decimal arithmetic), so it is left undefined. The sign, zero, and parity
flags are set to reflect the result of the instruction.
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One Boolean instruction, NOT, is missing from the list of Boolean instruc-
tions that affect the flags. NOT does not affect the flags. This was the result of an
oversight (I goofed!) when the processor was being defined.

Shift instructions are nothing more than multiplying or dividing by a power
of 2. The status flags reflect the status of the result with the following two
exceptions: the value of the auxiliary carry flag is undefined (we are not con-
cerned with decimal arithmetic here), and the value of the overflow flag is
undefined for variable shifts (the mechanism to detect overtflow in this case was
too complex). The arithmetic right shift (SAR) can never generate a signed result
that is out of range, and therefore the overflow flag is set to 0 after executing such
an instruction.

The rotate instructions were designed to be compatible with the BOB0 rotate
instructions and affect the flags in exactly the same way. For this reason, they
affect the carry flag and do not affect the auxiliary carry flag, sign flag, zero flag,
or parity flag. For consistency, it was decided that the rotate instructions should
affect the overflow flag in the same way that the shift instructions do, even
though it's not clear what overflow means in this case.

The flag restoring instructions restore the flags to some previously saved
values. In particular, POPF and IRET restore all the flags (status as well as
control) to values saved on the stack. SAHF is an odd instruction (it was included
solely for compatibility with a similar instruction in the 8080} that restores the
five BO80 status flags to values contained in AH.

All interrupts clear the interrupt-enable flag and the trap flag. If the
interrupt-cnable flag were not cleared, a “burst’” of external interrupts could
cause the processor to keep pushing CS and IP on the stack at an alarming rate,
and the stack would immediately overflow. If the trap flag were not cleared, the
processor would single-step through the debugger when the debugger was at-
tempting to single-step through your program.

The behavior of the carry-flag instructions, direction-flag instructions, and
interrupt-flag instructions is straightforward. They set, clear, or complement the
one particular flag and do not affect any other flag.
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8086
System Design

Refore the advent of microprocessors, computer users were usually not
concerned about system design; they would buy a complete system from a
manufacturer. The system was often too big and expensive to be dedicated to a
single application, so it was used as a general-purpose computing system o solve
a wide variety of different problems. The small size and cost of the mi-
croprocessor makes it feasible to have a special-purpose system that is dedicated
to a particular application. For example, a cash register could actually be con-
rrolled by a specially designed computer system that is built right into the cash
register box. Since each application is different, the user no longer buys a
complete system. Instead, he buys the components that make up a system and
then puts the components together in a manner that would be suntable for his
particular application. This is not unlike the hi-fi enthusiast putting together a set
of audio components in a manner that satisfies his particular needs.

This chapter will present a family of components that can be used in an
8086 system and will show how these components can be put together to form a
complete system. Very little knowledge of digital design is assumed other than a
rudimentary understanding of the basic logic elements—AND gates, OR gates,
and inverters.

This chapter does not apply to the 8088, System design for that processor
is presented in the next chapter. These two system design chapters are presented
in a parallel fashion so that either chapter can be read without reading the other.

Bus Structure

The B086 is 4 microprocessor, not a microcomputer. The difference be-
tween the two is that a microprocessor does not contain any memory locations or
input/output ports. To put it bluntly, a microprocessor can think but 1t cant
remember, hear, or speak. Thus, additional units must be added to a mi-
croprocessor to make it into a vsable microcomputer. Figure 4.1 illustrates a
microcomputer system.
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Information (data) 1s carmed from one unit in a microcomputer system to
another along paths called data buses. Typically, there 1s only one data bus, and
it is shared by all the units in the system. The microprocessor generates control
signals that permit the various units to take turns using the data bus. This is

ADDAESS BUS

illustrated in Fig. 4.2.

It 1s not sufficient to tell a unit such as memory that its turn has come o use
the data bus, The memory must be told which location within the memory is to be
involved in the information transfer. The microprocessor generates the address of
the memory location and places it on a second common bus called the address
bus. A microprocessor system with a data bus, address bus, and control signals is

shown in Fig. 4.3,
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The data bus, address bus, and control signals all originate from the mi-
croprocessor itself. 5o let’s take a closer look at the BUBG microprocessor 1o see
what sort of buses and control signals it has. Since the 8086 1s a 10-bit processor,
it should have a data bus that is 16 bits wide so it can access an entire word in one
memory reference. Furthermore, since it can address up to 2°" (approximately
one million) bytes, it needs an address bus that is 20 bits wide. The BUS6 is
housed on a 40-pin chip, so there are only 40 connections that can be made
between the processor and the other units in the system. If 36 of those connec-
tions were used up by the address and data buses, the remaining four would
hardly be enough for all the necessary control signals and power and ground
connections. To minimize the number of connections used by the address and
data buses, these buses come out of the processor over a common set of pins, as
illustrated in Fig. 4.4, This adds a slight degree of complexity to the rest of the
system by requiring address latching (described in the next section).
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Fig. 4.4 Shared address and data bus connections to 8086 chip.
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Address Latching

Let’s consider how data is sent from the processor to memory. At a certain
instant, the processor sends the address of a specific memory location out on the
address bus. At some later instant, the processor sends the data out on the data
bus. But because these two buses share some of the same pins, the processor can
no longer be sending out the address at the same time it is sending out the data,
Therefore, unless someone had the forethought to jot down the address, 1t will be
lost, and the data won't know where to go.

The 8086 family includes a chip called the 8282, It is known as a larch and
can be used to remember things that would otherwise get lost. It has eight data
input pins and eight data output pins. When nudged o do so, it will memonze the
data on its input pins. Nudging is done by placing a signal on one of its control
pins, called STB (for strobe). Furthermore, placing a signal on its OE (output
enable) control pin will cause the chip to make the memorized data available on
its output pins. The chip is shown in Fig. 4.5,

Strictly speaking, the actual pin on the 8282 is labeled OE instead of OE,
This means that the function of that pin is inverted. To get an OE signal, we must
place no signal on pin OE, and vice versa. For simplicity, such details will
generally be omitted from this presentation (but not from the diagrams).

B282

LATCH
e —————,

DATA

contTRoL [——% 578
SIORALS

—_—y il

Fig. 4.5 Symbolic representation of 8282 latch chip

Now the 8282 latch is just what we need to keep addresses from getting
lost. At the time that the processor is putting out an address on the shared
address/data bus, it is notifying everyone of this fact by putting out a control
signal on its ALE (address latch enable) pin. This ALE signal provides just the
nudging the 8282 needs in order to memorize an address. The connections
between the S086 and the 8282 are shown in Fig. 4.6.

We used three 8282 latches in Fig. 4.6 because an address 1s 20 bits,
whereas a single 8282 can memorize only eight bits. In systems having limited
amounts of memory, not all 20 address bits are used, and possibly one of the
address latches could be eliminated. This is why one latch is shown dotted,

Data Amplifying

Address latching 15 necessary because the processor is no longer sending
out the address when it comes time to read or write the data. But there 15 no need
to latch the data. However, the processor is limited in how hard it can push out or
pull in the data. For example, if there are too many units on the data bus, each
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Fig. 4.6 Using a latch to separate the address from the shared address/data
bus.

trying to receive the data, the 8086 might not have enough “oomph™ (power) to
get the data to all of them. (We would have a similar problem with addresses if
we weren 't using address latches.) The solution would be to use a data amplifier
to receive the data, amplify it, and transmit it to anybody and everybody that asks
for it. The only difficulty with such amplifying is that it must be bidirectional:
data flows from the processor to the rest of the system and also from the rest of
the system back to the processor. An amplifier that is able to transmit and receive
in either direction is called a rransceiver.

The 8086 family includes the 8286 chip, which is a transceiver. It has eight
pins that serve as data input pins and another eight that serve as data output pins.
But the transceiver can interchange the roles of these two sets of pins so that the
data can pass through the chip in either direction. The chip has two control
pins—an OE (output enable) pin to tell it when to pass the data and a T (transmit)
pin to tell it in which direction the data is to be transmitted through the chip. The
chip is shown in Fig. 4.7,

The 8286 is just what we need to put more “‘oomph’” on the data bus. At
the time the 8086 is passing data on the shared address/data bus, 1t makes this
known by putting out a control signal on its DEN (data enable) pin. And the 8086
puts out a.control signal on 1s DT/R (data transmit/receive) pin to indicate
whether the data is going from the processor to the rest of the system or vice
versa, The connections between the 8086 processor, the B282 address latches,
and the 8286 transceivers are shown in Fig. 4.8, The transceivers are shown
dotted since they might not be necessary in small systems.
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Fig. 4.7 Symbolic representation of 8286 transceiver.
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Measuring Time

Timing considerations are important for nearly every function performed
by the BO86 processor. For example, let's look a little more closely at address
latching. The BO&6 processor places an address on the bus and notifies the 8282
latch of this fact by sending it an ALE signal. ( What we are calling an ALE signal
is really a transition on the ALE pin from a | to a O, but let’s not get bogged down
in such details.) If the processor sends out the ALE signal and the address
simultaneously, the latch might receive the ALE signal and attempt to memorize
the address before all the address bits are on the bus and in stable form. There-
fore, there must be some delay between the time the processor places the address
on the bus and the time it sends out the ALE signal. This delay 1s undoubtedly
short (considerably less than a millionth of a second) but nonetheless necessary to
insure that the address is stable.

The processor measures delays in clock pulses. Clock pulses are signals
received from a timing circuit called a clock generator. Just like the beats of a
metronome, clock pulses provide a frame of reference for measuring time. If
clock pulses arrive at the rate of one per second, a three clock pulse delay would
be three seconds. But if a faster clock generator were used so that one million
clock pulses arrive in a second, a three clock pulse delay would be only three
millionths of a second. Thus the faster the clock, the shorter will be all delays
until a point is reached where the delays are too short and the system will not
function properly (the ALE signal comes before the address is stable). The fastest
clock that will permit an 8086 system to still function properly is approximately
eight million clock pulses per second.

The 82844 clock generator is a chip that generates clock pulses. The rate
at which the pulses occur is determined by a quartz crystal (like the ones used
in electronic watches) that is wired to two pins of the 8284A. For rehability, the
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Fig. 4.9 Connecting a clock generator to an BOBE system

B284A will generate one clock pulse for every three pulses from the crystal. To
generate eight million clock pulses per second, a 24 MHz (megacyeles-per-second
or megahertz) crystal is used. Figure 4.9 shows how an 82584A clock generator
would be connected to an 8086 svstem.

Memory Units

Now that we 've met the address bus and data bus, let’s try to hook some
memory onto the buses. There are two kinds of memories—those that never
forget and those that do. The **unforgettable " variety are initially given informa-
tion, which is burned into their memory cells. Everybody can read this informa-
tion, but the memory will not let anybody overwrite it. Hence such memories are
called read-only memories or ROMs (pronounced “‘roms’’) for short. The
“forgettable”” variety will allow anybody to read or overwrite its information and
hence should be called read write memories or RWMs (pronounced “‘rwms ™) for
short. Because of the pronunciation difficulties this presented, someone decided
to call them random access memories or RAMS for short. Don't let this fool you;
both kinds of memory can be accessed just as randomly!

As an example of a ROM, let us consider the 27/6 memory chip. The chip
contains 2'! (approximately 2,000) locations, each location containing eight bits.
Hence it is sometimes designated as a 2K % 8 ROM chip. The chip contains 11
address pins and 8 data pins. On command, the chip will fetch the contents of the
location specified by the address pins and place this information on the data pins.
The command for doing this is a pair of control signals, one on the CE (chip
enable) pin and one on the OE (output enable) pin of the 2716 chip. The chip is
shown in Fig. 4.10.

Larger memories (more locations) can be obtained by combining several
2716 chips together. For example, a memory with a 2% or approximately 4,000
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locations, each location containing eight bits, would consist of two 2716 chips.
An address i1s now 12 bits long. The 11 low-order bits of the address are sent to
both chips. To prevent both of them from responding with data, only one of the
chips will be enabled. The high-order bit of the address is used to determine
which chip to enable. This 1s shown in Fig. 4.11. Stll larger memories can be
obtained by combining still more 2716 chips. In such cases, additional high-
order address bits are used to determine which chip to select. This selection
process 1s referred to as address decoding.

Memories can also be made wider (more bits per location) by adding more
memory chips. In this case, more than one memory chip will be enabled for each
address. For example, two 2716 chips were combined to forma 4K % 8 memory,
whereas four such chips could have been combined to form a 4K x 16 memory.
This is shown in Fig. 4.12.

As an example of a RAM, let us consider the 2/42 memory chip. The chip
contains 2™ (approximately 1,000} locations, each location containing four bits,
Hence the chip is designated as a |K % 4 RAM. The chip contains 10 address
pins, four data pins, and several control pins. One of the control pins, CS (chip
select), selects the chip, An unselected chip will do nothing. Another control pin,
WE (write enable), causes the contents of the data pins to be placed in the
location specified by the address pins. Still another control pin, OD (output
disable), 1s used to determine whether or not to place the contents of the selected
location onto the data pins. WE is used when writing to the chip; OD is used
when reading from it. Figure 4.13 illustrates this chip.

MNow we can put together a simple system consisting of an 8086, 4K of
16-bit ROM memory, and 4K of 16-bit RAM memory. This is shown in Fig.
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g
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Fig. 4.13 Symbolic representation of 2142 1Kx4 RAM chip.

4.14. Note that two new output control signals are shown on the 8086—namely
RD (read) and WR (write). They indicate when the 8086 is about to read the
contents of the data bus and when it is writing information onto the data bus.
These signals are used to control the memories. One more control signal, BHE,
will be explained shortly.

Now let’s see what happens when the processor executes an instruction,
Consider an instruction that moves the 8-bit contents of register AL to the byte at
address OAFU (hexadecimal). Assume AX contains F307, which means that AL
contains 07, First the processor places OAFO on the common address/data bus.
Then the processor places a signal on its ALE (address latch enable) pin to tell the
address latch 10 memorize that value. The latch does just that, and now the OAF)
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Fig. 4.14 BOBE system with memaory.



B086 System Design 109

is on the address bus emanating from the right side of the latch. The processor
can now remove the OAFD from the common bus and replace it with the F307.
Mext, the processor places a signal on its WR (write) pin to tell the memory 1o
fetch the eight low-order bits of the common bus and place them into the byte
whose address is on the address bus. The memory will do just that and place 07
into the byte at address OAFO.

Now, you might ask, how did the memory know that the processor was
executing a byte move and not a word move? Specifically, how did the memory
know not to place the F3 into the byte at address OAF1? The answer is simple:
there is one more control signal that we didn’t tell you about. That signal comes
from a pin on the processor called BHE (bus high enable). It is issued by the
processor at the same time the processor places the address on the common bus.
And., like the address, it also goes to and is memorized by the address latch. The
purpose of BHE is to tell the memory whether or not 1o access the eight high-
order bits on the data bus. In the preceding example, there was no signal placed
on the BHE pin.

The BHE signal is needed only when the processor writes to the memory.
When the processor is reading memory, the memory doesn’t have to know
whether the processor is executing a byte or word instruction; the memory always
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returns a word, and the processor can decide how much of that word it wants to
use. Thus it's unnecessary to send the BHE control signal to ROM memory as
was seen in Fig. 4.14.

There 15 no need for a BLE (bus low enable) signal; the complement of the
least sigmificant address bit 1s used for that purpose. In other words, sending out
an odd address will inhibit the memory from accessing the eight low-order bits on
the data bus, whereas sending out an even address will not. Thus to transfer a
byte to an odd address in memory, the processor must send out the odd address
(disabling accesses to the low-order half of the data bus), send out a BHE signal
(enabling accesses to the high-order half of the data bus), and send out the
required data on the high-order half of the data bus. As we already saw in the
preceding example, the processor transfers a byte to an even address in memory
by sending out the even address (enabling accesses to the low-order half of the
data bus), sending out no BHE signal (disabling accesses to the high-order half of
the data bus}, and sending out the required data on the low-order half of the data
bus. The processor can transfer an entire word to an even address in memory by
sending out the even address (enabling access to the low-order half of the data
bus), sending out a BHE signal {enabling accesses to the high-order half of the
data bus), and sending out the required data across both halves of the data bus.

And, finally, let’s consider how the processor transfers an entire word (o an
odd address in memory. Two memory accesses are required to accomplish this.
The first access consists of sending out the odd address (disabling access to the
low-order half of the data bus), sending out a BHE signal (enabling access to the
high-order half of the data bus), and sending out the low-order half of the word
on the high-order half of the data bus (notice the byte juggling that just took
place). After that memory access is completed, the processor sends out an even
address obtained by adding 1 to the odd address (enabling access to the low-order
half of the data bus), sending out no BHE signal (disabling access to the high-
order half of the data bus), and sending out the high-order half of the word on the
low-order half of the data bus (more byte juggling). Figure 4.15 shows the
various ways of transferrning information to memory.
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Fig. 4.15 Writing byles and words
to even and odd addresses.
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The least significant address bit, like the BHE signal, need not be sent to
ROM Memory.

Input/Output Ports

It's ime now to round out our system with some input and output. Once
that’s done, our system will be able to communicate with the outside world,
Input and output ports hang on the address and data bus just like memory. That
means that the processor can select a particular port by sending its address out on
the address bus and can transfer data to or from the port by using the data bus. An
output control signal (M/10) from the 8086 can be used to distinguish memaory
instructions, such as MOV, from the input/output instructions IN and QUT.
However, in small systems it's simpler to reserve certain memory addresses for
input or output ports and then talk to these ports with memory instructions instead
of input/output instructions. This is often referred to as memory-mapped input/
QuIpur,

As an example, let’s consider an BUB6 system that controls a pair of traffic
light units. Each traffic light unit consists of a red light, a yellow light, a green
light, and a left turn arrow. Thus there are four signals going from the 8086
system o each unit. We need an output port to control the traffic lights. An
output port 15 nothing more than a device for memorizing the last wraffic light
settings that were sent to it and constantly feeding this information to the traffic
lights. Thus the 8282 latch seems like it would make a perfect output port. Let's
suppose that the memory in the system vses 2 or 1024 memory addresses. In
other words, the lowest memory address is zero and the highest is 1023, Thus we
can place the output port at memory address 1024, We could incorporate cir-
cuitry that waits for 1024 (Ao = |, other A's = 0) to be on the address bus and
then tells the output port to memorize what’s on the data bus. However, in this
case 1U's much simpler to wait until address line A1o = | and ignore all the other
address lines. This has the effect of allowing the port to recognize all addresses
having Ao = 1 (approximately half a million of them); we can devote all these
addresses to one port since we have no other use for them. The system just
described is shown in Fig. 4.16.

Notice the AND gate connected to the STB (strobe) pin of the output port.
Its purpose is to send a signal to the STB pin if and only if address line Ao = |
and the BOB6 15 sending out a WR signal. AND gates, OR gates, and inverters are
used to generate signals that are logical functions of other signals.

This example illustrates the use of memory-mapped output. The program
would use memory instructions to change the settings of the traffic light, For
example, an OR instruction designating memory address 1024 as the destination
operand could be used to change the settings of one of the traffic light units and
leave the other one unaltered. If we preferred to use the OUT instruction instead
(no memory-mapped output), we would need to invert the M/10 output signal
(not shown) and feed it into the AND gate.
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Interrupt Servicing

The BORG processor chip has a couple of pins that can be used by external
devices to get the processor's attention. One of these pins, INTR (normal inter-
rupts), 1s used by the external device to say, ""Will you give me a hand when you
get a chance?”” The other pin, NMI (non-maskable interrupt), is used to say,
“Give me a hand now because later will be too late! " A more detailed descnp-
tion of these two different kinds of interrupts is found under Interrupt Instructions
in Chap. 3.

Let's look at normal interrupts in more detail. The external device places a
signal on the INTR pin of the 8086 when it wants help. As soon as the 8086 i
able to respond (IF = 1 and processor is in between instructions), it will say to
the external device, ""OK, what can | do for vou? "’ The BOB6 says this by putting
a signal on its INTA (interrupt acknowledge) pin. The external device then tells
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the 8086 what to do by placing a number between O and 255 on the data bus. This
sequence 1s illustrated in Fig. 4.17.

All's fine as long as there is only one external device. But now consider
what would happen if we had two or three or even more external devices, any of
which might be asking for the processor’s attention. If two of them both wanted
help at precisely the same instant, they would both send signals simultaneously to
the INTR pin of the BOB6. The BOS6 would eventually respond with its INTA
signal, which both external devices would see. Then both devices would try to
place a number on the data bus, and the B0B6 would receive a confused mess.

What 's needed is some sort of arbitrator (called an interrupt controller) to
decide which external device is more important and pass its request on (o the
BOB6. Such an arbitrator is the 82594, The external devices talk only to the
8259A and the B259A talks to the BORB6. This is shown in Fig. 4. 18,
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Fig. 4.21 A maximum-mode 8086 system

Maore than eight external devices can be handled by using more than one
B259A. Figure 4.19 shows how we can handle up to 64 different external de-
vices, each capable of interrupting the processor. One 8259A is at a higher level
than the others; it is called the master, and the others are called slaves. Now the
external devices talk only to the slaves; the slaves talk only to the master; and the
master talks to the BOR6.

In order for an 8259A to perform its duties, it must know what its external
devices are, For one thing, it must know which are the more important external
devices, so it can resolve disputes. For another, it must know what reason each
device would have for generating an interrupt, so it can pass on the correct reason
to the 8086 when that device s turn comes up. All of this information is actually
“programmed ” into the 8B259A by the B086. This means that the 8259A must
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also be a fairly sophisticated device: in fact, with the exception of the 8086 (and
8088), the 8259A is the most complex chip descnibed in thas text, The B0s6
programs the 8259A by sending it information over the data bus; this is why the
data bus is indicated as an input (as well as an output) to the 8259A. The actual
details for programming the 8259A will not be presented here because that would
require a chapter of its own.

Figure 4.20 shows how the 8259A fits together with all the other pieces we
have seen so far,

Bigger Systems
The 8086 has one very severe limitation; it’s trying to do.a lot of things, but
it only has 40 pins to do them with. In other words, the BUS6 is too big for its
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britches. One way to solve this problem is to have the 8086 hold back and not do
everything it's capable of, so it can fit into its pins. Another solution is to give the
BOB6 an additional set of pins and let it do everything it's capable of. The 8086 is
actually schizophrenic and can behave either way depending on the system it’s
used in. Its mode of behavior is determined by an input control pin called
MN/MX (minimum/maximum), which in a given system is either permanently
on or permanently off. When there is a signal on this pin, the 8086 holds back
and is said to be behaving in its minimum mode. No signal on MN/MX tells the
BOB6 that there's another set of pins available.

The extra set of pins is actually a chip called the 8288 bus controller. It
performs some of the functions that were using up precious pins on the 8086
chip, leaving the 8086 free to perform some of its other functions over those pins.
For example, the ALE signal (address latch enable) is generated by the 8288,
thereby permitting the 8086 to use its ALE pin to perform a function that it
previously had to keep hidden. An example of a signal that the B0B6 is able to
send out in maximum mode but must keep hidden in minimum mode is a LOCK
signal (discussed in Chap. 3), which permits several processors to execute at the
same lime over the same buses without stepping on each other's toes.

Figure 4.21 shows an example of a maximum mode 8086 system. The
BOB6 uses pins So, S1, and Sz to let the 8288 know what's going on. Notice the
ALE, DT/R, DEN, and INTA signals that came off the 8086 in minimum mode
now come off the 8288, Furthermore, the M/IO, RD, and WR signals that came
off the BOB6 have been functionally replaced with the MRDC (memory read
command), MWTC (memory write command), IORC (input/output read com-
mand), and [IOWC (input/output write command). This separation of memory
read and write signals from input/output read and write signals makes it easier to
distinguish between a memory instruction and an input/output instruction. You
will recall that in Fig. 4.16 we avoided making that distinction by using
memory-mapped 110,

The output of the B284A clock generator is fed into the 8288, This makes
it possible for the 8288 to generate such signals as ALE or DEN at the correct
number of clock pulses after the address or data has been placed on the bus. The
S, and S,, and 8, signals let the 8288 know when such things are placed on the
bus.

The data transceivers and the third address latch are usually not optional in
maximum systems and hence were not drawn dotted in Fig. 4.21.

Summary

This chapter has shown how the 8086 can be combined with other circuil
components to form a complete system. The components described here have
been designed to be used together with a minimum of Interconnecting circuitry,
Additional components in the 8086 family are described in the fnrel MCS-86
User's Manual.

Once a system has been designed and built, it must be programmed. This is
the topic of Chaps. 6 through 8.
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8088
System Design

Before the advent of microprocessors, computer users were usually not
eoncerned about system design; they would buy a complete system from a
manufacturer. The system was often too big and expensive to be dedicated to a
single application, so it was used as a general-purpose computing system to solve
a wide variety of different problems. The small size and cost of the microprocessor
makes it feasible to have a special-purpose system that is dedicated to a particular
application. For example, a cash register could actually be controlled by a specially
designed computer system that is built right into the cash register box. Since cach
application is different, the user no longer buys a complete system. Instead. he
buys the components that make up a system and then puts the components
together in a manner that would be suitable for his particular application. This
is not unlike the hi-fi enthusiast putting together a set of audio components in a
manner that satisfies his particular needs.

This chapter will present a family of components that can be used n an
8088 system and will show how these components can be put together to form a
complete system. Very little knowledge of digital design is assumed other than a
rudimentary understanding of the basic logic elements—AND gates, OR gates,
and inverters,

This chapter does not apply to the 8086, System design for that processor
appeares in the previous chapter. These two system design chapters are presented
in a parallel fashion so that either chapter can be read without reading the other.

Bus Structure

The 8088 is a microprocessor, not a microcomputer. The difference between
the two is that a microprocessor does not contain any memory locations or input/
output ports. To put it bluntly, a microprocessor can think but it can’t remember,
hear, or speak. Thus, additional units must be added to a microprocessor to make
it into a usable microcomputer. Figure 3.1 illustrates a microcomputer system.

121
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Information (data) is carried from one unit in a microcomputer system 1o
another along paths called data buses. Typically, there is only one data bus, and
it is shared by all the units in the system. The microprocessor generates control
signals that permit the various units to take turns using the data bus. This 8
illustrated in Fig. 5.2,

It 15 not sufficient to tell a unit such as memory that its turn has come to
use the data bus. The memory must be told which location within the memory
15 to be involved in the information transter. The microprocessor generates the
address of the memory location and places it on a second common bus called the
addresy bus. A microprocessor system with a data bus, address bus, and control
signal 1s shown in Fig. 5.3.
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The data bus, address bus, and control signals all originate from the mi-
croprocessor itself. So let's take a closer look at the 8088 microprocessor to see
what sort of buses and control signals it has, Since the 8088 is an 8-bit processor,
it should have a data bus that is 8 bits wide so it can access an entire byte in one
memory reference. Furthermore, since it can address up to 2* (approximately
one million) bytes, it needs an address bus that is 20 bits wide. The 8088 15 housed
on a 40-pin chip, so there are only 40 connections that can be made between the
processor and the other units in the system. If 28 of those connections were used
up by the address and data buses, the remaining 12 would hardly be enough for
all the necessary control signals and power and ground connections. To minimize
the number of connections used by the address and data buses, these buses come
put of the processor over a common set of pins, as illustrated in Fig. 5.4, This
adds a slight degree of complexity to the rest of the system by requiring address
latching (described in the next section),
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Address Latching

Let’s consider how data is sent from the processor to memory. At a certain
instant, the processor sends the address of a specific memory location out on the
address bus. At some later instant, the processor sends the data out on the data
bus. But because these two buses share some of the same pins, the processor can
no longer be sending out the address at the same time it is sending out the data.
Therefore, unless someone had the forethought to jot down the address, it will
be lost, and the data won’t know where to go.

The 808K family includes a chip called the 8282. It is known as a latch and
can be used to remember things that would otherwise get lost. It has eight data
imput pins and eight data output pins. When nudged to do so, it will memorize
the data on its input pins. Nudging is done by placing a signal on one of its control
pins, called STB (for strobe). Furthermore, placing a signal on its OE (output
enable) control pin will cause the chip to make the memorized data available on
its output pins. The chip is shown in Fig. 5.5

Strictly speaking, the actual pin in the 8282 is labeled OFE instead of OE,
This means that the function of that pin is inverted. To get an OE signal, we
must place no signal on pin OE, and vice versa. For simplicity. such details will
generally be omitted from this presentation {(but not from the diagrams).
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LATCH
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DATE [ r DA T
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COMTROL L okl
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Fig. 5.5 Symbolic representation of 8282 latch chip.

Now the 8282 latch 1s just what we need to keep addresses from getting
lost. At the time that the processor is putting out an address on the shared address/
data bus, it is notifying everyone of this fact by putting out a control signal on
its ALE (address latch enable) pin. This ALE signal provides just the nudging
the 8282 needs in order to memorize an address. The connections between the
HO88 and the 8282 are shown in Fig. 5.6.

We used three 8252 latches in Fig. 5.6 because an address is 20 bits, whereas
a single 8282 can memorize only eight bits. In systems having limited amounts
of memory, not all 20 address bits are used. and possibly one of the address
latches could be eliminated. This is why one latch is shown dotted.

Data Amplifying

Address latching is necessary because the processor is no longer sending
out the address when it comes time to read or write the data. But there is no
need to latch the data. However. the processor is limited in how hard it can push
out or pull in the data. For example, if there are too many units on the data bus,
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Fig. 5.6 Using a latch to separate the address from the shared address/data
bus.

each trying to receive the data, the 8088 might not have enough “oomph— (power)
to get the data to all of them. (We would have a similar problem with addresses
if we weren't using address latches. ) The solution would be 1o use a data amplifier
to receive the data, amplify it, and transmit it to anybody and everybody that
asks for it. The only difficulty with such amplifying is that it must be bidirectional:
data flows from the processor to the rest of the system and also from the rest of
the system back to the processor, An amplifier that is able to fransmit and recenve
in either direction is called a transcetver.

The 8088 family includes the 8286 chip., which is a transceiver. It has eight
pins that serve as data input pins and another cight that serve as data output
pins. But the transceiver can interchange the roles of these two sets of pins so
that the data can pass through the chip in either direction. The chip has two
control pins—an OE (output enable) pin to tell it when to pass the data and a
T (transmit) pin to tell it in which direction the data is to be transmitted through
the chip. The chip is shown in Fig. 5.7.

The 8286 is just what we need to put more “oomph™ on the data bus. At
the time the 8088 is passing data on the shared address/data bus, 1t makes this
known by putting out a control signal on its DEN (data enable) pin. And the
RO&S puts out a control signal in its DT/R (data transmit/receive) pin to indicate
whether the data is going from the processor to the rest of the system or vice
versa. The connections between the 8088 processor, the 8282 address latches,
and the 8286 transceiver is shown in Fig. 5.8. The transceiver is shown dotted
since it might not be necessary in small systems.
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Fig. 5.7 Symbolic representation of 8286 transceiver.
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Measuring Time

Timing considerations are important for nearly every function performed
by the BOSS processor. For example, let's look a little more closely at address
latching. The 8088 processor places an address on the bus and notifies the 8282
latch of this fact by sending it an ALE signal. (What we are calling an ALE signal
is really a transition on the ALE pin from a 1 to a 0, but let's not get bogeed
down in such details. ) If the processor sends out the ALE signal and the address
simultancously. the latch might receive the ALE signal and attempt to memorize
the address before all the address bits are on the bus and in stable form. Therefore,
there must be some delay between the time the processor places the address on
the bus and the time it sends out the ALE signal. This delay is undoubtedly short
(considerably less than a millionth of a second) but nonetheless necessary to
insure that the address is stable,

The processor measures delays in clock pulses. Clock pulses are signals
received from a timing circuit called a clock generator. Just like the beats of a
metronome, clock pulses provide a frame of reference for measuring time. If
clock pulses arrive at the rate of one per second, a three clock pulse delay would
be three seconds. But if a faster clock generator were used so that one million
clock pulses arrive in a second, a three clock pulse delay would be only three
millionths of a second. Thus the faster the clock. the shorter will be all delays
until a point is reached where the delays are too short and the system will not
function properly (the ALE signal comes before the address is stable). The fastest
clock that will permit an 8088 system to still function properly is approximately
eight million clock pulses per second.

The 82844 clock generator is a chip that generates clock pulses. The rate
at which the pulses occur is determined by a quartz crystal (like the ones used
in electronic watches) that is wired to two pins of the 8284A. For reliability, the
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Fig. 5.9 Connecting a clock generator 10 an BOB8 system,

8284 A will generate one clock pulse for every three pulses from the crystal. To
generate eight million clock pulses per second, a 24 MHz (megacyeles-per-second
or megahertz) crystal is used. Figure 5.9 shows how an 8284A clock generator
waould be connected to an SUSE system.

Memory Units

Now that we've met the address bus and data bus, let's try to hook some
memory onto the buses, There are two kinds of memories—those that never
forget and those that do. The “unforgettable’ variety are initially given infor-
mation. which is burned into their memory cells. Everybody can read this infor-
mation. but the memory will not let anybody overwrite it, Hence such MeMOries
are called read-only memories or ROMs (pronounced “roms’’) for short. The
“forgettable” variety will allow anybody to read or overwrite its information and
hence should be called read write memories or RWMs (pronounced “rwms’) for
short. Because of the pronunciation difficulties this presented, someone decided
to call them random access memories or RAMS for short. Don't let this fool you:
hoth kinds of memory can be accessed Just as randomly!

As an example of a ROM. let us consider the 27/6 memory chip. The chip
contains 2'' (approximately 2.000) locations, each location containing eight bits,
Hence it is sometimes designated as a 2K > 8 ROM chip. The chip contains 11
address pins and 8 data pins. On command. the chip will fetch the contents of
the location specificd by the address pins and place this information on the data
pins. The command for doing this is a pair of control signals, one on the CE
(chip enable) pin and one on the OF (output enable) pin of the 2716 chip. The
chip is shown in Fig. 5.10.

Larger memories (more locations) can be obtained by combining several
2716 chips together, For example. a memory with a 2'* or approximately 4,000
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Fig. 5.10 Symbolic representation of 2716 2K x 8 ROM chip.
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Fig. 5.11 Combining two 2K x 8 memaries to form a 4K x 8 memaory

locations, each location containing eight bits, would consist of two 2716 chips.
An address is now 12 bits long. The 11 low-order bits of the address are sent o
both chips. To prevent both of them from responding with data, only one of the
chips will be enabled. The high-order bit of the address is used to determine
which chip to enable. This is shown in Fig. 5.11. Still larger memories can be
obtained by combining still more 2716 chips. In such cases. additional high-order
address bits are used to determine which chip to select. This selection process i
referred to as address decoding.

As an example of a RAM, let us consider the 2742 memory chip, The chip
contains 2' (approximately 1.000) locations, each location contamning four bits.
Hence the chip is designated as a 1K % 4 RAM. The chip contains 10 address
pins, four data pins, and several control pins. One of the control pins. CS (chip
select). selects the chip. An unselected chip will do nothing. Another control pin,
WE (write enable), causes the contents of the data pins to be placed in the
location specified by the address pins. Still another control pin, OD (outpwt
disable), is used to determine whether or not to place the contents of the selected
location onto the data pins. WE is used when writing to the chip: OD s used
when reading from it. Figure 5.12 illustrates this chip.
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Fig. 5.12 Symbolic representation of 2142 1K x 4 RAM chip,
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Now we can put together a simple system consistirig of an 8088, 4K of 8-
bit ROM memory, and 4K of 8B-bit RAM memory. This is shown in Fig. 5.13,
Note that two new output control signals are shown on the 8088—namely RD
(read) and WR (write). They indicate when the 8086 1s about to read the contents
of the data bus and when it is writing information onto the data bus. These signals
are used to control the memories.

Now let’s see what happens when the processor executes an instruction.
Consider an instruction that moves the 8-bit contents of register AL to the byte
at address UAFD (hexadecimal). Assume AL contains 07, First the processor
places OAFO on the common address/data bus. Then the processor places a signal
on its ALE (address latch enable) pin to tell the address latch to memorize that
value. The latch does just that, and now the OAFU is on the address bus emanating
from the night side of the latch. The processor can now remove the OAFD from
the common bus and replace it with the (7. Next. the processor places a signal
on its WR (write) pin to tell the memory to fetch the eight low-order bits of the
common bus and place them into the byte whose address is on the address bus,
The memory will do just that and place (7 into the byte at address 0AF),

Next let’s consider how the processor transfers an entire word to memory,
Two memory accesses are required to accomplish this. The first access consists
of sending out the lower memory address along with the low-order hall of the
word, After that memory access is completed, the processor sends out the higher
memory address along with the high-order half of the word,

Input/Output Ports

It's time now to round out our system with some input and output. Onee
that’s done, our system will be able to communicate with the outside world, Input
and output ports hang on the address and data bus just like memory. That means
that the processor can select a particular port by sending its address out on the
address bus and can transfer data to or from the port by using the data bus. An
output control signal (IO/M) from the 8088 can be used to distinguish memaory
instructions, such as MOV, from the input/output instructions IN and OUT.
However, in small systems it's simpler to reserve certain memory addresses for
input or output ports and then talk to these ports with memory instructions instead
of input/output instructions, This is often referred to as memory-mapped inputl
output.

As an example, let’s consider an 8088 system that controls a pair of traffic
light units. Each traffic light umt consists of a red light, a vellow light, a green
light, and a left turn arrow. Thus there are four signals going from the S088 system
to each unit. We necd an output port to control the traffic lights. An etput port
15 nothing more than a device for memorizing the last traffic hght settings that
were sent to it and constantly feeding this information to the traffic lights. Thus
the 8282 latch seems like it would make a perfect output port. Let's suppose that
the memory in the system uses 2" or 1024 memory addresses. In other words,
the lowest memory address is zero and the highest 1s 1023, Thus we can place
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Fig. 5.18 8088 system with interrupt controller.

the output port at memory address 1024, We could incorporate circuitry that
waits for 1024 (A, = 1, other A's = (1) to be on the address bus and then tells
the output port to memorize what's on the data bus. However, in this case it's
much simpler to wait until address line A, = 1 and ignore all the other address
lines. This has the effect of allowing the port to recognize all addresses having
Ay, = 1 (approximately half a million of them); we can devote all these addresses
to one port since we have no other use for them. The system just described is
shown in Fig. 5.14.

Notice the AND gate connected to the STB (strobe) pin of the output port,
Its purpose is to send a signal to the STB pin if and only if address line A, = 1
and the 8088 is sending out a WR signal. AND gates, OR gates, and inverters
are used to generate signals that are logical functions of other signals,

This example illustrates the use of memory-mapped output. The program
would use memory instructions to change the settings of the traffic hght. For
example, an OR instruction designating memory address 1024 as the destination
operand could be used to change the settings of one of the traffic light umits and
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leave the other one unaltered. If we preferred to use the OUT instruction instead
(no memory-mapped output), we would need to feed the 1O/M output signal
(not shown) into the AND gate.

Interrupt Servicing

The 8088 processor chip has a couple of pins that can be used by external
devices to et the processor’s attention. One of these pins, INTR (normal inter-
rupts). is used by the external device to say, “Will you give me a hand when you
get a chance?” The other pin, NMI (non-maskable interrupt). 1s used to say,
“Giive me a hand now because later will be too late!” A more detailed description
of these two different kinds of interrupts 15 found under Interrupt Instructions in
Chap. 3.

Let’s look at normal interrupts in more detail. The external device places
a signal on the INTR pin of the 8088 when it wants help. As soon as the S088 is
able to respond (IF = 1 and processor 1s in between structions), it will say to
the external device, “OK., what can I do for vou?" The 8088 says this by putting
a signal on its INTA (interrupt acknowledge) pin. The external device then 1ells
the 8088 what to do by placing a number between 0 and 255 on the data bus,
This sequence is illustrated m Fig. 5,15,

All's fine as long as there is only one external device. But now consider
what would happen if we had two or three or even more external devices, any
of which might be asking for the processor’s attention, If two of them both wanted
help at precisely the same instant, they would both send signals simultancously
to the INTR pin of the 8088, The BO8S would eventually respond with its INTA
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Fig. 5.19 A maximum-mode BOB3 system.

signal, which both external devices would see. Then both devices would try to
place a number on the data bus, and the BOBE would receive a confused mess.

What’s needed is some sort of arbitrator (called an interrupt controller) to
decide which external device 15 more important and pass its request on to the
8088, Such an arbitrator is the 82594, The external devices talk only to the 82594
and the 8259A talks to the 8088, This is shown in Fig. 5.16.

More than eight external devices can be handled by using more than one
B259A. Figure 5.17 shows how we can handle up to 64 different external devices,
each capable of interrupting the processor. One 8259A is at a higher level than
the others; it is called the rmaster, and the others are called slaves. Now the
external devices talk only to the slaves; the slaves talk only to the master; and
the master talks to the S8,

In order for an 8259A to perform its duties, it must know what its external
devices are. For one thing, it must know which are the more important external
devices, so 1t can resolve disputes. For another, it must know what reason each
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device would have for generating an interrupt, so it can pass on the correct reason
to the 8088 when that device’s turn comes up. All of this information is actually
“programmed’’ into the 8239A by the BOBE. This means that the BI5YA must
also be a fairly sophisticated device; in fact. with the exception of the B08S (and
B086), the B259A is the most complex chip described in this text, The 8088
programs the 8259A by sending it information over the data bus; this is why the
data bus is indicated as an input (as well as an output) to the 8259A. The actual
details for programming the 82594 will not be presented here because that would
require a chapter of its own.

Figure 5.18 shows how the 8259A fits together with all the other pieces we
have seen so far,

Bigger Systems

The 8088 has one very severe limitation; it's trving to do a lot of things,
but it only has 40 pins to do them with. In other words, the 8088 15 too big for
its britches. One way to solve this problem is to have the 8088 hold back and not
do everything it’s capable of, so it can fit into its pins. Another solution is to give
the 8088 an additional set of pins and let it do everything it’s capable of. The
RO8K is actually schizophrenic and can behave either way depending on the system
it's used in. Its mode of behavior is determined by an input control pin called
MN/MX (minimum/maximum), which in a given system is either permanently on
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or permanently off. When there is a signal on this pin, the 8088 holds back and
is said to be behaving in its minimum mode. No signal on MN/MX tells the 8088
that there's another set of pins available.

The extra set of pins is actually a chip called the 8288 bus controller. It
performs some of the functions that were using up precious pins on the BU88
chip, leaving the BUBH free to perform some of its other functions over those pins.
For example, the ALE signal (address latch enable) is generated by the 8288,
thereby permitting the 8088 to use its ALE pin to perform a function that it
previously had to keep hidden. An example of a signal that the 8088 is able to
send out in maximum mode but must keep hidden in minimum mode 1s a LOCK
signal (discussed in Chap. 3), which permits several processors to execute at the
same time over the same buses without stepping on each other’s toes.

Figure 5. 19 shows an example of a maximum mode 8088 system. The B088
uses pins 5, 5,, and 5, to let the 8288 know what's going on. Notice the ALE,
DT/R, DEN, and INTA signals that came off the 8088 in mimimum mode now
come off the 8288. Furthermore, the IO/M, RD. and WR signals that came off
the BOBE have been functionally replaced with the MRDC (memory read com-
mand), MWTC (memory write command), IORC (input/output read command),
and TOWC (input/output write command). This separation of memory read and
write signals from input/output read and write signals makes it easier to distinguish
between a memory instruction and an input/output instruction. You will recall
that in Fig. 5.14 we avoided making that distinction by using memory-mapped
1/0.

The output of the 8284A clock generator is fed into the 8288, This makes
it possible for the 8288 to generate such signals as ALE or DEN at the correct
number of clock pulses after the address or data has been placed on the bus. The
Sy, and §,, and 5, signals let the 8288 know when such things are placed on the
bus.

The data transcever and the third address latch are usually not optional in
maximum systems and hence were not drawn dotted in Fig. 5.19,

Summary

This chapter has shown how the BOSS8 can be combined with other circuit
components to form a complete system. The components described here have
been designed to be used together with a minimum of interconnecting circuitry,
Additional components in the 8088 family are desribed in the Intel MCS-86
User's Manual.

Once a system has been designed and built, it must be programmed, This
15 the topic of the next three chapters.
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8086
Assembly-Language

Programming

In the previous chapters we learned what an 8086 is composed of and how
an 8086 can be put together with other components to form a complete system.
But now that we have such a system, we need to be able to write a program that
such a system will execute. The remainder of this book will show how to write
such programs.

Object Code and Source Code

Let’s start by considering a very simple program. All the program does is
read in word values from input port 5, increment each value read, and write the
results to output port 2. The program is as follows:

Memaory Address Memory Contents

(Hexadecimal) (Binary) Comments
CHMMN) FHTO0101 read word into AX . . .
U000 00000101 . .. from input port 5
(0002 O OOU000 increment AX
CHO0 3 110011 write word from AX. . .
00004 00000010 ... 1o output port 2
00005 11101011 repeat by jumping . . .
OOCO6 11111001 . . . back seven bytes
OOCK7

The first two columns specify the address and contents of each relevant
memory location and, as such, constitute the only form of the program compre-
hensible to the processor. This is ofien referred to as ebjecr code, and the
language of 1's and 0's in which the object code is written is called machine
language. Once we have the program in object code form, we can place it in
memory and then have the BOBG execute 1

All the information needed to write the 8086 object code of any program is
found in Chaps. 2 and 3. This information is the format of each instruction and
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Fig. 6.1 The translation process.
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Fig. 6.2 Assemblers and compilers.

the encodings that go into each field of each instruction. 5o, in theory at least, we
could end the discussion of programming right here.

Practically speaking, writing a program in terms of 1's and 0's is a tedious,
repetitive, error-prone task. Ironically, these are the kinds of tasks that computers
are very good at performing. So, instead of trying to write the program in the
language of the machine, it makes more sense to write the program in a language
more familiar to us and then use a computer to translate it into the BOBO'S
language. A program written in this more familiar language 1s called source
code, and the computer program that translates source code into object code 1s
called a translator. This is illustrated in Fig. 6.1,

There are two distinct kinds of languages in which we could write our
source code. These are called assembly languages and high-level languages and
are described below. The corresponding translators are called assemblers and
compilers as illustrated in Fig. 6.2,

The process of translation might involve performing some final cleanup
activities before the output is truly machine code. These cleanup activities are
part of the translation process but, unfortunately, have been given distinctive
names like relocation and linkage. Throughout this text, references to the transla-
tion process (assembling, compiling) will imply all necessary cleanup activities
as well.

A program written in assembly language is a symbolic representation of the
machine-language program. The relation between the statements in an
assembly-language program and the resulting object code is usually very obvi-
ous. A high-level language, on the other hand, is a formalized, unambiguous
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dialect of some so-called natural language (typically English). The relation be-
tween statements in a high-level language and the resulting object code is often
not obvious. Assembly language gives you complete control over the resulting
pbject code and thereby allows you to generate very efficient object code (provid-
ing you're a very efficient programmer). A high-level language frees you from
having to think about the resulting object code and allows you to concentrate on
the task vou are trying to program. You are at the mercy of the compiler as far as
generating efficient object code is concerned. But a very good compiler can
sometimes generate more efficient object code than you could have done by
writing in assembly language, especially if you re not skilled at generating effi-
cient code (it's nothing to be ashamed of; most of us aren’t).

The remainder of this chapter describes ASM-86, an assembly language for
the B086. Chapters 7 and 8 describe two high-level languages available for the
R086—namely PL/M-86 and Pascal, These three chapters are presented n a par-
allel fashion, using the same organization of material as much as possible. The
chapters were written to be independent of each other so that any one could be

read first.

Symbolic Names

The primary advantage of using assembly language instead of machine
language is the ability to use symbolic names. Let's illustrate this point by
rewriting the example of the previous section, this time using assembly-language
source code.

EYCLE: IMN AX.5 -read word from port 5 into AX
INC AX ‘increment AX
ot 2 AX swrite result 1o port 2
JMP CYCLE keep repeating

The above program is simpler to read and understand because 1l uses
symbolic names instead of numbers as much as possible. For example, the
opcodes of the four instructions are 1110010, 01000---, 1110011-, and
11101011 in the object code, whereas they are IN, INC, OUT, and IJMP in the
assembly-language source code. Such symbolic names for opcodes are called
instruction mnemonics. The symbolic opeode names introduced in Chap. 3 and
used throughout this book are, in fact, the instruction mnemonics of ASM-%6.
The ASM-86 assembler can recognize these instruction mnemonics and generate
the corresponding bit patterns in the object code.

Besides the opcode fields, there are other fields in the object code. The
contents of each of these fields must somehow be specified in the assembly-
language source code so that the assembler can generate the appropriate bit
patterns in the object code. For example, the INC instruction has a 3-bit reg
field, indicating which register is to be incremented when the instruction 1s
executed. The contents of this reg field are specified in the source code by
indicating the symbolic name of the register, as in SINC AX. " The symbolic
register names used in ASM-86 are the names that have been used for the
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registers throughout this book—namely AX, BX, CX, DX, AL, BL, CL, DL,
AH, BH, CH, DH, BF, SP, S§I, DI, CS, DS, ES, and SS.

Both the IN and OUT instructions have a 1-bit w field and an 8-bit port-
number field. The port numbers are specified in the source code in a very
straightforward manner by “IN AX,5" and “'OUT 2,AX."" The w field is
specified in a more subtle manner by the presence of the AX in "IN AX 5" and
“OUT 2,AX."" Recall that input and output always use the accumulator and, in
particular, use AX when words are involved and AL when bytes are involved. So
the appearance of AX instead of AL in the IN and OUT instructions indicates that
the w field is a 1. (The ASM-86 convention is to place the destination before the
source; hence AX precedes port number on the IN instruction and follows it on
the OUT instruction.)

Another example of a symbolic name in the above program is the label
CYCLE on the IN instruction. This permits the JMP instruction to refer to the
location of the IN instruction by name as in “JUMP CYCLE. " The assembler
now has enough information to determine that this is a jump backwards of seven
bytes and can generate a —7 in the appropriate field of the JMP instruction,

A Complete Program

In the previous section, we wrote a fragment of an ASM-86 program. To
make that fragment into a complete program, we need to add some additional
statements:

1. IN_AND_OUT SEGMENT start of sepment
2. ASSUME CS: IN_AND__OUT ;that s what's in C§
3. CYCLE: IN AX,5

4, INC AX

5. ouTt 2AX

6. JMP CYCLE

7. IN_AND_OUT ENDS end of segment

8. END CYCLE end of assembly

This entire program will reside in a single segment in the 8086 memory.
During the assembly process, we don't know (nor do we care) where that seg-
ment will be located. That decision will be made later, before the segment is
actually loaded into memory and the code executed. During the assembly pro-
cess, we will be content to refer to the starting address of the segment by the
symbolic name IN_AND__OUT. Lines 1 and 7 delimit the extent of the seg-
ment; line | introduces the segment named IN__AND__OUT, and line 7 marks
the end of the segment (ENDS).

Line ¥ flags the end of the source program, thereby telling the assembler
that there are no more lines to assemble. Furthermore, it indicates that when the
program is executed, it should start with the instruction labeled CYCLE (line 3).
The object code generated by the assembler, besides containing the contents of
all the relevant memory locations, also contains this starting address.

The ASSUME statement on line 2 is a bit harder to explain. I wish | could
give you a good reason for having it. Unfortunately, 1 can’t. Instead, 1'll just
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state the following rule; prior to or at the very beginning of any segment contain-
ing code, we must tell the assembler what it should assume will be in the CS
register when that code is executed. As far as we re concerned, this will always
be the starting address { without the last four *'0)"" bits) of the segment, and so we
must include the statement:

ASSUME CS: Name__of _segment

It is beyond the scope of this book to explain (1) why the assembler needs to
know this and (2) why the assembler can't just look at the begmnning of the
segment and see the name.

Structure of ASM-B6 Programs

Let’s now consider a more detailed ASM-86 program and then try to
deduce the structure of such programs in general. This program will be referred
to as the *‘sample program’’ throughout this chapter.

1. MY_DATA SEGMENT .data segment
2. SUM DB ? reserve a byte for SUM
3. MY_DATA ENDS
4 MY_CODE  SEGMENT -code segment
5. ASSUME CS:MY_CODE, DS:MY_DATA
-contents of CS and D5
6 PORT_VAL EQU 3 symbolic name for port number
7. GO: MOV AX MY__DATA ‘initialize DS o MY _DATA
B MOV DS,AX
9 MOV SUM,0 clear sum
10. CYCLE: CMP SUM, 100 if SUM exceeds 100
1. JNA NOT __DONE
12. MOV AL.SUM .. . . then output SUM to port 3
13. ouTt PORT_VALAL
14 HLT and stop execution
15, NOT_DONE: IN AL PORT__VAL .otherwise add next input
16. ADD SUM AL
17. JMP CYCLE .and repeat the lest
18. MY __CODE ENDS
19 END GO end of assembly

Line | introduces a segment somewhere in the 8086 memory (we don't
care where) and gives it the name MY_DATA. Line 3 ends the segment. The
only thing in the segment 15 SUM, which is defined to be a byte (DB) of data.
The question mark on line 2 indicates that the generated object code needs to
reserve a place in memory for SUM, but it need not specify any particular intitial
contents for that location. MY __DATA is apparently going to be used as a data
segment.

Line 4 introduces another segment and gives it the name MY __CODE.
This segment extends all the way to line 18. An examination of lines Tto 17
reveals that the segment contains instructions, so we apparently intend to use it as
a code segment. Line 19 flags the end of the source program and indicates that,
when the program is executed, execution should start with the instruction labeled
GO (line 7).
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The ASSUME statement on line 5 tells the assembler what it should as-
sume will be in the CS and DS register when the segment of code is executed.
We 've already discussed the need for the assumption on CS.The need for making
an assumption about what’s in DS is more believable. Since some assembly-
language instructions in the code segment access data directly (in particular, the
byte SUM), the assembler must generate machine-language instructions that
address SUM using the direct addressing mode (remember the operand-
addressing modes introduced in Chap. 27). These generated instructions must
specify (1) the offset of SUM and (2) some segment register, typically DS,
containing the starting address of the segment (namely MY __DATA) containing
SUM. The assembler needs to know which segment registers (if any) will contain
MY __DATA ‘s starting address at the time these instructions are executed. With
this information, the assembler can determine if a segment-overriding prefix
is required on these instructions (as would be the case if, for example, MY __
DATA s starting address were contained only in ES) and, if so, which segment
register should be specified by the prefix. Furthermore, if none of the registers
will contain MY __DATA's starting address at instruction-execution time, the
assembler knows that it cannot generate any instructions capable of accessing
SUM and will be able to report this error to us at instruction-assembly time.

So now we know why we had to assume that some segment register would
contain MY __DATA s starting address at instruction-execution time (so that
SUM can be accessed) and why it is mice to assume that D5 would be the one (s0
no segment-overriding prefix is necessary). But now we need to make sure that
this assumption is satisfied. We insure this by executing certain instructions
(lines 7 and 8) prior to the first access to SUM.

Line 6 specifies that PORT VAL is equivalent to the constant 3. This
permits PORT__ VAL to be used in place of 3 on succeeding lines. The intent
here is to make PORT_VAL a symbolic name for port 3 and refer to PORT
VAL whenever port 3 is wanted. Now if we decide to rewrite the program next
month so that it uses port 4 instead, we have to make only one change—namely
line 6 is changed to:

PORT _VAL EQU 4

The instructions on lines 7 through 17 will keep adding inputs from port 3
until the sum exceeds 100 and will then output that sum to port 3 and halt. On &
line-by-line basis, this 1s accomplished as follows. The instruction on line 7 puts
(the 16 most significant bits of) the starting address of segment MY __DATA into
register AX, and on line 8 this value is moved from AX to DS. This will make
SUM accessible in succeeding instructions. The instruction on line Y initializes
SUM to 0, Observe that on lines 7, B, and 9, the destinations (such as 5UM on
line 9) are always written before the sources (such as 0 on line 9), Line 10
compares (CMP) the value in SUM to 100 and sets the processor flags to indicate
the result of the companson. Line 11 tests the flags and jumps if SUM was not
above 100 (JNA). The target of the jump is the instruction labeled NOT __DONE
(line 15). If the jump on line 11 is not taken (SUM exceeds 100), the SUM will
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be moved into AL (line 12), the contents of AL will be sent to output port 3 (line
13), and the processor will halt (line 14). If the jump on line 11 is taken (SUM
does not exceed 100), the value on input port 3 will be sent to AL (line 15},
added to SUM (line 16), and the jump on line 17 will transter control back to line
10.

Now, from the above example, let’s try to generalize about the structure of
an ASM-86 program. It consists of one or more segment blocks followed by an
END statement. Each segment block starts with a SEGMENT statement and ends
with an ENDS (end-of-segment) statement. Between the SEGMENT and ENDS
statements is a sequence of other statements. Each statement normally occupies
one line (if succeeding lines are needed, they start with **& 7). The structure of
an ASM-B6 program 1s shown below:

MAME1 SEGMENT
statement

statement
NAME1 ENDS
NAME2 SEGMENT

staterment

Blﬂtﬂmﬁnt.
MNAMEZ ENDS

END

The programs presented here all display a consistent tabular pattern. Such
tabulation is not part of the program structure. It is purely optional as far as the
assembler 1s concerned but is highly recommended to make the programs easier
for us to read and understand. As an example of this point, consider the following
untabulated version of the IN_AND_OUT program. It would present no
additional difficulty to the assembler (in fact it would assemble faster) but would
be much less comprehensible to us.

IN__AND__OUT SEGMENT ;start of segment
ASSUME CS:IN_AND__OUT :that's what's in C5
CYCLE:IN AX.5

INC AX

OuUT 2, AX

JUMP CYCLE

IN_AND__OUT ENDS end of segment
END CYCLE end of assembly

Tokens

Before examining the kinds of statements from which ASM-86 programs
are built, we must become familiar with the building blocks of statements.
Statements are composed of such things as identifiers, reserved words, delim-
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iters. constants, and comments. These building blocks are sometimes called
tokens.

Identifiers Identifiers are names that you, the programmer, are free to
make up. Examples of identifiers in the sample program are SUM, CYCLE, and
PORT__VAL. An identifier is a sequence of letters, numbers, and underscore
characters () but may not start with a number. An identifier may be up to il
characters long, which means that, for all practical purposes, the length is unlim-
ited, Examples of identifiers are given below:

X
GAMMA
JACKS

THIS _NODE
THISNODE

The last two examples are indeed different identifiers.

Reserved Words Reserved words look like identifiers, but they have a
special meaning in the language, and you may not use them as identifier names.
In our sample program, we saw such reserved words as SEGMENT, MOV,
EQU, and AL. Thus it would be perfectly acceptable for us to make up a name
like EQUAL as in

EQUAL DB 7

but it would be improper for us 1o write
EQU DB 7

A complete list of ASM-86 reserved words is given m Table 6.1.

Delimiters Delimiters are the non-alphanumeric characters that have
special meaning in the 8086 assembly language. In our sample program, we saw
such delimiters as : and ;. In this chapter we will become exposed to many of the
delimiters. A complete list of delimiters in ASM-86 is given in Table 6.2

Constants Constants are the fixed values appearing in ASM-86 pro-
grams. In our sample program we saw such constants as U, 3, and 100. These are
whole-number constants. The assembly language also allows for siring con-
Stants.

A whole-number constant can be any non-fractional number between 0 and
65535 (that is 2'® — 1). It is normally written as a decimal number but can also be
written in binary (ending with a B), octal (ending with a Q), or hexadecimal

Table 6.2 Delimiters in ASM-B6

g ;
{ ' | - ?
) & | 1
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(ending with an H). To avoid confusion with identifiers, a hexadecimal constant
must start with a numeric digit; a leading zero would suffice. Examples of
whole-number constants are 15, 1010B, 27Q, 3A0H, and OBFA3H.

A string constant is a sequence of one or two characters enclosed within
apostrophes. (Strings of more than two characters are permitted in very restricted
cases and will not be discussed in this text.) An apostrophe itself may be included
in a string constant by writing it as two consecutive apostrophes. Examples of
string constants are 'A', 'AB!, and """, The last example is the string consisting
of the apostrophe character. The value of a string constant is the ASCII code of
the character(s) in the string (see Appendix C for the ASCII codes). For example,
the value of 'A' is the same as 41H (both have the value 65), and the value of
IAB! is the same as 4142H. Thus string constants and whole-number constants
can be used interchangeably.

Comments Comments are any sequence of characters following a
semicolon (;) up to the end of the line. They have no meaning to the assembler but
should be used generously in your program to keep reminding you of what you
are doing. For although comments like

INC CX -increment CS

convey little information, comments like
INC CxX ;prepare count for next iteration

go a long way to making a program more readable.

Expressions

One more building block, namely expressions, must be introduced before
we can build statements. Expressions are built up from some of the tokens just
described.

Loosely speaking, an expression is a sequence of operands and operators
that can be combined to produce a value at the time the program is being
assembled. So now we must introduce both operands and operators and indicate
how they are combined to produce the value of an expression.

Operands An operand is something that has a value. There are two
kinds of values that an operand might have—a numenc value and a memory
address value.

Operands that have numeric values are constants or are identifiers that
represent constants. Some numeric-valued operands appearing in our sample
program are 100 and PORT_VAL. The permissible range of values for such
operands is from —65,535 to +65,535.

MNote that the value of an operand may be negative, but a constant 15
never negative. A minus sign can be written in front of a constant but is never
considered as part of the constant; it 15 an arithmetic operator.

Memory-address operands are frequently identifiers such as SUM and
CYCLE in the sample program. The value of a memory address is not simply
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number; it is a set of components, each component generally being a number.
One component is the 16 most significant bits of the starting address of the
segment in which the memory address 1s contained (the four least significant bits
of a segment starting address are always zeros). Another component 15 the offset
of the memory address within the segment. These two components are referred to
as the segment and offset of the memory-address operand.

Another operand is an expression itself, perhaps enclosed in parentheses,
and used in some bipger expression such as in F*(PORT__VAL+35).

Operators An operator takes the value of one or more operands and
produces a new value. There are five kinds of operators in ASM-86—arithmenic
aperators, logical operators, relational operators, analytic operators, and syn-
thetic operators.

Arithmetic operators are nothing more than the familiar addition operator
(+}, subtraction operator (—), multiplication operator (*), and division
operator(/). Another arithmetic operator, MOD, produces the remainder that
results after doing a division. Thus 19/7 is 2, whereas 19 MOD 753

Arithmetic operators may always be applied to a pair of numeric operands,
and the result will be a numeric value. The rules for applying arithmetic operators
on memory-addressing operands are quite a bit more restrictive. These rules can
be summarized by saying that such operations are valid only if the result has a
meaningful physical interpretation. For example, the product of two memory
addresses has no meaningful interpretation (what segment would it be in” what
offset would it have?) and hence is a prohibited operation. The difference of two
memory addresses in the same segment, on the other hand, is meaningfully
interpreted as the distance between them (difference in their offsets) and is
simply a numeric value. The only other meaningful arithmetic operation involy-
ing a memory address is adding or subtracting a numeric value to or from it. The
result is another memory address having the same segment but whose offset is the
original offset increased or decreased by the numeric value. Thus SUM+2,
CYCLE-5. and NOT__DONE-GO would all be valid expressions in our sample
program, whereas SUM-CYCLE would not (they are in different segments). It
should be emphasized that the value of SUM+2 is a memory address two bvtes
beyond SUM in the MY __DATA segment; it 1s not the numeric value that is 2
plus the contents of location SUM (such contents would not be known until the
program is executed, whereas expressions arc evaluated when the program is
assembled).

The logical operators are the usual bit-by-bit AND, OR,XOR (exclusive-
or), and NOT. The operands of logical operators must be numeric (memory-
address operands are not allowed), and the result will be numenic. For example,

10101010101010108 AND 11001100110011008 is 10001000100010008;
11001100110011008 OR 11110000111100008 is 110000001 10000008,

NOT 1111111111111111B is 00000000000000008;
and

111100001 11100008 XOR SUM s invalid.
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As an example of logical operators, consider the following statements:

IN AL PORT__VAL
QUT PORT VAL AND OFEH AL

Execution of the IN instruction will fetch input from port PORT __VAL, wher-
ever that is. Execution of the OUT instruction will send output to port PORT _
VAL AND OFEH, which is either the same port (if PORT__VAL is even) or the
next lower-numbered port (if PORT__VAL is odd). The actual value of the pon
of the OUT instruction is determined when the instruction is assembled, not
when it is executed.

Observe that AND, OR, XOR, and NOT are instruction mnemonics as
well as ASM-B6 operators. As ASM-86 operators, they cause a value to be
computed when the program is being assembled. As instruction mnemonics, they
perform their roles when the program is being executed. For example,

AND DX,PORT__VAL AND OFEH

will cause the assembler to compute the value of PORT VAL AND OFEH and
then generate an AND-immediate instruction containing that value in its data
field. When this instruction is later executed, it will cause the contents of the DX
register to be ANDed with that value and the result placed in the DX register.

The relational operators are equal (EQ), not-equal (NE), less-than (LT),
greater-than (GT), less-than-or-equal (LE), greater-than-or-equal (GE). An
example would be PORT __VAL LT 5. The two operands must both be numeric
or must both be memory addresses in the same segment. The result is always
numeric value and will be O if the relationship is false and OFFFFH (16 bits of
[ 's) if the relationship is true.

An example of using a relational operator is shown:

MOV BX.PORT _VALLTS

The assembler will assemble the instruction for

MOV BX,0FFFFH

if the value of PORT _ VAL is less than 5; otherwise the assembler will assemble
the instruction for
MOV BX.,0

Al first it may appear that there isn't much wtility for relational operators
because it's not often that you would want to generate an instruction with a field
that contains either (0 or OFFFFH and no other choices. However, by combining
the relational operators with the logical operators, the two relational results of
and OFFFFH can be molded into any numenc values you desire. For example,

MOV BX((PORT VAL LT 5) AND 20) OR ((PORT__VAL GE 5) AND 30)

will assemble into
MOV BX. 20
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if PORT _VAL is less than 5, and into
MOV BX, 30

otherwise. Note the generous use of parentheses to force the order in which the
operators are applied. If you're always using parentheses to make the ordering
explicit, you'll never have to memorize a bunch of “'silly” rules about which
operators get evaluated first.

The analytic operators are used to decompose memory-address operands
into their components, and the synthetic operators are used to build memory-
address operands from their components. A discussion of these operators will be
presented after we learn more about memory-address operands.

Statements

There are two kinds of statements that can appear in an ASM-86
program—namely instruction statements (MOV, ADD, JMP, etc.) and directive
statements (DB, SEGMENT, EQU, etc.). Each instruction statement causes the
assembler to generate an instruction in the resulting object code. The directive
statements tell the assembler what kind of code to generate for succeeding instruc-
tion statements. For example, the directive statement

MY __PLACE DB ?

tells the assembler that MY__PLACE is defined to be a byte. The assembler
allocates a memory address for MY __PLACE. Later, when the assembler en-
counters the instruction statement

INC MY_PLACE

it will generate an instruction in the object code to increment the contents of
MY __PLACE. Because of the previously encountered directive statement, the
assembler will know to place a ‘0" (to indicate a byte) in the w field of the
increment instruction.

The formats of the two kinds of statements are similar. The instruction
statements are of the form

label: mnemonic argument,... argument comment

whereas the directive statements are of the form

name directive argument,... . argument comment

Observe that the label in an instruction statement is followed by a colon
whereas the name in a directive statement is not. This highlights the difference
between the two kinds of statements. A label associates a symbolic name with the
location of an instruction and can be used as an operand in some jump or call
instruction. The name in a directive statement has no relation to an instruction
location and can never be jumped to. Labels in instruction statements are always
optional; names in directive statements can be mandatory, optional, or prohibited
depending on the particular directive.
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Mnemonics in instruction statements and directives in directive statements
specify the purpose of the statement. The instruction mnemonics correspond to
the set of approximately 100 opcodes available in the 8086, and the directives
correspond to the set of some 20 functions provided by the ASM-B6 assembler
(see Table 5.1). The particular mnemonic or directive may require that additional
information be provided to define its purpose completely. This information is
provided by a sequence of arguments.

Comments in statements are used to make the program more readable.
Comments are always optional, but when present, they must be preceded by a
semicolon for dentification purposes.

Directive Statements

The various directive statements in ASM-86 are symbol-definition
statements, data-definition statements, segmentation-definition statements,
procedure-definition statements, and rermination statements. Each of these
statements will be descnbed in this section.

Symbol-Definition Statements The EQU statement provides a means
for defining symbolic names to represent values or other symbolic names. The
two forms of the EQU statement are illustrated:

name EQU expression
new__name EQU old _name

Some examples are as follows:

BOILING _POINT EQU 212
BUFFER__SIZE EQU 32
NEW__PORT EQU PORT__VAL+1
COUNT EQU CX

The last example differs from the other three in that COUNT does not represent a
value; it is a synonym for the CX register.

A symbolic name can be “‘undefined’’ by a PURGE statement so that it
may later be used to represent something entirely different.

PURGE BUFFER__SIZE

Data-Definition Statements A data-definition statement allocales
memory for a data item, associates a symbaolic name with that memory address, |
and optionally supplies an initial value for the data. Symbolic names associated
with data items are called variables. Examples of data-definition statements are
as follows:

THING DB 7 .defines a byte
BIGGER__THING DwW ? :defines a word (2 bytes)
BIGGEST_THING DD ? idefines a doubleword (4 bytes)

In the above examples, THING is a symbolic name associated with a byte i
memory, BIGGER _THING with two consecutive bytes in memory, and
BIGGEST__THING with four consecutive bytes in memory.
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Before we can discuss the question marks (7), we need to introduce the
goncept of initial values of data items. The object code produced by the assem-
bler contains the 1's and 0°s that make up each instruction and the memory
address at which each instruction should reside. After the object code is pro-
duced, the instructions are loaded into memory at the indicated addresses and
then executed. At the time the instructions are loaded, initial values for data
items could also be loaded into memory. This means that the object code, besides
containing instructions and their addresses, would also contain initial values for
data items and their addresses. These initial values are specified to the assembler
in the data definition statements. The following statement will cause the assem-
bler to produce object code that, when loaded into memory, will result in a 25
being placed in the memory address allocated o THING:

THING DB 25 ;byte initially contains 23

A question mark in place of an initial value means that we do not choose to
specify an initial value for that data item; we will be satisfied with whatever
initially appears in the corresponding memory location. When the assembler sees
the question mark, it still allocates memory for the data item, but it is not
required to produce object code to initialize the memory location (although it
may very well do so).

In general, the initial value could be specified by an expression since
expressions are evaluated at the time the program is assembled. So we can write
statements like:

IN_PORT 0B PORT__VAL
QuT__PORT DB PORT__VAL +1

You will recall that expressions come in two varieties—numeric and mem-
ory address. It is certainly meaningful to initiahze either a byte or a word with a
numeric value. But what about a memory-address value? It will never fit into a
byte. so forget about that. But the offset component will fit nicely into a word,
and both the offset and segment components will fit into a double word. So we
can write initialization statements like:

LITTLE_CYCLE (1) CYCLE offset of CYCLE
BIG_CYCLE DD CYCLE .offset and segment of CYCLE
CYCLE: MOV BX,AX

The above initialization on LITTLE_CYCLE would permit an indirect in-
trasegment jump or call to use the data item named LITTLE _CYCLE in order
to transfer control to the label named CYCLE. Similarly, an intersegment jump
or call could transfer control to CYCLE by using the data item named BIG_
CYCLE.

So far we have used data-definition statements to define a single byte (or
word or double word) at a time. We frequently have occasions to deal with tables
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of bytes (or words or double words). For example, the 8086 XLAT instruction
uses a table of bytes to translate an encoded value into the same value under a
different encoding. The 8086 interrupt mechanism uses a table of double words
starting at memory location 0 to point to the starting addresses of the interrupt
service routines, And the 8086 string instructions operate on tables of bytes or
words containing the string elements.

A table is defined by placing several initial values on a data-definition
statement. The following statement defines a table of byies containing powers of

g
ey

POWERS_2 DB 124816

The byte at the memory address corresponding to POWERS 2 will be m-
tialized to 1 (when the object code is loaded into memory), and the next four
bytes will be initialized to 2, 4, 8, and 16 respectively. A table of bytes, all
initialized to zero, can be defined by

ALL _ZERO DB 0,0,0.0,0,0

or by the shorthand notation
ALL  ZERO DB 6 DUP (0)

And, finally, an uninitialized table can be defined by either of the following
equivalent statements:

DONT _CARE DB i L LT

DONT _CARE DB 8 DUP (7)

Types of Memory Locations ASM-B6 associates a rvpe with every
memory location referred to in the program. The assembler, by being constantly
aware of the type of each memory location, can generate the correct code when il
encounters an instruction that accesses a memory location. For example, the
data-defimition statement
SUM DB ?
informs the assembler that the memory location SUM is of type BYTE. Later,
when the assembler encounters an instruction statement such as
INC SUM
the assembler will know to generate a byte-increment instruction rather than @ |

word-increment instruction.
A memory location can be one of the following types.

1. BYTE of data, as in:

SUM DB ? defining a byte |

2. WORD of data (two consecutive bytes), as in: ‘
BIGGER __SUM DW 7 defining a word

|

|
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1. DWORD of data (four consecutive bytes), as in:
BIGGEST _SUM DD 7 defining a doubleword

4. NEAR instruction location, as in:

CYCLE: CMP SUM, 100

5. FAR instruction location:
(means of defining such locations will be discussed shortly)

An instruction location can appear in a jump or call instruction statement.
The assembler will generate an intrasegment jump or call if the type of the
location is NEAR and an intersegment jump or call if it is FAR. For example, the
labeled instruction statement

CYCLE: CMP SUM, 100

informs the assembler that the memory location CYCLE is of type NEAR. (We
will see shortly how the synthetic operators PTR and THIS can be used to define
a memory location of type FAR.) Later, when the assembler encounters an
instruction such as

JMF CYCLE

the assembler will know to generate an intrasegment jump instruction rather than
an intersegment jump instruction.

A memory address built by adding or subtracting a numeric value to or
from some other memory address has the same type as the original memory
address. For example, SUM+2 is another BYIE, BIGGER__SUM-3 a
WORD, and CYCLE+ 1 a NEAR instruction location

Analytic and Synthetic Operators We now know enough about mem-
ory addresses to finish up the discussion of operators. The analytic operators are
used to decompose memory-address operands into their components. These
operators are SEG, OFFSET, TYPE, SIZE, and LENGTH.

The SEG operator returns the segment component of the memory-address
operand, and the OFFSET operator returns the offset component. Both of these
components are generally numeric values.

The TYPE operator returns a numeric value, which is the type component
of the memory-address operand. The value of the type component for the various
memory-address operands is as follows:

Memory-Address Operand I'ype Component
BYTE of data
WORD of data
DWORD of data
NEAR instruction location o
FAR instruction location

b = e Pl
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Notice that the type component for bytes, words, and double words corresponds
to the number of bytes that each occupies. The value of the type component for
instruction locations does not have a physical interpretation.

The LENGTH and SIZE operators are applicable only with data-memory-
address operands (BYTE, WORD, or DWORD), The LENGTH operator returns
a numenc value, which is the number of units (bytes, words, or double words)
assoclated with the memory-address operand. The SIZE operator returns a
numeric value, which is the total number of bytes allocated for the memory-
address operand. For example, if MULTL _WORDS is defined by

MULTI_WORDS Ow 50 DUP (0)

then LENGTH MULTI_WORDS is 50 and SIZE MULTI_WORDS is 100,
MNotice that S5IZE X is equal to (LENGTH X) * (TYPE X).

The synthetic operators are used to build memory-address operands from
their components. These operators are PTR and THIS.

The PTR operator builds a memory-address operand that has the same
segment and offset of some other memory-address operand but has a different
type. Unlike a data-definition statement, the PTR operator does not allocate any
memory, it merely gives another meaning to previously allocated memory. For
example, if TWO__BYTE were defined by
TWO_BYTE DWW 7

then we could give a name to the first byte in the word as follows:

ONE __BYTE EQU BYTE PTR TWO _BYTE

In this example, the PTR operator has created a new memory-address operand
having the same segment and offset components as TWO__BYTE but having
type component of BYTE. We can name the second byte of TWO_BYTE either
as

OTHER_BYTE EQU BYTE PTR (TWO __BYTE+1)

or more simply as

OTHER_BYTE EQU ONE_BYTE+1

The PTR operator can also be used to create words and double words as
illustrated below:

MANY BYTES DB 100 DUP (7) .an array of 100 bytes
FIRST_WORD EQU WORD PTR MANY _BYTES
SECOND DOUBLE EQU DWORD PTR (MANY _BYTES + 4)

And, furthermore, the PTR operator can be used to create locations of instruc-
tions as tlustrated below:

INCHES: CMP SUM, 100 dype of INCHES s NEAR
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JMP INCHES dintrasegment jump
MILES EQU  FAR PTH INCHES type of MILES is FAR
JMP MILES intersegment jump

Motice that the above examples illusirate ways to build new memory-address
operands from old ones by (1) using the PTR operator as in BYTE PTR
TWO__BYTE, (2) using arithmetic operators as in ONE_BYTE + 1. and (3)
using a combination of PTR and arithmetic operators as in BYTE PTR
(TWO_BYTE + 1). Arithmetic operators are useful when we wish to change
the offset component but leave the type component unchanged. The PI'R operator
is useful when we wish to change the type component but leave the offset com-
ponent unchanged. Neither arithmetic operators nor PTR changes the segment
component. And the new memory-address operand, created by cither anthmetic
operators or PTR. will have a length component of 1 (providing it’s not an
instruction location ),

The synthetic operator THIS, like PTR, builds a memory-address operand
of a specified type without allocating any memory for it. The segment and offset
component of the new memory-address operand is the segment and offset of the
next memory location available for allocation. For example,

MY BYTE EQU THIS BYTE
MY WORD DW 2

e

would create MY __BYTE with type component of BYTE and with the same
segment and offset components as MY WORD. In this example, MY __BYTE
could have been built with the PTR operator instead as follows:

MY_BYTE EQU BYTE PTR MY __WORD

The THIS operator is very convenient for defining FAR instruction loca-
tions as in the following:

MILES EQU THIS FAR
CMP SUM.100
JMP MILES

Note that the use of the THIS operator in the above example made it un-
necesssary to have a NEAR instruction location with the same segment and offset
as MILES. If we were to use the PTR operator instead of the THIS operator, such
a NEAR instruction would have been necessary.
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Segmentation-Definition Statements The segmentation-definition
statements allow us to organize our program so that it uses the 8086 memory
segments. These directives are SEGMENT, ENDS, ASSUME, and ORG,

The SEGMENT and ENDS statements subdivide the assembly-language
source program into segments. Such segments correspond to the memory seg-
ments into which the resulting object code will eventually be loaded. The assem-
bler is concerned with program segmentation for the following reasons:

L. Intrasegment jump and call instructions contain only the offset ( 16 bits)
of the new location. Intersegment jump and call instructions must con-
tain the segment (another 16 bits) in addition to the offset.

2. Data-accessing instructions that use the current data segment and cur-
rent stack segment in the manner most optimal for the 8086 architecture
contain only the offset (16 bits) of the data location, Any other instruc-
tion that accesses a data location within one of the four currently-
addressable segments must contain a segment-overriding  prefix
lanother eight bits) in addition to the offset. (**Current " refers to when
the instruction is executed, not assembled.)

Therefore, in order to assemble the correct object code, the assembler must be
aware not only of the segment structure of the program but also of which seg-
ments will be addressable (pointed at by segment registers) when various instruc-
tions are executed, This information is supplied by the ASSUME directive.
The following example shows how the SEGMENT, ENDS, and ASSUME
directives can be used to define a code, data, extra, and stack segment:

MY _DATA SEGMENT

X bB T
Y OwW T
Z DD ?

MY _DATA ENDS

MY _EXTRA SEGMENT

ALPHA DB ?
BETA Ow 7
GAMMA DD ?

MY EXTRA ENDS

MY __STACK  SEGMENT

LW 100 DUP (7) this is the stack
TOP EQU THIS WORD
MY __STACK ENDS

MY __CODE SEGMENT
ASSUME  CS:MY__CODE,DX:MY_DATA
ASSUME ESIMY_ EXTRA,SSMY__STACK

START: MOV AX, MY _DATA anibializes DX
MOV D5 AX
MOV AX MY _EXTRA anitializes ES

MOV ES,AX
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MOV AX MY __STACK ‘nitializes S5
MOV S55.AX
MOV SP.OFFSET TOP initializes SP

MY CODE  ENDS

END START

Observe that the code at the head of the MY __CODE segment will, at the
time the program is executed, initialize the various segment registers to point to
the appropriate segments (and will initialize the stack pointer to point to the end
of the stack segment). The ASSUME statement makes the assembler aware of the
values that will be in segment registers at the time the code is executed.

To illustrate the purpose of the ASSUME statement, let’s consider code
(within SEGMENT MY_CODE) that moves the contents of byte X to byte
ALPHA. To do this, we need an instruction that moves the contents of X into a
register, say BX, and an instruction that moves the contents of the register into
ALPHA. How about:

MOV B, X from X to BX
MOV ALPHA BX from BX 1o ALPHA.

During the execution of such MOV instructions, the 8086 processor would
normally look in the DS register to find the starting address of the segment n
which the specified item (X or ALPHA) is located. This will work fine when
accessing X (the first instruction) because DS will indeed contain the starting
address of segment MY __DATA in which X is located. But this will not work
when accessing ALPHA (the second instruction) because the starting address of
segment MY _EXTRA in which ALPHA is located will not be contained in DS,
The ASSUME statement has made the assembler aware that the first instruction
will execute properly. The assembler is also aware (thanks to the ASSUME
statement) that the starting address of MY __EXTRA, although not in DS, will be
in one of the other segment registers—namely ES. The assembler, therefore,
generates a segment-overriding prefix for the second instruction so that it too will
execute properly.

It’s not always possible for us to know what will be in the segment registers
when a particular instruction will be executed. Consider the following example:

OLD_ DATA SEGMENT
OLD_BYTE DB 7
OLD_DATA ENDS

NEW _DATA SEGMENT
NEW_BYTE DB ?

NEW__DATA ENDS
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MORE__CODE SEGMENT
ASSUME CS:MORE__CODE

MOV AX.OLD__DATA ;put OLD__ DATA info
MOV DS5,AX o« LD and
MOV ES.AX PR =

ASSUME DS:0LD_ DATAES:OLD _DATA

CYCLE: INC OLD__BYTE swhat's in DS now?
MOV AX,NEW__DATA put NEW__DATA
MOV DS, AX . . into DS
JMP CYCLE

MORE __CODE ENDS

The first time the INC instruction is executed, DS will contain OLD__DATA and
the indicated assumption on D5 will be correct. But then DS will become
changed to NEW_DATA, and the same INC instruction will be executed a
second time. Therefore, it would be wrong for the assembler to make any
assumptions about the contents of DS when the INC instruction is executed; the
assembler must generate a segment-overnide prefix (specifying the extra seg-
ment) on the INC nstruction even though this prefix would be unnecessary on
the first execution of INC. In order to tell the assembler not to make any
assumptions about DS, we must place the following assumption just before the
INC instruction:

ASSUME DS:NOTHING
CYCLE: INC OLD BYTE

Prior to or at the very beginning of any segment containing code, we must
tell the assembler (via an ASSUME statement) what it should assume will be in
the C5 register when that segment of code is executed. It is beyond the scope of
this book to explain why ASM-86 requires this.

It is not absolutely essential to use an ASSUME statement to tell the
assembler what will be in DS, ES, and 5S. Instead, we could tell the assembler
which segment register should be used for the execution of each instruction, For
example, the move of X to ALPHA in the previous example could be written as:

MOV BX, DS:X
MOV ESALPHA.BX
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This says that DS should be used when X is accessed, and ES should be used
when ALPHA is accessed. Since the processor would normally use DS when
executing these instructions, the assembler produces a segment-overriding prefix
when generating object code for the second instruction but not for the first
instruction.

Now let’s look at one of the shortcomings of memory segments and see
how we can get around it. Memory segments always start on 16-byte boundaries
(remember that the last four bits of segment starting addresses are zero). A
segment can be up to 2'% bytes long. If a segment doesn’t use all of its aApproxi-
mately 65,000 bytes, some other segment can start just beyond the last byte used
by the first segment. But the second segment must also start on a l6-byte
boundary and, therefore, may not be able to start immediately after the last byte
used by the first segment. This means there could be up to 15 bytes wasted
between segments.

As an example, suppose the first segment starts at address 10000 (hexa-
decimal) and uses only 6D (hexadecimal) bytes. So the fast byte used 15 at address
1006C. The earliest the second segment could start would be at address 10070,
thereby wasting the bytes at 1006D, 1006E, and 1006F.

Now, instead of starting the second segment at the lowest 16-byte bound-
ary beyond the last byte used by the first segment, we could start the second
segment at the highest 16-byte boundary that does not cause any bytes to be
wasted. So, in the previous example, we could start the second segment at
address 10060, This will result in the last few bytes (13 to be exact) used by the
first segment to be also in the second segment. But the second segment would
then simply not use its first few bytes, and everybody would be happy. So, if the
second segment starts at 10060, the bytes in the second segment below offset
000D would simply not be used by the second segment. Therefore, no bytes are
wasted.

We usually don't care where in memory our segments are located, so we let
the translator make that choice for us, However, we might want to give the
translator some constraints such as *‘don’t overlap this segment with any other
segment,”’ “‘make sure the first byte used by this segment 1s at an even address
(s0 that word accesses can be done in a single memaory reference),’’ or ''start this
segment at the following address.”” We can write these constraints into the source
program as follows:

|. Don’t overlap. First usable byte in segment is on a 16-byte boundary
and has an offset of 0000,
MY __SEG SEGMENT ‘this is the normal case

MY _SEG ENDS
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2. Overlap if you must, but first usable byte must be on a word boundary,
MY _5SEG SEGMENT WORD word aligned
MY__SEG ENDS
3. Overlap if you must, and place first usable byte anywhere you like.
MY _SEG SEGMENT BYTE :byte aligned
MY_SEG  ENDS

4. Start segment at specified 16-byte boundary. First usable byte is al
specified offset

MY SEG SEGMENT AT 1A2BH address 1A2B0
ORG 0003H ‘address 1A2ZB3
MY SEG ENDS

The last example introduced another statement, namely ORG (for origin), It
specifies the next offset to be used in the segment.

Procedure-Definition Statements Procedures are sections of code that
are called mnto execution from various places in the program. Each time a proce-
dure 1s called upon, the instructions that make up the procedure are executed, and
then control 18 returned back to the place from which the procedure was ongi-
nally called.

The BOB6 instructions for calling to and returning from a procedure are
CALL and RET. You will recall that these instructions come in two flavors—
intrasegment and intersegment. The intersegment ones push (CALL) and pop
(RET) both the segment and the offset of the place to which the procedure should
return. The intrasegment ones push and pop only the offset.

Procedures that are called with intrasegment CALLs must return with
intrasegment RETurns. Such procedures are known as NEAR procedures, Simi-
larly, procedures that are called with intersegment CALLs must return with
intersegment RETums and are known as FAR procedures.

The procedure-definition statements, PROC and ENDP (end procedure),
delimit a procedure and indicate whether it i1s a NEAR or FAR procedure. This
helps the assembler in two ways:

. When assembling CALL instructions to that procedure, the assembler
will know which kind of CALL to assemble.
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2. When assembling RET instructions within that procedure, the assem
bler will know which kind of RET to assemble.

The following example illustrates this:

MY__CODE SEGMENT

UP_COUNT PROC NEAR
ADD CX.1
RET

UP__COUNT ENDP

START .
CALL UPCOUNT
CALL UPCOUNT
HLT

MY CODE ENDS
END START

Since UP__COUNT is declared to be a NEAR procedure, all CALLSs to it are
assembled as intrasegment CALLs, and all RETurns within it are assembled as
intrasegment refurns.

The above example points out some similarities between the RET instruc-
tions and the HLT instruction. There may be more than one RET in a procedure
just as there may be more than one HLT in a program, The last instruction in a
procedure (program) need not be a RET (HLT): but, if it is not, that instruction
should be a jump back to somewhere within the procedure (program). The END
(ENDP) tells the assembler where the procedure (program) ends but does not
cause the assembler to generate a RET (HLT) instruction.

Termination Statements With one exception, each terminating state-
ment is paired up with some beginning statement. For example, SEGMENT and
ENDS, PROC and ENDP. These terminating statements are described together
with their corresponding beginning statements.

The one exception is END, which flags the end of the source program. It
wells the assembler that there are no more instructions to assemble. The form of
the END statement is

END expression
where the expression must yield a memory-address value, That address is the

address of the first instruction to be executed when the program is executed.
The following example illustrates the use of the END statement:
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START

END START

Instruction Statements

The instruction statements, for the most part, correspond to the instructions
of the BOB6 processor. Each instruction statement causes the assembler to gener-
ate one BURG instruction. An 8UR6 instruction consists of an opeode field as well
as fields specifying the operand-addressing mode (mod field, r/m field, reg
field). 5o the instruction statements in ASM-B6 must contain an instruction
mnemonic as well as sufficient addressing information to permit the assembler to
generate the instruction.

Instruction Mnemonics Most of the instruction mnemonics are pre-
cisely those symbolic opcode names introduced in Chap. 3 for the 086 instrue-
tions, Some additional instruction mnemonics, NIL and NOP, were added o
make the assembly language more versatile.

The instruction mnemonic NOP (no-operation) causes the assembler to
generate the I-byte instruction that exchanges the contents of the AX register
with the contents of the AX register (hexadecimal opeode 90), Not only doesn't
this instruction do anything, it doesn’t waste any time not doing it since it doesn 't
make any memory accesses. Although it seems strange to waste precious mem-
ory locations on instructions that do nothing, sometimes there are good reasons
for wanting to do this. The NOPs might serve as placeholders for instructions that
will be filled in later, possibly when the program is executing (a popular trick in
earlier years). They might also be used to slow down a portion of the program
where precise timing relationships are important.

NIL 1s the only instruction mnemonic that does not cause the assembler to
generate any instructions. In contrast to NOP, which causes the assembler to
generate an instruction that does nothing when executed, NIL doesn 't even cause
an instruction to be generated. The NIL instruction statement serves as a conve-
nient placeholder for labels in the assembly-language program. This is illustrated
by the following instruction statements:

CYCLE: NIL
INC AX

Although this is equivalent to
CYCLE: INC AX

the NIL makes it much easier to insert instructions ahead of the INC instruction
in the source program if the need arises later.
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Instruction Prefixes The 8086 instruction set permits instructions to
start off with one or more prefix bytes. There are three possible prefixes—
segment-override, repeat, and lock.

ASM-B6 permits the following prefixes to be included along with the
instruction mMnemonic:

LOCK

HEP (repeal

REPE (repeat while equal)
HEPNE (repeat while not equal)
REPZ (repeat while zero)
REPNZ (repeat while non-zero)

An example of an instruction statement using a prefix is given:
CYCLE: LOCK DEC COUMT

The segment-overriding prefix is generated automatically by the assembler
whenever the assembler realizes that a memory access requires such a prefix. The
assembler makes this decision in two steps. First, it selects a segmenl register
that will make the instruction execute properly. The assembler selects the seg-
ment register based on the information it received from previous ASSUME
statements. However, we could force the assembler to select a particular segment
register by including that register in the instruction as in:

MOV BX,ES:SUM
Second, the assembler determines, from its knowledge of the 8086 processor, if a

segment-overriding prefix is necessary to force the execution of the instruction (o
use the selected segment register,

Operand-Addressing Modes The 8086 processor provides various
operand-addressing modes. ASM-86 must therefore provide a means of express-
ing each such mode when writing instruction statements. These will be illustrated
by examples:

1. Immediate:
MOV AX,15 15 is an immediate operand

2. Register:

MOV AX 15 AX is a register operand
3. Direct:
SLIM DB T

Fu'iD‘u" SUM 15 -SUM is a direct memory operand
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4. Indirect through base register:

MOV AX.[BX]
MOV AX.[BP]

5. Indirect through index register:

MOV AX.[S]
MOV AX,[D]

6. Indirect through base register plus index register:

MOV AX,[BX] [SI]
MOV AX,[BX] [DI]
MOV AX,[BP] [SI]
MOV AX,[BP] [DI]

7. Indirect through base or index register plus offset:

MANY _BYTES DB 100 DUP (7)
MOV AX,MANY _BYTES[BX]
MOV AX,MANY _BYTES[BP]
MOV AX,MANY _BYTES[SI]
MOV AX.MANY _BYTES[DI]

R. Indirect through base register plus index register plus offset:

MANY BYTES DH 100 DUP (7}
MOV AX.MANY _BYTES[BX][SI]
MOV AX MANY _BYTES|BX](DI]
MOV AX MANY _BYTES[BP][SI]
MOV AX.MANY _BYTES[BP](DI]

You will recall that the assembler uses its knowledge about a memaory
location s type when generating instructions that reference that memory location.
For example, the assembler would generate a byle-increment when encountering
the following:

SUM DB ? stype 1s BYTE

INC SUM ; a byte increment

However, with indirect operand-addressing modes, it is not always possible for
the assembler to know the type of the memory location, as illustrated by
MOV AL.[BX]

Even though the assembler does not know the type of the source operand in the
above instruction, it does know that the type of the destination operand, AL, is
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BYTE. So the assembler assumes that [BX] is also of type BYTE and generates a
byte-move instruction. But now consider the statement:

ING (BX]

There is no second operand here to help the assembler determine the type of
[BX]. So the assembler cannot decide whether to generate a byte-increment
instruction or a word-increment instruction. The above statement must therefore
be written as either

INC BYTE PTR [BX] a byte-increment
ar
INC WORD PTR |BX] 2 word-increment

s0 that the assembler can determine the type.

String Instructions  The assembler can usually determine the type of an
pperand (and hence know what kind of code 1o generate for accessing that
operand) from its declaration. However, we have just seen that when using an
indirect-addressing mode we might have to supply the assembler with additional
information so it can determine the type.

String instructions are another example of when such additional informa-
tion is necessary, Consider the string instruction MOVS, This instruction moves
the contents of the memory address whose offset is in S into the memory address
whose offset is in DI. We should not need to specify any operands since the
instruction has no choice as to which items to move and where. However, the
instruction could move either a byte or a word; the assembler must know which is
being moved so it can generate the correct instruction. For this reason, the
ASM-86 statement for the MOVS instruction must specify the items that have
been moved into SI and DL

For example, consider the following:

ALPHA DB 7

BETA DB ?
MOV S1.OFFSET ALPHA
MOV DI, OFFSET BETA
MOVS BETA ALPHA

The presence of BETA and ALPHA on the MOVS statement informs the assem-
bler to generate a MOVS instruction that moves bytes (because the TYPE com-
ponents of both BETA and ALPHA are BYTE). Furthermore, from the 5kEG
components of BETA and ALPHA, the assembler is able to determine if the
operands of the MOVS instruction are in accessible segments. The OFFSET
components of ALPHA and BETA are ignored.
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Like MOVS, the other four string primitives contain operands; MOVS and
CMPS have two operands while SCAS, LODS, and STOS have one. For exam-

ple:

CMPS BETA ALPHA
SCAS ALPHA

LODS ALPHA
aTOS BETA

XLAT also requires an operand—namely the item that was moved into BX
to serve as the translation table. The SEG component of this operand enables the
assembler to determine if the translation table is in a currently accessible seg-
ment; the OFFSET component is ignored. An example of an XLAT statement 15
as follows:

MOV BX,OFFSET TABLE
XLAT TABLE
Examples

The tollowing examples illustrate some of the details of ASM-86:

. Translate the values from input port 1 into a Gray code and send the
result to output port 1.

MY_DATA  SEGMENT
GRAY (B2} 18H,34H,05H,06H,09H,0AH,0CH, 1 1H,12H,14H
MY_DATA ENDS

MY__CODE SEGMENT
ASSUME CS:MY__CODE, DS:MY__DATA

GO: MOV AX MY __DATA establish data segment
MO DS, AX
MOV BX,OFFSET GRAY translation table into BX
CYCLE: IN AL, read in next value
XLAT GRAY translate it
ouT 1,AL output it
JMP CYCLE .and repeat
MY _CODE ENDS
END GO

2. Add two unpacked BCD (ASCII) strings together.

MY __DATA SEGMENT

STRING__1 DB gh L gt LR walue 1s 2571
STRING_2 DB 3'.'8'. "1 ¢ wvalue is 4183
MY__DATA ENDS

MY _CODE SEGMENT
ASSUME CS5:MY_CODE, DS:MY_DATA, ES:MY_DATA

GO: MOW AX,MY_DATA ;establish data segment
MO D5,AX
MOV ES AX LODS,5TOS use ES
CLC :no carry initially
CLD forward strings
MOV SIL,OFFSET STRING. 1 -establish string pointers

MOV DI,OFFSET STRING 2
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CYCLE: LODS STRING__1 ;zet STRING__ 1 element
ADC AL,[D1) ;add STRING__2 element
AAA correct for ASCII
STOS STRING__2 :result into STRING 2
JCXZ CYCLE repeat for entire string
HLT

MY__CODE ENDS
END GO

3. Decimal multiplication algorithm of Fig. 3.32

MY __DATA
A
8
G
MY _DATA

MY __CODE

GO:

CYCLE:

MY__CODE

SEGMENT
DB

(B

DB

ENDS

SEGMENT
ASSUME
MOV
MOV
MOV
CLD
MOV
MOV
MOV
AND
MOV
LODS
AND
MUL
AAM
ADD
ANA
STOS
MOV
JOXZ
HLT
ENDS
END

13IFI?FIF51I14I‘IQT
I.EI
LENGTH (A) DUP (?)

CS:MY_CODE,DS:MY_DATA, ESIMY_DATA

AXMY_DATA .establish data segment
DS AX
ES.AX LODS STOS use ES
Jforward strings
SI,OFFSET A -establish pointers
DI.OFFSET C
CX,LENGTH A .establish count
B,0FH :clear upper half of b
BYTE PTR [SI],0 clear ¢[1]
A -eet ali)
AL,OFH -clear its high-order bits
AL.B :multiply by b
wcorrect for ASCHI
AL [D1] add ¢fi]
sadjust for ASCII
C -store in cfi]
|DI],AH cand gfi+1]
CYCLE repeat for entire string
GO

4. Move 50 bytes between two overlapping strings.

MY __DATA
STRING

STRING _1
STRING 2
MY __DATA

MY __CODE

STRING_SIZE

GO

SEGMENT
DB

EQU

EQU
ENDS

SEGMENT
ASSUME

EQU
MOV
MOV
MOV
MOV

1000 DUP (?)
STRING 7
STRING + 25

CS:MY_CODE, DS:MY_DATA, ES:MY_DATA
50 snumber of bytes to move

AX MY _DATA .establish data segment
DS, AX
ES.AX MOVS uses ES

CX,STRING _SIZE
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MOV
MOV
CLD
CMP
JLT
STD
ADD
ADD
DK REPEAT MOVS
HLT
MY __CODE ENDS
END

In Conclusion

The BO8E/80B8 Primer

SI,0FFSET STRING 1
DI, OFFSET STRING 2

S1.01
Ok

SI,STRING__SIZE-1

DI,STRING _SIZE-1
STRING__2,5TRING 1

GO

source sinng

-destination string

;assume a forward move
if source string comes first

-...we need backwards move
get 51 and DI 1o
....end of stnngs
move the stnng

This chapter was not meant to be a compendium of all the features and
rules of ASM-86 (the Intel MC5-86 Assembly Language Reference Manual does
that very well). Instead, it attempted to present most of the features of the
language in a form that was easy to digest and to convey enough information o
enable you to write meaningful programs. What was not covered were many of
the more advanced features, so that attention could be focused on the underlying

concepts of the language.



7

8086
High-Level-Language
Programming (PL/M)

Who Needs High-Level Languages?

Writing programs for the 8086 can be done in a laborious way by figunng
out the binary encodings for each instruction, in an endurable way by thinking
about the instructions conceptually and using an assembler to generate the bi-
nary, or in an effortless way by thinking about the problem we want to solve and
using a compiler to transform our high level solution into instructions and even-
tually into binary. This is not to imply that there aren’t assembly-language
programmers who don 't enjoy what they 're doing; certainly there must be a lot of
pleasure in reducing a 1025-byte program to fit into 1024 bytes. Such pro-
grammers are in big demand when programs don’t fit into the amount of memory
that's been allocated for them. But there are often times when writing and
debugging large programs as quickly as possible is more important than doing it
in as few bytes as possible. It's at those times that high-level languages and
compilers prove indispensable.

Other adjectives often used by the advocates of high-level language pro-
grams are the following:

1. High reliability—good chance the program will do what's expected of
it

Ease of maintainability—future changes can be made with little diffi-
culty.

3. Self-documenting—easy 1o read and understand.

r-J

To illustrate these points, let’s write a program that finds the smallest
number divisible by three that is greater than 100. The answer, of course, 1s 102,
but let’s see how the 8086 can be used to figure it out,

One way to solve the problem would be to start with zero and keep adding
three until the result exceeds 100, More specifically, start with a byte X being
zero and, while X is less than or equal to 100, add three to X.

171
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A high-level programming language would let you write down the program
directly from the verbal description of the solution, In the programming language
called PL/M-B6, this would look like:

DECLARE X BYTE;

X =0

DO WHILE X < = 100;
X = X+3;

END:;

Motice that the above program could be written without giving any thought to the
instruction set of the 8086, The program would be fed into a compiler, which
generates the BURG instructions for us.

MNow let's try to write an assembly-language program to find the result. We
need to convert the description of the solution into a sequence of steps corre-
sponding o 8OO instructions.

Reserve a byte in memory for X.

Move a zero into that byte.

Compare the value in X to 100,

If the comparison indicates X exceeds 100, jump to the end of the
program.

5. Add three to X.

6. Jump back to step 3.

7. This is the end of the program, so halt.

fa Lad P e

From these steps, we can write the program in ASM-86, an assembly language

for the BOB6.

1. A De !

2. MOV X0

3. CYCLE: CMP X.,100
4. J.. DONE
5. ADD X3

6. JMP CYCLE
i DONE HLT

The fourth step was left incomplete because we re not too sure what it should be,
We want to jump if X exceeds 100, and we just compared X to 100. Since
comparing means subtracting 100 from X, that means that if X exceeds 1N we
get a4 number greater than zero after doing the subtraction. It looks hike we wanl
to do a JG (jump on greater) instruction. Or, on the other hand, is X subtracted
from 100 so we get a number less than zero if X exceeds 1007 Maybe we want a
JL (jump on less) instruction? Well, at least there’s a 50-50 chance of getting
right. Notice that we didn’t have to worry about doing it wrong in the high-level
language program. (Actually, the best instruction for step 4 is JA )

In all fairness to assembly-language programming, let’s see what can be
done to shorten our program. For one thing, the first time step 4 is executed, the
jump will not be taken. So let’s move steps 3 and 4 to the end of the loop and
remove step 6, thereby saving one instruction.
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7 X DB ?

2. MOV X0

3. CYCLE ADD X3

4 CMP X, 100
5. JNA CYCLE
B

o HLT

Another thing we could do is use the AL register instead of the memory byte X.
This would shorten the instructions in steps 2, 3, and 4 by one byte each and also
free up the byte dedicated to X.

1.

2. MOV ALC

3. CYCLE: ADD AL3

4. CMP AL, 100
5. JNA CYCLE
6.

T, HLT

Now suppose we don’t own either a compiler or an assembler. Then we
must write all the instructions in binary. As an example, let’s consider the
instruction in step 5. The JNA CYCLE instruction 15 a 2-byte instruction with the
first byte containing 0111 0110. The second byte has to tell the number of bytes
to jump over to get to CYCLE. This means we must know how long each
instruction is and then count the number of bytes between the instruction in step 3
and the instruction in step 6. This is left as an exercise for those readers who
enjoy binary programming.

Mow that you 've read the three approaches to programming the BUBG, it's
up to you to make a choice. If you still believe in binary or assembly-language
programming exclusively, the remainder of this chapter would be of little interest
to you, However, if you believe you may have some use for high-level lan-
guages, read on

Probably the most popular high-level languages are COBOL, BASIC, and
FORTRAN. COBOL is a popular language in commercial data-processing appli-
cations. FORTRAN is used frequently in applications involving numerical com-
putations, BASIC is a favorite language among microcomputer hobbyists be-
cause of its simplicity and its interactive nature; BASIC programs are often
executed directly without first being compiled into machine-language instruc-
tions. PASCAL, a language designed to be used for teaching purposes, has been
gaining in popularity recently as a high-level language.

Intel's proprietary language PL/M was the first high-level language n-
tended primarily for microprocessor applications and was the first programming
language available for the BO86 (even before 8086 assembly language). PL/M-
86, the BOB6 dialect of PL/M, is discussed in detail in this chapter,

Structure of PLUM-86 Programs

Let’s not waste ime introducing our first PL/M-86 program.
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1 PROG:

2 DO; /* add inputs divided by 2 until total exceeds 100 */
3 DECLARE SUM BYTE;

4, SUM = 0,

3 DO WHILE SUM < = 100;

6. SUM = SUM+INPUT(3)/2;

Fé END;

B. OUTPUT(3) = SUM;

9. END PROG;

Without knowing a thing ahout PL/M-86, you can read and almost understand
the program above. Line | seems to be telling us that the name of the program is
PROG, and line 9 seems to confirm this, Line 2 seems to be saying that we're
about to DO something, and line 9 must be saying that we ve just ENDed doing
it. Furthermore, line 2 contains some English, which is telling us what we're
about to do. Line 3 must be reserving a byte in memory, probably in a data
segment, and naming it SUM. So far no instructions have been generated. Line 4
tooks like the first instruction—moving zero into SUM. Lines 5 through 7 seem
to be related; they are grouped together and start off with DO and finish with
END. They seem to be repeatedly reading in values from input port 3, dividing
them by 2, and adding the result to SUM until SUM exceeds 100. This is just
what the comment in line 2 promised we would do. Finally, line 8 looks like it's
writing out the SUM 1o output port 3.

From this example, let’s try to generalize about the structure of a PL/M-86
program. It starts off with a name and ends with the same name. The program
iself 1s bounded by the words DO and END (although more DO - END pairs may
appear within the program). The program consists of a sequence of statements,
some ot which are declarative statements (DECLARE SUM BYTE) and the
others are executable statements (SUM = SUM +INPUT(3)/2). Semicolons are
used profusely: they indicate the end of each statement. The structure of a
PL/M-86 program is shown below:

name:
0,
statement;
statement;
declarative statemenls
staterment;
statement;
executable statements
slatement;
END name;

T'he programs presented here all display a consistent indentation pattern.
Such indentation is not part of the program structure. It is purely optional as far
as the PL/M-86 compiler is concerned but is highly recommended to make the
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programs easier for us (o read and understand. As an extreme example of this
point, consider the following unindented version o the preceding program. It
would present no additional difficulty to the PL/M-86 compiler {in fact, it would
compile faster) but would be much less comprehensible to us.

PROG: DO:/* add inputs until total exceeds 100 *

DECLARE SUM BYTE:SUM=0;D0 WHILE SUM<= =100,
SUM=SUM + INPUT{3)/2:END;:OUTPUT(3) - SUM:END PROG;

Tokens

Before examining the kinds of statements from which PL/M-86 programs
are built, we must become familiar with the building blocks of statements.
Statements are composed of such things as identifiers, reserved words, delim-
iters, constants, and comments. These building blocks are sometimes called
fOReRS .

Identifiers Identifiers are names that you, the programmer, are free o
make up. An example of an identifier in the sample program already discussed 15
SUM. An identifier is a sequence of letters and numbers starting with a letter. An
identifier can be up to 31 characters long which means that, for all practical
purposes, the length is unlimited. In order to improve readability, you can embed
dollar signs (S) arbitrarily in an identifier. For instance, the identifier NEWS-
TEAM could be written as either NEWSSTEAM or NEWSSTEAM depending
on which meaning was intended. Examples of identifiers are the following:

X

GAMMA

JACKS
FTHISSNODE

Reserved Words Reserved words look like dentifiers, but they have
special meaning in the language, and you may not use them as wentifier names.,
In our sample program, we saw such reserved words as DO, END, DECLARE,
BYTE, and WHILE. Thus it would be perfectly acceptable for us to make up a
name hke ENDING as in
DECLARE ENDING BYTE;

but it would be improper for us (o write
DECLARE END BYTE:

A complete list of PL/M-86 reserved words is given in Table 7.1.

Delimiters  Delimiters are the non-alphanumeric character sequences ap-
pearing in PL/M-86 programs. In our sample program we saw such delimiters as
< = and . Each delimiter has a special meaning in the language. and we will
become exposed to most of them in this chapter. A complete list of dehmiters
in PL/M-86 is given in Table 7.2.
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Table 7.1 Reserved Words in PL M-86

ADDRESS CASE END INITIAL NOT REENTHANT

AND DATA EOF INTEGER QR RETURMN
AT DECLARE EXTEHRNAL INTERRUPT PLUS STRUCTURE
BASED DISABLE GO LABEL POINTER THEN
BY DO GOTO LITERALLY PROCEDURE TO
BYTE ELSE HALT MINUS PUBLIC WHILE
CALL EMABLE IF MOD REAL WE{:?FID

XUR

Table 7.2 Delimiters in PL'M-86
'$ ' ¥ £ T | 'I*

. - | i e '
@ ) : -

Constants Constants are the fixed values appearing in PL/M-86 pro-
grams. In our sample program, we saw such constants as 0, 3, and 100, These
are whole-number constants; PLIM-86 also allows for floating-point constants
and string constants.

A whole-number constant can be any non-fractional value between 0 and
65535 (that 1s 2'* — 1). It is normally written as a decimal number but can also be
written in binary (ending with a B), octal {ending with a Q), or hexadecimal
(ending with an H). To avoid confusion with identifiers, a hexadecimal constant
must start with a numeric digit; a leading zero would suffice. Examples of
whole-number constants are 15, 10108, 270Q, 3A0H, and DBFA3H.

A floating-peint constant is a non-negative number with a decimal point. It
may also end with an E followed by a number to indicate multiplication by 4
power of 10. Examples of floating-point constants are 15.6, 138., 7.0E3, und
b 32—

A string constant is a sequence of one or two characters enclosed within
apostrophes. (Strings of more than two characters are permitted in very restricted
cases and will not be discussed in this text.) An apostrophe itself may be included
in @ string constant by writing it as two consecutive apostrophes. Examples of
string constants are 'A' 'AB' and "' The last example is the string consisting
of the apostrophe character. The value of a string constant is the ASCII code of
the character(s) in the string (see Appendix C for the ASCII codes). For example,
the value of 'A' is the same as 41H (both have the value 65), and the value of
'AB' is the same as 4142H. Thus string constants and whole-number constants
can be used interchangeably.

Note that a constant is never negative. More will be said about this later.

Comments Comments are sequences of characters enclosed within the
delimiters /* and */. They have no meaning to the compiler but should be used



BOBE High-Level-Language Programming (PLIM) 177

generously in your program to keep reminding you of what you are doing.
Although comments like

=10 i* | equals zero */

would be absurd, comments like

= /* initialize array index prior to first iteration */

20 a long way to making a program more readable.

Expressions

One more building block, namely expressions, must be introduced before
we can build statements. The expression itself is built up from some of the tokens
just descnbed.

Loosely speaking, an expression is a sequence of operands and operators
that can be combined to produce a value. So now we must introduce both
operands and operators and indicate how they are combined to produce the value
of an expression.

If you have read and understood the section in Chap. 5 on expressions in
assembly-language programming, you might find the following analogy interest-
ing. In assembly-language programming, the instruction mnemonics (not the
expressions) correspond Lo the items that get executed (instructions) when the
program is run. In high-level languages, there are no instruction mnemonics; the
expressions represent sequences of instructions that get executed when the pro-
gram is run. Assembly-language expressions are evaluated at the time the pro-
gram is being assembled; high-level language expressions are evaluated when the
program 1s run.

Operands An operand is something that has a value, The simplest kind
of operand is a constant. Thus 15, 2.7E5, and 'WG! are all operands. Another
kind of operand is a variable representing a single numeric value. Freguently,
this 1s simply an identifier, such as SUM in the sample program. Unlike a
constant, the value represented by a variable is not known until you execute the
program and will usually take on different values at different times dunng the
execution. Another operand is an expression itself, perhaps enclosed in paren-
theses. and used in some bigger expression such as in 3*(SUM + 2).

Note that the value of an operand may be negative, but a constant 15 never
negative. A minus sign can be written in front of a constant but is never consid-
ered as part of the constant; it is an arithmetic operator.

Operators  An operator takes the values of one or more operands and
produces a new value. There are three kinds of operators in PL/M-86—
arithmetic operators, relational operators, and logical operators.

Arithmetic operators are nothing more than the familiar addition operator
(+), subtraction operator( — ), multiplication operator (*), and division operator
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Table 7.3 The ‘type' of a Constant

Coristant Tvpe
0 <=WHOLE-NUMBER < =255 BYTE OR INTEGER
255 < WHOLE-NUMBER = =32767 WORD OR INTEGER
32767 < WHOLE-NUMBER < =65535 WORD
ONE-CHARACTER STRING BYTE
TWO-CHARACTER STRING WORD

FLOATING-POINT REAL

(/). Another arithmetic operator, MOD, produces the remainder that results after
doing a division. Thus 19/7 is 2, whereas 19 MOD 7 is 5.

Now for some restrictions on arithmetic operators. PL/M-86 permits only
certain operand combinations and not others. For example, PL/M-86 lets you
write 15 + 2 as well as 15.3E7 + 2.1E3. But it prohibits hybrids like 15 +
2. 1E3. In order to understand which combinations are permitted, we need o
classify the operands into various rypes. Variables can be classified as BYTE,
WORD, INTEGER, or REAL. (A vanable’s type is specified when the variable
1s declared.) A variable of type BYTE can take on any non-fractional value from
0 to 255, type WORD from 0 to 65535, and type INTEGER from —32768 to
+32767. In other words, a BYTE is an unsigned 8-bit binary number; a WORD
15 an unsigned 16-bit binary number; and an INTEGER 1s a signed 16-bit binary
number. A variable of type REAL can take on the value of any real (fractional or
non-fractional) number within certain limits.

We can extend this notion of types to include constants as well as variables.
We have already seen that a constant can be a one- or two-character string
constant, a floating-point constant, or a whole-number constant. A one-character
string constant is of type BYTE, two-character string constant of type WORD,
and a floating-point constant of type REAL. A whole-number constant can be of
type BYTE, WORD, or INTEGER depending on the value of the constant. This
is summarized in Table 6.3. Note that this table shows the range for integers as
being between O and 32767; this 1s the range of constants that can be treated as
integers, not the range of integer values (—32768 1o 32767).

Now that we have classified the operands (constants and variables) into
types, we can state the rule for valid operand combinations for arithmetic
operators. The rule 1s simple. It states that both operands must be of the same
type. In most cases, the result will also be of that type. For example, you may not
add an INTEGER operand (vaniable or constant) to a REAL operand (variable or
constant); nor may you add apples to oranges. One exception 1s permitted: ong
operand may be of type BYTE and the other type WORD; the result will be of
type WORD (OK, you can add nickels and dimes).

Such restrictions might appear to make the language harder to learn by
giving us more rules to memorize. On the contrary, they make the language
easier because we only have to remember one general rule—"‘you can’t mix
types ' '—rather than having to memorize a bunch of rules like ““if you mix this
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type with that type you get some other type.” And besides, you probably didn 't
mean to mix types anyhow, so the compiler can help prevent you from making
gertain kinds of errors. But, if you 're persistent and really want to mix types, the
language provides routines (not descnibed here) that let you change types.

The relational operators are equal (=), not-equal (< =), less-than (<),
greater-than ( = ), less-than-or-equal ( < =), and greater-than-or-equal { = =). In
gase you re puzzled how we get not-equal from < = , consider not-equal as the
gombination of less-than-or-greater-than, Now = > makes sense (of course #
would have made more sense, but it doesn’t exist on standard keyboards).

The valid operand combinations for relational operators are the same as for
arithmetic operators. Thus we can compare two BYTEs, two WORDs, two
INTEGERs, or a BYTE and a WORD. The result of the comparison 1s always a
BYTE, and the value of that BYTE is OFFH if the comparison is true and (0H 1t
the comparison is false. For example, 6 =5 yields OFFH; 1.5=2.1 yields O0OH;
and 7 =2.3 is an invalid comparison.

The result of a relational operator (true or false) is useful for making tests,
such as in an IF statement. An example of such a test is given:

IFX<10 THEN X = X+1,;

The result of X = 10 would be either OFFH (if true) or O0H (if false), and it 1s this
result that determines whether or not X = X+ 1 gets executed.

The logical operators are the usual bit-by-bit AND, OR, XOR (exclusive-
or), and NOT. The operands of logical operators must be either of type BYTE
{result will be of type BYTE), of type WORD (result will be of type WORD), or
one of each (result will be of type WORD). For example,

101010108 AND 110011008 is 100010008,

1100110011001100B OR 11110000111100008 is 11000000110000008;

NOT 111111118B is 00000000B;

ang
111100008 XOR 1.7 is invalid.

An interesting thing happens when the operands of a logical operator are
the true or false results of relational operators: the result of the bit-by-bit logical
operation is a BYTE with a meaningful true (OFFH) or false (OOH) value. For

example:

(1< 2) AND (4 =3) yields OFFH AND OFFH yields OFFH (true)
{6=5) OR (1< =0) yields 00H OR OFFH yields OFFH (true)
NOT (1=1) yields NOT OFFH yields DOH (taise)

This permits us to construct useful combinations of relations as in:

DO WHILE (A =3) AND (A =10},

Statements

There are two kinds of statements in PL/M-86—declarative statements and
executable statements. Declarative statements are typically associated with data,
while executable statements are associated with code.
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A declarative statement introduces an object, associates a name with that
object, and allocates memory for it if necessary. For example:
DECLARE COST BYTE,;

This declaration introduces a variable, gives it the name COST, and allocates a
byte of memory for it.

Declarative statements generate no code. Rather, they tell the compiler
what kind of code to generate for succeeding executable statements.

An executable statement describes code to be generated. For example:

PRICE = COST +3;

The code the compiler will generate will probably contain an instruction that
moves the contents of COST into a register. The previous declarative statement
has told the compiler that such a move instruction is to be a byte-move instruction
and not a word-move instruction.

Executable Statements
The various executable statements in PL/M-86 are assienment statementis,
selective statements, repetitive statements, and some additional miscellaneous
statements. Each of these statements will be descnibed in this section.
Assignment Statements The simplest kind of executable statement is

the assignment statement. It causes the value of an expression 1o be assigned 1o a
variable. The format of an assignment statement is as follows:

VARIABLE = EXPRESSION;

Some examples of assignment statements are below:

LENGTH = 5;
WIDTH = 2*LENGTH,;

Just as PL/M-86 keeps us from adding apples to oranges, it also prohibits
us from assigning apples to oranges. In other words, both the expression being

assigned and the variable it is assigned to must be of the same type. Thus we can
write

DECLARE COUNT BYTE;

COUNT = 117;

but we cannot write

DECLARE COUNT BYTE;

COUNT = 6.5;

One exception: we can assign byte expressions to word vanables, So we can
write:

DECLARE COUNT WORD,
COUNT = 117,
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To simplify assigning the same value to several variables, an assignment
statement can be written as:

VARIABLE, VARIABLE, ..., VARIABLE = EXPRESSION;

This is illustrated by:
LEFT, RIGHT = INIT—1;

And assignments can be embedded inside an assignment statement (using a
special assignment operator :=) as in:
VOLUME = HEIGHT *(AREA:=LENGTH*WIDTH);

The following program is an example that uses assignment statements:

FACTORIAL.

DO: and for!* compute 1!, 2!, 3!, and 4! %
DEGLARE FACT1 BYTE;
DECLARE FACT2 BYTE:
DECLARE FACT3 BYTE;
DECLARE FACT4 BYTE;
FACT1 = 1;

FACT2 = 2*FACT1;

FACT3 = 3*FACTZ;

FACT4 = 4*FACT3;
END FACTORIAL;

The following program is identical to the previous one, except it uses embedded
assignments. It also declares all four bytes with one declaration.
FACTORIAL
DO; /* compute 1), 2!, 3], and 4! */
DECLARE (FACT1,FACT2 FACT3 FACT4) BYTE,

FACT4 = 4%(FACT3:=3%FACTZ:=2*(FACT1:=1) } )i
END FACTORIAL,

Selective Statements If assignment statements were the only execut-
able statements, programmers would get bored guickly. So, to make program-
ming more interesting, the selective statement was invented. There are two kinds
of selective statements—the [F starement and the CASE statement.

The IF statement has the form:

IF expression THEN statement.

&n example of an [F statement is given:
IF SPEED =55 THEN FINE = 25;

The IF statement tells what to do if the expression is true. A natural question 1o
ask is, “*If not, then what?'" The answer is nothing, unless we re told what ELSE
w do as in the following ELSE statement:

IF HEIGHT < & THEN CLEARANCE = 6-HEIGHT,
ELSE CLEARANCE = 0,
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The following program illustrates the use of the IF statement in computing
Income taxes:

TAX:

DO;
DECLARE (SALARY,TAX) INTEGER:
DECLARE (AGE, EXEMPTIONS) BYTE;
SALARY = ... /* insert salary here */
AGE = ...; i* insert age hera*/
EXEMPTIONS= 1;
IF AGE =865 THEN EXEMPTIONS = EXEMPTIONS =« 1:
SALARY = SALARY - 750"EXEMPTIONS:
IF SALARY < 1000 THEN TAX = 14*SALARY/100;
ELSE TAX = 140+20*(SALARY - 1000)/100;

END TAX:

The IF statement permits specifying only one statement after the THEN,
But any collection of statements starting with a DO statement and ending with an
END statement behaves like a single statement. Such a collection of statements is
called a simple-DO block.

Lo
statement,
statement;
staterment;
END;

Now a more complicated IF statement would look like this:

IF MINUTES = =60 THEN
DO;
HOURS = HOURS +1:
MINUTES = MINUTES—60:
END;

The IF statement has the ability to select one or the other of two statements
to be executed depending on the truth or falsity of an expression. The CASE
statement is a more general selective statement. The CASE statement selects one
out of a set of statements based on the value of an expression. It has the form:

DO CASE expression;

A block starting with a CASE statement and ending with a matching END is
called a DO-CASE block. For example:

DO CASE DAYSOFSCHRISTMAS:

GO TO ERROR; (* zeroeth day
PATRIDGESINSASPEARSTREE = PARTRIDGESINSASPEARSTREE ~1: /* first day ¥/

TURTLESDOVES = TURTLESDOVES + 2: * second gay
FRENCHSHENS = FRENCHSHENS + 3; /* third day ¥
CALLINGSBIRDS = CALLINGSBIRDS +4; /* tourth day "

GOLDENSRINGS = GOLDENSRINGS + 5; /= fitth day %
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GEESESASLAYING = GEESESASLAYING +6; /* sixth day =/

SWANSSASSWIMMING = SWANSSASSWIMMING - 7; /* seventh day */
MAIDSSASMILKING = MAIDSSASMILKING +8: {* eighth day */
ODRUMMERSSDRUMMING DHUMMEH‘?}EUHUMMING 9. /* ninth day *
PIPERSSPIPING = PIPERSSPIPING +1 * tnth day */
LADIESSDANCING LADIEESDANLING +11; /* eleventh day */
LORDSSASLEAPING = LORDSSASLEAPING -12; * twelfth day */

END;

If, in the above example, the value of DAYS$OFSCHRISTMAS s 7, the
only statement in the block that is executed 1s:
SWANSSASSWIMMING = SWANSSASSWIMMING + 7,

The entire DO-CASE block is equivalent to the following collection of IF
statements:

IF DAYSOFSCHRISTMAS =0 THEN
GO TO ERROR,;

ELSE IF DAYSOFSCHRISTMAS =1 THEN
PARTRIDGESINSASPEARSTREE = PARTRIDGESINSASPEARSTREE + 1,

ELSE IF DAYSOFSCHRISTMAS =2 THEN
TURTLESDOVES = TURTLESDOVES +2;

ELSE IF DAYSOFSCHRISTMAS =3 THEN
FRENCHSHENS = FRENCHSHENS + 3,

ELSE IF DAYSOFSCHRISTMAS =4 THEN
CALLINGSBIRDS = CALLINGSBIRDS + 4,

ELSE IF DAYSOFSCHRISTMAS =5 THEN
GOLDENSRINGS = GOLDENSRINGS +5;

ELSE IF DAYSOFSCHRISTMAS =6 THEN
GEESESASLAYING = GEESESASLAYING +6;

ELSE IF DAYSOFSCHRISTMAS =7 THEN
SWANSEASSWIMMING = SWANSSASSWIMMING - 7;

ELSE IF DAY$OFSCHRISTMAS =8 THEN
MAIDSSASMILKING = MAIDSSASMILKING - B;

ELSE IF DAY$SOFSCHRISTMAS =9 THEN
DRUMMERSSDRUMMING = DRUMMERSSDRUMMING + 8,

ELSE IF DAYSOFSCHRISTMAS =10 THEN
PIPERSHPIPING = PIPERSSPIPING +10;

ELSE IF DAYSOFSCHRISTMAS =11 THEN
LADIESSDANCING = LADIESSDANCING + 1

ELSE IF DAYSOFSCHRISTMAS =12 THEN
LORDSHASLEAPING = LORDSSASLEAPING +12,

The CASE statement was not really necessary; we can always use a bunch of IF
statements as just illustrated. However, when the CASE statement is appropriate,
it makes the program simpler,

Repetitive Statements So far, we have seen how to write a program
that executes statements in sequence, one after another. We also want the ability
o execute one or more statements repeatedly. PL/M-86 provides the ability to
repeat for a given number of times (irerative-DO statement) or for as long as a
given condition is satished (DO-WHILE statements). Repetitions can also be
accomplished using the more elementary GOTO siatement.

The GOTO statement has the form:

GO TO label;
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GOTO is a single reserved word that, for readability, may be written as the two

words GO TO. The following example illustrates the use of the GOTO statement:
JAIL:

GO TCEI JAIL: /* go directly -- do not pass go ¥/

The iterative-DO statement has the form:

DO vanable = expression TO expression BY expression;

A block starting with an iterative-DO statement and ending with a matching END
1s called an irerative-DO block. For example:

DO DAYS = 1 TO 365 BY 7;
WEEKS = WEEKS +1;
END;

The effect of the above example is to assign values of I, 8,15, . .. 30500
DAYS, and after each assignment execute the statement:

WEEKS = WEEKS+1;

This is equivalent to:

DAYS = 1;
CYCLE;
IF DAYS> =365 THEN
DO;
WEEKS = WEEKS+1;
DAYS = DAYS+T;
GO TO CYCLE;
END;

The following program illustrates how the iterative-DO statement is used 0
compute the number of leap years in the twenty-first century:

LEAPS:

DO;
DECLARE YEARS WORD:
DECLARE LEAPSYEARS BYTE;
LEAPSYEARS = (:
DO YEARS = 2000 to 2099 BY 4:

LEAP$YEARS = LEAPSYEARS+1;

EMND:

END LEAPS:

[terative-DO statements are frequently incremented by 1. In such cases, the
“BY 1" can be left off. The following program illustrates this point. The
program computes the sum of the first 10 integers:
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ADD10:
DO;
DECLARE | BYTE;
DECLARE SUM BYTE;
SUM = 0:
DO =1TO 10
SUM = SUM+ I,
END;
END ADD1O;

A DO-WHILE statement has the form:
DO WHILE expression;
A Block starting with a DO-WHILE statement and ending with a matching END
is called a DO-WHILE block. An example is the following:

DO WHILE DEMAND = SUPPLY;
PRICE = PRICE +1;
END;

The effect of the above example is to repeatedly execute the statement as long as

the value of DEMAND is greater than the value of SUPPLY. This is equivalent

to:

CYCLE:
IF DEMAND = SUPPLY THEN
DO;
PRICE = PRICE+1;
GO TO CYCLE;
END;

Miscellaneous Executable Statements Some final exectable
statements are shown:

HALT:
ENABLE:
DISABLE;

They generate the obvious 8086 instructions that (1) halt the processor, (2)
enable interrupts, and (3) disable interrupts.

Declarative Statements

Scalars The simplest kind of declarative statement 15 the scalar declara-
tion, Such a declaration defines a variable representing a single numeric value.
Examples of such declarations are below:

DECLARE LITTLESTHINGS BYTE; /* an B-bit unsigned value */
DECLARE BIGETHINGS WORD,; /* a 16-bit unsigned value */
DECLARE SIGNEDSTHINGS INTEGER; /* a signed value */
DECLARE FRACTIONALSTHINGS REAL: /* a real value */

In these examples LITTLESTHINGS may be assigned any whole number be-
tween O and 255, BIGSTHINGS any whole number between 0 and 63535,
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SIGNED$THINGS any whole number between —32768 and +32767, and
FRACTIONALSTHINGS any floating-point number within certain limits. Here
are some examples of using the variables just declared:

LITTLESTHINGS = 57,

BIGSTHINGS = 43185;

SIGNEDSTHINGS = —14218;
FRACTIONALSTHINGS = 27.148;

You know that you have to declare your variables, but how do you know
what to declare them to be? Should they be BYTEs, or WORDs, or INTEGERs,
or REALs? To answer that, you have to think about each variable and decide
what range of values will be assigned to it when the program runs. If the vanable
is something like NUMBERSOFSWIVES, or BALLSSCORE, or any other van-
able that will never be negative, or fractional, or exceed 255, you can declare it
to be a BYTE. If it can get bigger than 255 but not bigger than 65535—such as
PAGESSINSBOOK, NUMBERSOFSEMPLOYEES (in a medium-sized com-
pany}, or GRAINS$OFSSAND (in a small sandbox)—then declare it to be a
WORD. If it can be negative as well—such as CHECK$BOOKSBALANCE—
use INTEGER. REALSs can be used in two different situations. They are used for
things that get REALLY big, like WEALTH or DESCENDANTSSOFSADAM.
They are also used for things that occur in the REAL world and are therefore
“measured’’ instead of ‘‘counted,’’ such as MILESSPERSGALLON or
SPECIFICSGRAVITY ., Of course, REALs can be used for things that are both
big and measurable, such as SPACESMILES or SECONDS3SINCESCREA-
TION. If you're not sure what range of values your variable might take on when
the program runs, you should anticipate the worst and declare it to be REAL;
similarly, if your variable can take on positive whole number values that may
only occasionally get slightly bigger than 255, you must declare it to be &
WORD. By erring on the side of caution like this, your program will still be able
to execute properly; although your code size might be larger than necessary, and
your program might run slower than necessary. If you erred in the other direc-
tion, your program would either die completely or (worse yet) give incorrect
results.

Related Items So far we have seen only scalar declarations. They intro-
duce variables that can have only one value at a time, and they show no relation-
ships among any of the values in a program. But frequently values are related,
and programs can be simplified by grouping the related values together. For
example, consider a program that reads in the age (to the nearest year) of 10
people and then determines how many of them are over 40. The following is the
hard way to solve the problem:

DVEHMSSTHESHAHDEWA?:
DOy
DECLARE AGE$0 BYTE;
DECLARE AGE$1 BYTE;

DECLARE AGES$2 BYTE;
DECLARE AGE$3 BYTE;
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DECLARE AGES4 BYTE;
DECLARE AGE$5 BYTE;
DECLARE AGE$6 BYTE;
DECLARE AGES$7 BYTE;
DECLARE AGES8B BYTE;
DECLARE AGESS9 BYTE;
DECLARE OVER$40 BYTE;

/* read in the ages */

OVER$40 = 0; /* initialize the count */
IF AGE$0 > 40 THEN OVER$40 = OVER$40+1,
IF AGE$1 =40 THEN OVER$40 = OVER$40+1,
IF AGE$2 =40 THEN OVERS40 = OVERS40+1;
IF AGES3 =40 THEN OVERS$40 = OVERS40+1;
IF AGES4 ~40 THEN OVER$40 = OVER$40-+1;
IF AGESS5 =40 THEN OVER$40 = OVERS40+1;
IF AGE$6 =40 THEN OVER$40 = OVERS40+1;
IF AGES$7 =40 THEN OVER$40 = D‘I.I'EF:EHGH;
IF AGES$8 =40 THEN OVERS40 = OVERS40+1;
IF AGEES - 40 THEN OVERS40 = DvEHHﬂH-
/* do something with result */

END OVER$405THESHARDEWAY:

Obviously, the variables AGE$O, AGE$1, . . ., AGESY are related to each other
in the sense that all of them are ages. PL/M-86 allows such related variables to be
grouped together as one variable with 10 byte values. Such a variable, AGE,
would be declared by:

DECLARE AGE (10) BYTE;

Such a multivalued variable is called an array. The individual components
{called elements) in the array AGE can be referred 1o as AGE(U), AGE(1), . . .
AGE(9). Now the previous program can be rewritten as follows:
OVERS40$THESEASYSWAY:
DO,
DECLARE AGE (10) BYTE;

DECLARE OVERS40 BYTE;
DECLARE | BYTE

i* read in the ages */

DHEH$4[} = /* initialize the count */
DOI=0t09;

IF AGE(l) =40 THEN OVER$40 = OVERS40+1;

END;

/* do something with result =/
END OVERS408THESEASYSWAY;
Arrays may be of types other than BYTE as shown by the following
examples:

DECLARE LOTSSOFSLITTLESTHINGS (100) BYTE,
DECLARE LOTS$OFSBIGSTHINGS (25) WORD,
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DECLARE LOTSSOF$SIGNEDSTHINGS (50) INTEGER,
DECLARE LOTS3OFSFRACTIONALSTHINGS (10) REAL;

Another method of grouping related variables together 1s the structure, An
example of a structure is

DECLARE RELATEDSTHINGS STRUCTURE
(LITTLESTHING BYTE, BIGSTHING WORD),

and the individual components (called members) in the structure can be referred
to as RELATEDSTHINGS.LITTLESTHING and RELATEDSTHINGS.
BIGSTHING. There are several obvious differences between structures ang ar-
rays:
I. The components of an array are called elements; the components of a
structure are called members.
2. The elements of an array are all of the same type, while the members of
a structure may be of differing types.
3. An element in an array is referred to by its position in the array (which
may be the value of a vanable). A member in a structure is referred to
by its name (which is fixed in the program).

The members of a structure can be scalars or arrays. An example of a
structure member being an array is as follows:

DECLARE PERSON STRUCTURE (NAME (15) BYTE,
AGE BYTE, HEIGHT REAL, WEIGHT REAL);

The individual members in this structure can be referred to as PERSON NAME
(0), PERSON.NAME (1), . . .. PERSON.NAME (14), PERSON.AGE. PER-
SON_HEIGHT. and PERSON WEIGHT. Other examples of structure members
being arrays are shown:

DECLARE PAYCHECK STRUCTURE (NAME (15) BYTE, SALARY WORD);

DECLARE AUTOMOBILE STRUCTURE (CHASSISSNUMBER WORD,
CYLINDERS BYTE, TIRE$PRESSURE (4) REAL);

Now that we 've seen arrays inside of structures, let’s take a look at struc-
tures within arrays. For example:

DECLARE PLAYINGSCARD (52) STRUCTURE (SWIT BYTE, VALUE BYTE);

Some of the components in this array of structures are PLAYINGSCARD (7).
SUIT and PLAYINGS$CARD (25). VALUE. Let's go one step further and look at
arrays within structures within arrays such as:

DECLARE PAYCHECK (100) STRUCTURE (NAME (15) BYTE, SALARY WORD);

Some of the components here are PAYCHECK (38) NAME (7) and
PAYCHECK (70).SALARY. You may be wondering where this will all end.
Don't worry; it just did. PL/M-86 prohibits structures within structures, so an
array of structures containing arrays is the most complex thing we can declare.

It’s time for us to look at an example involving structures. Consider a
company that keeps all its payroll information in a computer file. Every payday
the company runs its payroll program, which reads this file and prints the
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paychecks, But now it's raise time, and the company wants 10 pive everybody a
S200 raise. So it executes the following program:

RAISES:
DO hECLARE PAYCHECK (100) STRUCTURE
(NAME (15) BYTE, SALARY WORD);
DECLARE | BYTE;
{* read in the payroll file =/
DO | = 0 to 99; /* increase everyane's salary */
PAYCHECK(I).SALARY = PAYCHECK(!). SALARY +200;
END;
{= write out the updated file */
END RAISES;

Memory Locations When we write a declaration such as,
DECLARE MYSSPECIALSBYTE BYTE;

in our program, we are telling the compiler to pick some unused byte In memory
and reserve it for MYSSPECIALSBYTE. Usually we don’t care where in mem-
ory that byte is located. But every so often we must assert ourselves so that we
can feel we are the masters over the machine. To cater to our needs, PL/M-86
allows us to specify the location explicitly as follows:

DECLARE MY$SSPECIALSBYTE BYTE AT (3000H),

Such explicit control is useful if certain locations have very specialized mean-
ings. For example, we may have wired up our processor so that location 3000H
does not refer to a memory location but refers to an input port instead. As we saw
in Chap. 4, this is called memory-mapped 1/0. In that case, it would be very
important that the variable MYSSPECIALSBYTE refer to location 000H and to
nowhere else.

Even when we don’t tell the compiler where to locate a vanable, there are
times when we need to know which location the compiler picked. That location is
a constant (it doesn 't ever change during the execution of our program), and we
might want to use that constant in our program. PL/M-86 lets us express that
constant without telling us what the constant is. This is done by writing
@MY$SPECIALSBYTE in the program whenever we want to refer to the loca-
tion of MY$SPECIALSBYTE. Such constants are called reference-location con-
stanis.

One thing we might want to do with a reference-location constant is specify
the location of one variable in terms of the location of some other variable, For
example:

DECLARE FLOOR (20) WORD;
DECLARE LOBBY AT WORD (i FLOOR(0)):
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Thus we can refer to the ground floor either by FLOOR(0) or by its nickname
LOBBY.

Another thing we might want to do with a reference-location constant is
assign it to some other variable. For example, we might want to write:

MY$SPECIALSLOCATION = @MY$SSPECIALSBYTE;

But before we write such an assignment, let’s make sure we're not assigning
apples to oranges. To determine this, we need to know the type of @MY $5PE-
CIALSBYTE. It can’t be of type BYTE, WORD, or INTEGER because there
can be more than one million values that @M YSSPECIALSBYTE could have.
And it would be strange for PL/M-86 to consider @MYS$SPECIALSBYTE as

being of type REAL since locations in memory are never fractional values, So

PL/M-86 has a special type called POINTER, which it uses to refer to locations
in memory. Reference-location constants are of type POINTER. Also, whole-
number constants can be of type POINTER instead of type BYTE, or WORD, or
INTEGER, depending on where they re used. The following are examples ol
valid PL/M-86 assignments involving pointers:

DECLARE OZ REAL;
DECLARE YELLOWSBRICKEROAD POINTER:
YELLOWSBRICKSROAD = @OZ;

DECLARE DATASPNTH POINTER:;
DATASPNTH = 3A07H,

Pointers are very restrictive in terms of where they can be used. They may
not be used with arithmetic or logical operators. For example, the statement
DATASPNTR = DATASPNTR+1;

is invalid. The only operators that can be applied to pointers are the relational
operators. Thus the following 15 valid:

IF DATASPNTR=YELLOWSHBRICKEROAD THEN ...

So if all we can do with pointers is compare them and assign to them, are
they really useful? The answer to that question lies in the fact that we really dont
want to do much with pointers but want to do a lot with the things they're
pointing to. We want some way to refer to the thing being pointed at and use that
just like any other variable in our program. We can assign a name 1o the thing
being pointed at as follows:

DECLARE ITEM$PNTH POINTER;
DECLARE ITEM BASED ITEMSPNTR BYTE;

In this example, ITEM is declared to be the name of the byte that [TEM$PNTR
points at. The location of ITEM is not fixed; it changes whenever a new value 1§
assigned to ITEMSPNTR. ITEM is called a based variable; it is ““based” on
ITEMSPNTR.

I
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An example of a program that uses a based variable would certainly be
helpful now. The following program zeros the largest value in an array of words.
First, we ‘Il do it without based variables and then with based variables so you can
compare them.

WITHOUTSBASEDSVARIABLES:

DOy
DECLARE ITEM (50) WORD; {* the array of words */
DECLARE BIGSITEMSINDEX BYTE; /* index into array for
biggest value */
DECLARE | BYTE: * a running index into
array */

/* read in the 50 values =/

BIGSITEMSINDEX = 0, * initialize the index =/
DO =1T0O 49; /* find the biggest item =/
IF ITEM(I) = ITEM(BIGSITEMSINDEX)
THEN BIGSITEMSEINDEX = |,
END;
ITEM(BIGEBITEMSINDEX) = 0; /* zero oul the biggest
itermn =/

/= write out the 50 values */

END WITHOUTSBASEDSVARIABLES:

WITHSBASEDSVARIABLES:
Do;

DECLARE ITEM (50) WORD; /* the array of words */
DECLARE BIGSITEMSPNTR POINTER; /* pointer to biggest value */
DECLARE BIGSITEM BASED BIGSITEMEPNTRH

WORD;, /* this is the biggest item */
DECLARE | BYTE; /* a running index into array */

. /* read in the 50 values */

BIGSITEMSPNTR - @ITEM(0); /* initialize the pointer */
DOI =1TO 49; /* find the biggest item */

IF ITEM (1)~ BIGSITEM

THEN BIGSITEMEPNTH = I TEMI);
END:

BIGSITEM = 0; /* zero oul the biggest item */
. /* write out the S0 values */

END WITHSBASEDSVARIABLES:

Literal Declarations As a convenience feature, PL/M-86 lets us assign a
name to a sequence of characters. For example:

DECLARE PI LITERALLY '3.14159",

Then we can use PI later on in the program as a shorthand for 3, 14159, Another
use for such a declaration is to declare a constant that we might want to change



182 The BOBG/8088 Primer

next week (or next month, or next vear). Rather than use that constant throughout
the program, we give the constant a name like

DECLARE BUFFERSSIZE LITERALLY 132"

and use BUFFER$SIZE throughout the program. Now we need only make the
change in one place. Things like PI and BUFFERSSIZE that are declared with
LITERALLY are called macros.

Some programmers have discovered that they can even use LITERALLY
to create synonyms for the reserved words in PL/M-86. Using this trick, they
have shown how easy it 1s to write unreadable programs such as:

DECLARE LTL LITERALLY 'LITERALLY™;
DECLARE DCL LTL 'DECLARE";

DCL WRD LTL "WORD"
DCL MQP WRD; * huh? */

You're free to use this trick if you wish, bt dnt cm 2 me whn u gt n trbl.
Fortunately, the name of a macro must be an identifier. Otherwise, think of
the fun we could have by defining and using such macros as:

DECLARE 7 LITERALLY *:': /* no good */

Procedures

A very important concept in programming is the subroutine or procedure. It
provides the ability to execute a section of code at several different places in the
program without having to repeat the code at each of these places. Consider, for
example, the problem of making change for a dollar:
MAKINGSCHANGE |

DO;
DECLARE COINS (8) BYTE; /* this is the result */
DECLARE CHANGE BYTE; /* number to be convertad */
DECLARE | BYTE; /* index into COINS array */
CHANGE = 100-...; i* write the cost here */
| = 0; /* initialize the index */
DO WHILE CHANGE > =50; i* half dollars */
COINS(l) = 50,
| = {+1;
CHANGE = CHANGE —-50;
END:;
DO WHILE CHANGE = =25; /* quarters */
COINS(l) = 25;
| = |+1;
CHANGE = CHANGE - 25;
END:
00O WHILE CHANGE > =10; /* dimes */
COINS(l) = 10;
| = 1+1;
CHANGE = CHANGE -10;
END;
DO WHILE CHANGE > =5; /* nickels */
COINS(l) = 5;

| = 1+1;
CHANGE = CHANGE -5;
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END,
DO WHILE CHANGE = =1;
COINS(I) = 1;
f = 1+1!
CHANGE = CHANGE -1,
END,
DO WHILE 1<8;
COINS(I) = 0;
| = |+1;
END;

END MAKINGECHANGE

Notice that the sequence of code

COINS(I) =

fira= o1 ;

X,

CHANGE = CHANGE - X;

/= pannies */

/* zarp out rest of coins */

for different values of X occurs in several places. It sure would simplify the
program if we could write this code only once and then call upon it from different
places in the program. PL/M-86 lets us do just that by declaring the code to be a
procedure as follows:

MAKINGECHANGESWITHSPROCEDURES:

D,

END MAKINGSCHANGESWITH$PROCEDURES;

DECLARE COINS (8) BYTE,
DECLARE CHANGE BYTE;
DECLARE | BYTE;

NEXTSCOIN:
PROCEDURE (X},
DECLARE X BYTE;
COINS(I) = X;
| = 1+1;

GHANGE = CHANGE -

END NEXTSCOIN,

CHANGE = 100—...;

| =0

DO WHILE CHANGE = =50
CALL NEXTSCOIN(50);

END;

DO WHILE CHANGE = =25
CALL NEXTECOIN{25),

END;

DO WHILE CHANGE = =10,
CALL NEXTSCOIN(0),

END;

DO WHILE CHANGE ~=5;
CALL NEXTSCOIN (5),

END;

DO WHILE CHANGE = =1;
CALL NEXTSCOIN(1);

END;
DO WHILE 1= 8;

CALL NEXTSCOIN(O);
END;

/* this 15 the result*/

/* number to be converted */

* index into COINS array */

i* this is a procedure
declaration */

/* ¥ is specified when procedure
is called */

* write the cost here *
/* initialize the index */
* half doliar */

/* gquarters =/

/= dimes */

/* nickels */

/* pennies */

/* zero out rest of cons =/
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This previous example has illustrated the fact that a procedure is a section
of code that is declared rather than executed. It appears along with the other
declarative statements of the program. It can be called into execution from other
parts of the program by using CALL statements.

Passing Information In many applications, we need to send input in-
formation to a procedure and receive output information (results) back. The
simplest method of sending information to a procedure is by placing the informa-
tion in a specific variable (or variables) before calling the procedure. The proce-
dure knows to look in that variable. The same variable is used every time the
procedure is called. The procedure can use this method for returning its results as
well. An example of transferring information through specific variables is the
following:

Declararion Call
LUPSCOUNT: CALL UPSCOUNT;
PROCEDURE:

COUNT = COUNT +1;
END UPSCOUNT,

In this example, COUNT is the specific variable used both for sending informa-
tion to the procedure and for receiving information from the procedure.
Another method of sending information to a procedure is by specifying the
mformation every time the procedure is called. Information specified in this
manner is called a parameter, An example of a parameter is the 50 in
CALL NEXT$COIN(50);
Within the procedure, there is a variable corresponding to each parameter.

Each time the procedure is called, the values of the parameters are placed in the
corresponding variables, An example of using parameters is shown below:

Declaration Call
DECLARE MAX BYTE;
CHECKS$SIZE: DECLARE MIN BYTE:
PROCEDURE {1LJd);
DECLARE | BYTE: CALL CHECKSSIZE(MAX,
DECLARE J BYTE: MIN);

IF 1<J THEN COUNT = COUNT +1;
END CHECKSSIZE;

In this example, the values (not the locations) of MAX and MIN are passed
to CHECKSSIZE and become the values of its parameters [ and J. CHECKSSIZE
does not know where MAX and MIN are located and therefore cannot change
their values.

If a parameter contained the location of a value instead of the value itself,
the procedure could either fetch a value from that location or place a result in tha
location or both. This is illustrated in the following example:
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Declaration Call
DECLARE FIRST BYTE:
SWITCH: DECLARE LAST BYTE;
PROCEDURE (1),
DECLARE | POINTER: CALL SWITCH(@FIRST,
DECLARE J POINTER;: {@WLAST):

DECLARE VALSI BASED | BYTE;
DECLARE VALSJ BASED J BYTE;
DECLARE TEMP BYTE;

TEMP = VALSI,

VALS! = VALSJ,

VALSJ = TEMP,
END SWITCH,

Notice that what was passed to the procedure was not the value of FIRST
and LAST but rather their locations—namely (@FIRST and @LAST. Thus the
vitlues in [ and J are the locations of FIRST and LAST. Now we need variables
within the procedure that correspond to FIRST and LAST. But this is exactly
what we get when we declare variables VALSI and VALS$J that are based on |
and J. So within the procedure, we can talk about VALSI and VALSJ as if they
were the variables FIRST AND LAST.

There 1s one more way a result can be returned from a procedure. But
before looking at this final method, let’s introduce the RETURN statement. Up
to this point, we have been assuming that the procedure returns when it gets to its
END statement. In fact, we could make this explicit by writing a RETURN
statement just before the END statement as shown below:

UPCOUNT:
PROCEDURE;
COUNT = COUNT+1;

RETURN; i* this statement is optional */
END UPCOUNT;

Such a RETURN statement is not necessary since the compiler understands
that it must do a return whenever it gets to the end of a procedure. However,
some procedures might want to return before the end is reached. In such cases, an
explicit RETURN statement is necessary. The following procedure illustrates
this:

UPCOUNT:
PROCEDURE;
IF COUNT =10 THEN RETURN;
COUNT = COUNT +1;
RETURN; {* this statement is optional */
END UPCOUNT,

Now we can look at the final way a result can be received from a
procedure—in the procedure’s name. The procedure is not called into execution
with a CALL statement; instead, it is called by using the name of the procedure
as an operand in an expression. Let's look at the following example:
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Declaration

PHONESBILL:
PROCEDURE (NUMBERSOF$CALLS) WORD;
DECLARE NUMBERSOFSCALLS BYTE;
RETURN 500+ 5*NUMBERSOFSCALLS;
END PHONESBILL,

{se
EXPENSES = PHONESBILL{78)+ELECTRICSBILL{113)+..;

Procedures that return results on their own name are distinguished from other
procedures in two ways. First, the RETURN statement(s) specify the value of the
result to be returned (and thus the RETURN statement before the END statement
is no longer optional). Second, the procedure specifies the type (WORD in the
PHONESBILL example) of the result to be returned. Such procedures are called
typed procedures.

Thus we have seen three ways of sending information to procedures and
three ways of receiving information back. These ways are summarized below:

Sending to Procedure Receiving from Procedure
specified variables specified variables

vilue parameters location parameters
location parameters typed procedures

Interrupt Procedures The interrupt mechanism of the 8086 was de-
scribed in Chap. 3. Briefly summarizing it, an external device can interrupt the:
processor by sending the processor an interrupt signal and a number between (1
and 235, The processor responds to the interrupt signal by executing an interrupt
routine corresponding to the number. PL/M-86 allows you to specify interrupt
routines by declaring procedures that include interrupt numbers. Such procedures
are called interrupt procedures. Unlike conventional procedures that are called
into execution with CALL statements, an interrupt procedure is called into execu-
tion automatically when the processor responds to an interrupt. The following
procedure would be called into execution when interrupt type 75 occurs:
KEYSPRESS:

PROCEDURE INTERRUPT 75,

CHARACTER = INPUT(1),
END KEY$PRESS;

Heentrant Procedures It is sometimes, although not often, desirable 1o
have a procedure call itself. As an example, we might want to write a procedure
that calculates factorials (remember factorials?’—things like 7! =
TE6*5*4%3*%2%] and things like 100! = a-very-big-number). One way to caleu-
late 7! (pronounced seven factonial) would be to calculate 6! and multiply the
result by 7. So the factorial procedure that is asked for the factorial of X could
call upon the factorial procedure (which means calling upon itself) to calculate
the factorial of X—1 and then multiply that result by X. But if we're not careful,
this may never end. S0 1o make sure this sequence of procedure calls terminates,
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the factorial procedure, when asked for the factorial of 1, could simply return the
result 1 without calling on any other procedures. An example of the factorial
procedure written in PL/M-86 is shown below:
FACTORIAL:
PROCEDURE (X) WORD REENTHANT;
DECLARE X BYTE;
IF X=1 THEN RETURN 1,

RETURN X*FACTORIAL(X—1);
END FACTORIAL;

The FACTORIAL procedure contains something we haven't seen before—
namely the designation REENTRANT in the procedure declaration, This tells the
compiler that the procedure might be entered at least once more before it finishes
and returns the answer it was initially asked for. The compiler has to know this so
that it can preserve any information (such as the value of X) associated with the
intitial entry. Let’s see what would happen if the compiler didn’t preserve this
information. When the FACTORIAL procedure is called from a statement such
as

ANSWER = 1+FACTORIAL(T);

the value of variable X is 7. The FACTORIAL procedure will then call on
FACTORIAL(7—1). Now the FACTORIAL procedure will be reentered with X
having a value of 6. The original value of X, namely 7, has been lost. But with
that value of X lost, the initial call on FACTORIAL(7) will no longer be able to
return the correct result for X*FACTORIAL(7—1). What saves the day is the
designation REENTRANT; it causes the compiler to use a different memory
location for X each time the procedure is entered.

A procedure calling itself is only one way a procedure might be reentered.
Another way is for a procedure to call on a second procedure, and that second
procedure in turn to call on the original procedure. Both of these forms of
reentrancy are called recursion. A procedure can also be reentered if an interrupt
occurs while the procedure is being executed and, during the interrupt process-
ing, the procedure is called again. Such popular (7) procedures as IN-
VERSE$HYPERBOLICSCOSECANT might very well be called upon during
the main stream of processing and also during the servicing of an interrupt.

Any procedures that might be entered more than once before returning
must be designated as REENTRANT if they are to execute correctly, If in doubt
about any procedures, you can always designate them as REENTRANT, and
they will execute correctly. The only penalty you pay for designating a procedure
4 REENTRANT is that the procedure can't put a value into a variable local to
the procedure and expect to find that same value the next time the procedure is
called.

Indirect Procedure Calls To end this section with a bit of confusion,
let’s assume we want to call on a procedure, but we don’t know which one. And
we won't know which one until the program is in execution. For example, we
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want to convert 50 into a sequence of digits, but the kind of conversion varies
depending on what came before. This can be done as follows:

DECLARE ASCONVERSIONSROUTINE POINTER:

ASCONVERSIONSROUTINE = @CONVERTSTOS$BINARY,
GO TO COMMONSPLACE:

ASCONVERSIONSROUTINE = @CONVERTSTOSOCTAL;
GO TO COMMONSPLACE;

AECDN?EHSIDNEﬁDUTINE @WCONVERTETOSHEXADECIMAL
GO TO COMMONSPLACE:

AEEDNVEHSFGNP&F#DUTINE = @CONVERTSTOSROMANSNUMERALS:
GO TO COMMONSPLACE!

COMMONSPLACE:
CALL ASCONVERSIONSROUTINE (50);

At various places throughout this program, we assign the location of some
conversion routine to ASCONVERSIONSROUTINE. Then, when we get to
COMMONSPLACE, we can call on a conversion routine indirectly and even
pass a parameter to it as shown above.

Block Structure and Scope

So far we have seen how to declare objects (variables, procedures, labels,
macros) in one part of a program and use them somewhere else in the program.
But we 've never said just where in the program we can refer to objects once they
are declared. The portions of a program in which the name of an object is
recognized is called the scope of the object.

Before we can talk about scope, we must introduce the concept of a block.
A block is a sequence of statements starting with either DO or PROCEDURE and
ending with the matching END. An entire PL/M-86 program is a block.

Other kinds of blocks in PL/M-B6 are as follows:

Procedure declaration
Simple-DO block

. DO-WHILE block

. lteranve-DO block
DO-CASE block

Lh s La
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* We have already seen that objects can be declared at the beginning of a procedure
dﬁlal‘atmn They may also be declared at the beginning of any simple-DO block.

Now we can define the scope of an ohject. The scope is specified by the
following equation:

= block in which object is declared
+ all nested blocks
— those nested blocks that redeclare the same identifier

One restriction is that objects must be declared before they are used (this
makes the compiler’s life much simpler) with the exception of reentrant proce-
dures (the compiler has agreed to work overtime for us here). But since labels are

 phjects, we have to say what we mean by *‘the declaration of a label.”" A label is

considered 10 be declared at the head of the smallest block of any kind enclosing
the *‘label:. " Let's clarify and motivate these scope rules with some examples:
Example 1: Scope includes block in which object is declared.

DO:
DECLARE X BYTE;

no=X+1; /* of course this is within the scope of X */
END:
~ Example 2: Scope includes nested blocks as well.
DO;
DECLARE X BYTE;
Do
DECLARE ¥ BYTE;
X =Y+1: /* this iz also within the scope of X */
END;

END;
Example 3: Scope does not include nested blocks in which same identifier is
redeclared.

DO
DECLARE X BYTE:

DO,
DECLARE X (5) BYTE;
X =X+1 /= error since this is outside the
scope of scaler X */
X(3) = X(2)+1; = however, this is within the
scope of array X */
END;
X =X+1; /* and this is within the scope of
scaler X */
END;
Example 4: Scope does not include outer block.
Do
DO;
DECLARE X BYTE;
END;
X = N+1; /* error since this is oulside the scope of X */

END;
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Example 5: Objects must be declared before being used.

DO,
A:
PROCEDURE;
X=X+1; /* error since X nol yet declared */
END A;
DECLARE X BYTE;
END;

Example 6: Labels can be forward referenced.

DO;
(*declaration of L considered as being here */
O TOL; i* OK since L already declared =/
L: /* this is not the declaration */
END;

Example 7: Label scope includes inner blocks as well.

DO,
/* declaration of L considered here */
DO;
GOTOL;
END;
L: /* this is not the declaration®*/
END;

Example 8 Reentrant procedures can be called before being declared.
DO,

PROCEDURE REENTRANT,
CALL B;
END A;

PROCEDURE REENTRANT;
CALL A;
END B;
END:

In this case, it would be impossible to declare both procedures (A and B)
before either one is referenced since each one refers to the other. This explamns
why REENTRANT procedures are exceptions to the “'declare before using™ rule,

Input and Qutput

No discussion of a programming language would be complete without a
description of how to get data into the program and how to get answers out. In
our early example, we saw how (o get data in with

SUM = SUM+INPUT(3),

and how to get answers out with
OUTPUT(3) = SUM;
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In general, a byte of data can be read from any input port i by using INPUT(1) as
an operand in an expression, and a byte of data can be written to any output port |
by using OUTPUT(j) on the left side of an assignment statement. Furthermore, 4
word of data can be read from or written to a port by using INWORIDV1) or
OUTWORD(j). An example of a program that reads 16-bit data values from the
first 100 input ports and writes them out to the corresponding output ports 1s as
follows:

HEE}HEgFUHTﬁANDEDUT$THE$DTHEFt

> DECLARE | BYTE:
DOl =0TO99;
OUTWORD(I) = INWORD(I),

END;
END INSONESPORTSANDSOUTSTHESOTHER;

Modular Programming

So far we have been calling the block of code starting with ““NAME: DO;™
and ending with “"END NAME; " a program. In truth, this is only a module; a
program is a collection of one or more modules. Each module is compiled
independently of the other modules. This enables a program to be subdivided
among several programmers. It also permits a single programmer to partition his
program into small, easily comprehended sections.

Let's review the structure of a module. It takes the following form:

NAME
0o,
statemeani;
statemeant
statement,
END MAME;

The above statements can be either declarative statements or executable
statements (with declarative statements coming first). Any of the statements may
be blocks (procedure declarations, DO-WHILE blocks, etc.) with other
statements included in them. We need to distinguish those statements explicitly
mentioned in the form above from any statements that may be included in those
statements. Thus we will use the term statements on the oulermost level 10 refer
to those statements explicitly shown above,

One of the modules that comprises a program is given the name main
program. Actually, main module would have been a better name, but it’s oo late
now to change history., The main program consists of (possibly) declarative
statements and (certainly) executable statements on the outermost level. In fact,
the main program could be the complete program by itself. However, it some-
times lacks the declarations of some of the objects referred to in its executable
statements. These declarations are to be found in the other modules. The other
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maodules are distinguishable from the main program because they contain only
declarative statements on the outermost level.

So now a technique for using modules emerges. We might subdivide a
program into the task of reading or writing the data from some complex data
structure (such as might be found in an airline reservation system) and the task of
manipulating the data that was read or is to be written. The procedure declara-
tions of those procedures that read or write the data, along with the declaration of
the data itself, could be written into one module. The actual manipulations on the
data (the booking of the reservations) would go into the main program and might
even be written by a different person.

We have previously made the point that declarative statements conveyed
information to the compiler so that it would know what kind of code to generate
for the executable statements. For example,

DECLARE THISSHERE$THING WORD;

lets the compiler know that when it encounters
THISFHERESTHING = 0;

it must generate code to zero out two bytes of memory rather than just one byte.
Furthermore, the DECLARE statement caused the compiler to reserve a specific
pair of bytes for THISSHERESTHING. Thus, the compiler knew which two
bytes had to be zeroed when the assignment statement was encountered,

Now if the declaration for THISSHERES$THING is in some other module,
the compiler i1s stymied when it sees the assignment statement involving
THISSHERESTHING. It could possibly do without the location of
THISSHERE$THING by generating code that zeros out any old location and
making a note that someone has to fill in the correct location later. But the
compiler can't generate any code at all unless it knows whether
THISSHERESTHING is a BYTE or a WORD.

To help the compiler, any module that uses THISSHERE$THING without
declaring it must at least tell the compiler what sort of a thing it is. It does this by
saying that THISSHERESTHING is a WORD that is declared external to this
module. In PL/M-86 this is written:

DECLARE THISSHERESTHING WORD EXTERNAL,;

Although this looks like a declaration, it is not; it merely specifies the tvpe of
THISSHERESTHING but does not reserve any memory for it. The compiler can
now generate the right kind of code for the assignment statement, but it still
doesn’t know what memory location to put in the code.

In the module where THISSHERESTHING is really declared, it would be
nice to tell the compiler that some other module is going to use
THISSHEREFTHING. Then the compiler could make a note of the location of
THISSHERESTHING so that later someone can fill that location into the code
generated by the other module. Thus we write the declaration as

DECLARE THISSHERESTHING WORD PUBLIC;
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to make it clear to the compiler that this declaration is public information,
available for use by other modules.

After all the modules have been compiled, someone still has to go around
reading all the notes left by the compiler. These notes are attached to the code
generated for each module, and they specify either (1) where the location of
THISSHERESTHING has to be written into the code or (2) what the location of
THISSHERESTHING is. The location of THIS$SHERESTHING can then be
written into the appropriate places in the code. This process is referred to as
linking the code of the various modules together. A person or a program that does
this linking is called a linker. Don’t panic; you won't have to be a linker. When
you receive your PL/M-86 compiler, you'll also find a linker program in the
same package.

The following example illustrates the use of modules. The first module is
the main program and uses SUCCESSOR and COUNT.

M1:

DO; i* first module */
DECLARE COUNT BYTE PUBLIC: /* here's a declaration */
SUCCESSOR:

PROCEDURE (X) BYTE PUBLIC; /* here's another */
DECLARE X BYTE;
RETURN X +1;
END SUCCESSOR;
END M1;
M2:

DO; /* second module */
DECLARE ARG BYTE; /* this is a declaration */
DECLARE COUNT BYTE EXTERNAL; /* this is not */
SUCCESSOR:

PROCEDURE (X) BYTE EXTERNAL; /* nor is this */
DECLARE X BYTE;
END SUCCESSOR;
ARG = 3;
COUNT = SUCCESSOR(ARG);
END M2,

Tying It All Together

Let's finish up by returning to our traffic light example. The example was
introduced in Fig. 1.3 to show a typical microprocessor application. By the time
we were into Chap. 4, we knew enough to be able to design an 8086 system that
would control the traffic light. This was shown in Fig. 4.16. Now we can wrile a
program that can be used in that system.

The traffic light is situated on a main highway at the intersection with a
small cross street. The light is to behave as follows. It will normally be green for
the highway and red for the cross street. After the number of cars lined up in the
cross street exceeds 5, the light will become red on the highway and blinking
yellow on the cross street. This will continue until there are no more cars left in
the cross street.

The system shown in Fig. 4.16 has the traffic light connected as a
memory-mapped output port at memory location 1000 (hexadecimal). Let us
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assume that the individual bulbs in the light are wired up so they correspond to
the bits in location 1000 as follows;

( leftmost bat) 7 Red bulb on main highway

6 Yellow bulb on main highway
5 Green bulb on main highway

4 Left-turn bulb on main highway
3 Red bulb on cross street

2 Yellow bulb on cross street

1  Green bulb on cross street

U

(rightmost bit) Left-turn bulb on cross street

The system also has an input port (not shown in Fig. 4.16), which tells the
processor how many cars are waiting in the cross street. This port receives its
information from sensors (along with some counting circuitry) buried in the
roadway. Let us assume that this input is connected as port 50,

The following PL/M-86 program will cause the traffic light to behave the
way we specified:

TRAFFICSLIGHT:
DO;
DECLARE LIGHTS BYTE AT (1000H), /= memory-mapped output */
DECLARE CARSCOUNT LITERALLY 'INPUT(50)"; ™ input */
DECLARE MAINSRED LITERALLY '80H'; /* names for individual bulbs %
DECLARE MAINSYELLOW LITERALLY '40H";
DECLARE MAINSGREEN LITERALLY "20H",
DECLARE MAINSLEFTSTURN LITERALLY "10H",
DECLARE CROSSSRED LITERALLY '08H",
DECLARE CROSS$YELLOW LITERALLY '04H',
DECLARE CROSSSGREEN LITERALLY '02H";
DECLARE CROSSSLEFTSTURN LITERALLY '01H';

DELAY:
PROCEDURE (X); /* causes an X second delay */
DECLARE X BYTE;
END DELAY;
START:
LIGHTS = MAINSGREEN + CROSS$SRED; /* normal selting */
IF CARBCOUNT =5 THEN i* 100 many cars waiting */
Doy /* let them go through =/

LIGHTS = MAINSYELLOW +CROSSSRED; /* stop highway */

CALL DELAY(3),
DO WHILE CARSCOUNT =0: /* start cross street =/
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LIGHTS = MAINSRED

CALL DELAY(1),

LIGHTS = MAINSRED + CROSSSYELLOW,
CALL DELAY (1);

END;
END;
GO TO START, /* and repeat the cycle */
END; /* of program */

Let's add a degree of complexity to the system. This time we'll make all
the traffic lights in the town become blinking red (in all directions) whenever a
fire alarm is sounded, Assume we have two signals that are sent from the
firchouse to every traffic light. One of these signals indicates the alarm has been
sounded: the other indicates the all clear situation,

We'll connect the alarm signal to the INTR pin on our processor and
incorporate some circuitry to convey the corresponding interrupt type (say it’s
10) to the processor at the appropriate time. The all clear signal we'll connect as
input port 51, so that all 1's (true) are read from this port when the emergency is
over and all 0's (false) otherwise. And we’'ll include the following procedure
declaration in our prograim:

FIRESALARM:
PROCEDURE INTERRUPT 10;
DECLARE SAVEDSLIGHTS BYTE;
DECLARE ALLSCLEAR LITERALLY 'INPUT{51)";

SAVEDSLIGHTS = LIGHTS; = we need to restore thaese later */
DO WHILE NOT ALLSCLEAR; /* blinking red */
LIGHTS = 0;

CALL DELAY (1),
LIGHTS = MAIN$RED +CROSSERED;
CALL DELAY (1),
END;
LIGHTS = SAVEDSLIGHTS: {* restore old settings */
END FIRESALARM;

We'll stop the design here. But you might want to try maodifying the
program to do more elaborate things, such as controlling the northbound lights
independently of the southbound lights, controlling the left tum arrow, varying
the delays to accommodate for peak hours, and anything else you can think of.

In Conclusion

This chapter was not meant to be a compendium of all the features and
rules in PL/M-86 (the fntel PLIM-86 Programming Manual does that very well),
Instead, it attempted to present most of the features of the language in a form that
wis easy to digest and conveyed enough information so that you could write
meaningful programs. We didn 't cover many of the fine details (like *'thou shalt
not declare interrupt procedures except on the outermaost level of the program '),
which, although important, really get in the way when you re trying to learn the
language. We also didn’t present some of the dispensable features (hke type
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ADDRESS for compatibility with an earlier version of PL/M) so that attention
could be focused on the more useful teatures.

Finally, if you've been keeping track of all the facilities provided by the
8086 and comparing them to the things you can write in PL/M-B6, you've
probably discovered that there's no way to generate the string instructions, the
shift or rotate instructions, or the LOCK prefix. These facilities, although not a
part of the PL/M-86 language, are available by calling built-in procedures (pro-
cedures that the compiler knows about and you didn’t have to write). A descrip-
tion of the built-in procedures can be found in the /ntel PLIM-86 Programming
Manual and will not be presented here.
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8086
High-Level-Language

Programming (Pascal)

Who Needs High-Level Languages?

Programs for the 8086 can be written either at the level of the problem to
be solved (high level) or at the level of the processor on which the problem is to
be solved (low level). The low-level approach is necessary when programs don’t
fit into the amount of memory that's been allocated for them. But there are times
when concentrating on the problem is more advantageous than concentrating on
the processor. It's at those times that high-level languages and compilers prove
indispensable.

Virtues often attributed to high-level language programs are high reliability,
portability, ease of maintenance, and being self-documenting. High reliability 15
another way of saying that the program has a good chance of doing what's expected
of it. Portability means the program can be moved from one processor to another,
Ease of maintenance refers to the fact that future changes can be made with little
difficulty. And self-documenting means that its easy to read and understand.

To illustrate these points, let's write a program that finds the smallest
number divisible by three that is greater than 100, The answer, of course, 1s 102;
but let’s see how the 8086 can be used to figure 1t out,

One way to solve the problem would be to start with zero and keep adding
three until the result exceeds 100, More specifically, start with X being zero and,
while X is less than or equal to 100, add three to X.

A high-level programming language would let you write down the program
directly from the verbal description of the solution. In the programming language
called Pascal, this would look like:

A= 1

while X<-=100do X := X+3

207
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Note that the above program could be written without giving any thought to the
instruction set of the 8086, The program would be fed mto a compiler, which
generates the 8086 instructions for us,

Now let’s try to write an assembly-language (low-level) program to find the
result, We need to convert the description of the solution into a sequence of steps
corresponding to 8086 instructions.

I. Reserve a byte in memory for X,
Move a zero into that bvte for X.
Add three to X.

Compare the value in X to 100,

TP

If the comparison indicates X does not exceed 100, go back to step 3.
6. We've got the result, so halt,

From these steps, we can write the program in ASM-86, an assembly language
for the BOB6.

1. X DB T

2. MOV x.0

3. REPEAT ADD X3

4, CMP X,100

5. JNA, REFEAT
6. HLT

Now that you've seen the different levels of programming of the 8US6, it's
up to you to make a choice. If you still believe in low-level programming exclu-
sively, the remainder of this chapter would be of little interest to you. However,
if you believe you may have some use for high-level languages, read on.

The most popular high-level languages are Pascal, COBOL, BASIC, and
FORTRAN. COBOL is a popular language in commercial data-processing ap:
plications. FORTRAN is used frequently in applications involving numerical
computations. BASIC is a favorite language. especially among microcomputer
hobbyists, because of its simplicity and its interactive nature: BASIC programs
are often executed directly without first being compiled into machine-language
Instructions.

Pascal is a language that was originally intended to be used for teaching
purposes. It has been gaining in popularity recently for uses other than teac ing
and may supplant PL/M-86 as the language of choice for programming the Jlsh
Pascal is discussed in detail in this chapter.

Structure of Pascal Programs
Let’s not waste time introducing our first Pascal program.

1. program Adder;
2. const
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3 Scale = 2

4, wvar

=3 Sum: Integer;

&. Next: Integer

7. begin|add inputs divided by scale factor until total exceeds 100}
8 Sum:= 0

9. while Sum= =100 do

10. begin

11. Read({MNext),
12 Sum = Sum+ (Nexi div Scale);

13, end;
14. Write{Sum)
15. end.

Without knowing a thing about Pascal, we can read and almost understand the
program above. Line 1 seems to be telling us that the name of the prcngt'zam iﬁ'
Adder. Line 2 must mean that we are going to define some constants and,
particular, line 3 defines the constant called Scale to have the value of 2. Line 4
looks like we're about to declare some variables and lines 5 and 6 tell us that
these variables are named Sum and Next and can take on integer values. Line 7
seems 1o be beginning something which line 15 must be ending. The period on
line 15 has a strong overtone of finality which looks like the end of the program.
The English on line 7 is telling us what it is that this program hopes to accomplhish,
8o far, none of these lines have generated any instructions. Line 8 looks like the
first instruction—moving zero into Sum. Lines 9 through 13 seem to be related;
they are grouped together and start off with begin and finish with end. They seem
to be repeatedly reading in values, dividing them by 2, and adding the result to
Sum until Sum exceeds 100. This is just what the comment on line 7 promised
we would do. Finally, line 14 looks like it’s writing out the final value of Sum.

From this example, let's try to generalize about the structure of a Pascal
program. It starts off with a heading that introduces the program name. and 1t
ends with a period. The remainder of the program seems to be divided between
a description of the items (primarily data) used by the program {qu-:h as Sum:Integer)
and the actions performed by the program on this data [such as Sum : = Sum + {Next
div Scale)]. The data description occurs in sections of the program that are
preceded with words like const (definition of constants) and var {declaration of
variables). The actions performed by the program are described by a sequence
of statements bounded by the words begin and end (although more begin-end
pairs may appear within these statements). Semicolons are used profusely; they
separate adjacent statements, terminate each data description, and pop up in
other assorted places as well. The structure of a Pascal program is shown below:
program name;

label iwe'll learn about labels later!
label-declaration, label-declaration, ... , label-declaration;

const
constant-definition;
constant-defimtion;
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constant-definition;

type {we'll also learn about types later |
type-definition;
type-definition;

type-definition,

var
variable-declaration;,
variable-deciaration,

variable declaration;

procedure-or-function-declaration;  {be patient, ... |
procedure-or-function-declaration;  {... we'll learn about these 100 |

procedure-or-function-declaration;

begin
statemeant;
statermant;

statemant
end.

The programs presented here all display a consistent indentation pattern.
Such indentation is not part of the program structure. It is purely optional as far
as a Pascal compiler is concerned butis highly recommended to make the programs.
easier for us to read and understand. As an extreme example of this point, consider’
the following unindented version of the preceding program. It would present no
additional difficulty to any Pascal compiler (in fact, it would compile faster) but
would be much less comprehensible to us,
program Adder;const Scale = 2;var Sum:Integer; Next:Integer;begin

|add inputs divides by scale factor until total exceeds 100} Sum:=0;
while Sum= = 100 do begin Read(Next);Sum: = Sum + (Next div Scale);end Write(Sumjend.

Tokens
Betore examining the kinds of definitions, declarations, and statements from
which Pascal programs are built, we must become familiar with the building blocks
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of these three bigger building blocks. The smaller building blocks consist of such
things as identifiers, reserved words, delimiters, constants, and commenis. They
are sometimes called tokens.

Identifiers  Identifiers are names that you, the programmer, are free 1o
make up. An example of an identifier in the sample program already discussed
is Sum. An identifier is a sequence of letters (upper or lower case) and numbers
(digits) starting with a letter. Examples of identifiers are the following:

x
GAMMA
Jackh

Mo distinction is made between upper or lower case letters in identifiers so
the last identifier above is indistinguishable from the identifier written as JACKS.
For the most part, identifiers in this chapter will be written like Englsh proper
nouns (first letter in upper case. remaining letters in lower case) except where
interspersing upper and lower case letters helps to clarify the ntended meaning
of the identifier. For example, the identifier Pagenine might look like a mean-
ingless word whereas PageNine conveys its meaning clearly.

Reserved Words  Reserved words look like identifiers, but they have
special meaning in the language. and you may not use them as identifier names.
In our sample program, we saw such reserved words as begin, end, var, and
while. Thus. it would be perfectly acceptable for us to make up an identifier name
like Ending as in

var Ending: Integer:
but it would be improper for us to write

var End: Integer:

because end is a reserved word.

To distinguish reserved words from identifiers, reserved words will be writ-
ten in boldface characters throughout this chapter (don't look for the shift-to-
boldface kev when typing your program—you probably won't find it and it’s nof
necessary). A complete list of Pascal reserved words 1s given in Table 8.1.

Table 8.1 Reserved Words in Pascal

and do it or then
array else in packed to
begin end label procedure type
case file mod program until
const for nil record var
div function not repeat while

downto ~ goto ~of set with
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Delimiters  Delimiters are the nonalphanumeric character sequences
appearing in Pascal programs. In our sample program, we saw such delimiters
as <= and ;. Each delimiter has a special meaning in the language, and we
will become exposed to most of them in this chapter. A complete list of de-
limiters in Pascal is given in Table 8.2.

Table 8.2 Delimiters in Pascal

1
- al i

Constants  Constants are the fixed values appearing in Pascal programs.
In our sample program, we saw such constants as (0, 2, and 100. These are integer
constants; Pascal also allows for real constants, character constants, and Boolean
constanes. And, if that's not enough, we’ll see later (in the section on enumerated
types) how Pascal lets us create other types of constants that we might desire.

An integer constant can be any nonfractional value within some reasonably
large range. Pascal compilers that generate code for the 8086 usually use — 32767
to +32767 as that range.

A real constant is a number containing either a decimal point or an E (or
both). The E indicates multiplication by a power of 10, For example, 1E6 means
I times 10 to the sixth power (1*107) or one million, Examples of real constants
are 15.6, 138, —3.14, 7E3, and 1.32ZE-7.

A character constant is a single character enclosed within apostrophes. An
apostrophe itself may be the character within a character constant by writing it
as two consecutive apostrophes. Examples of character constants are 'a', ';', and
M The last example is the character constant consisting of the apostrophe
character, Character constants are not numbers and cannot be used in place of
integer or real constants in the program. But that’s no problem, since we probably
have no interest in writing such things as Sum := Sum+ 'a' anvhow. What we
do want to be able to do is treat character constants as characters—assign them
to variables (Ch: = 'f'), compare them to other characters (while Ch<<'G' do ...),
and make decisions based on which character we have (if Ch="q' then ...). All
of these things are allowed in Pascal.

Pascal also provides for something called string constants, but they are
limited in how they can be used. We won't discuss string constants until we are
actually ready to use them.

There are only two Boolean (or logical) constants—True and False, But
that's all we need because, logically speaking, a thing either “‘is™ or it “isn't.” |
Like character constants, Boolean constants cannot be used in place of numbers |
so we can't write nonsense like Sum ;= True + 1. What we can do is assign
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Boolean constants to variables (Raining : = True) that we can later use to base
decisions on (while Raining do ...)

Mote that we always capitalize Boolean but not real or integer or character.
That's because Boolean is named for a person, George Boole, Boole developed
an algebra of logic (called Boolean algebra) over the two element field True and
False.

Comments Comments are sequences of characters enclosed within the
delimiters | and |. They have no meaning to the compiler but should be used
generously in your program to keep reminding you of what you are doing. Al-
though comments like

1= O {1 becomes zero!

would be absurd, comments hke

|:=0: [linitialize array index prior to first iteration;

g0 a long way to making a program more readable.

Expressions

One more building block, namely expressions, must be introduced before
we can build definitions, declarations, and statements. The expression itself 1s
built up from some of the tokens just described.

Loosely speaking, an expression is a sequence of operands and operators
that can be combined to produce a value. So now we must introduce both operands
and operators and indicate how they are combined to produce the value of an
EXpression.

If you have read and understood the section in Chap. 6 on EXpressions in
assembly-language programming, you might find the following analogy interest-
ing. In assembly-language programming, the instruction mnemonics (not the
gxpressions) correspond to the items that get executed (instructions) when the
program is run. In high-level languages, there are no instruction mnemonics; the
expressions represent sequences of instructions that get executed when the pro-
gram is run. Assembly-language expressions are evaluated at the time the program
is being assembled; high-level language expressions are evaluated when the pro-
gram is run,

Operands  An operand is something that has a value. The simplest kind
of operand is a constant. Thus, 15, 2.7ES5, 'z, and False are all operands. Another
kind of operand is a variable representing a value. Frequently, this is simply an
identifier. such as Sum in the sample program. Unlike a constant, the value
represented by a variable is not known until you execute the program and will
usually take on different values at different times during the execution.

Another operand is an expression itself, perhaps enclosed in parentheses,
and used in some bigger expression such as in 3*(Sum+2). The purpose of the



214 The B086/8088 Primer

parentheses is to force the order in which the operators are applied. If we make
generous use of parentheses to make the ordering explicit, we won't have to
memorize a bunch of “silly’ rules about which operators get evaluated first.

Operators  An operator takes the value of one or more operands and
produces a new value., There are four kinds of operators in Pascal—arithmetic
operators, relational operators, logical operators, and set operators.

Arithmetic operators are nothing more than the familiar addition operator
( + ). subtraction operator { — ), multiplication operator (* ), and division operator)
(/). But these operators cannot be used on just any operands. For example, we
cannot (nor would we ever want to) write things like True + '$'. Anthmetic
operators can be applied to numeric (integer or real) operands only; they cannot
be applied to operands of any other fype such as Boolean operands or character
operands.

From the preceding paragraph, it appears as though types are an important
concept, so let's introduce that concept now. A type is a collection of distinet
values that a variable may assume. Every constant has a particular value and so
belongs to some type. When we discussed constants, we saw that they fell inte
at least four different types—integer, real, character, and Boolean. Every variable,
when it is declared, must have a type specified for it. In our sample program,
we saw such declarations as Sum:Integer. And, finally, the results produced by
each operator will be of some specified type. So. for each operator, there must
be a rule that tells us the type of the result produced.

Now let's consider the rule for the addition and subtraction operators. The
rule is simple. It states that (1) each operand must be either an integer or a real
and (2) if both operands are integers, the result will be an integer, otherwise the
result will be a real. For example,

an integer operand added to an imteger operand gives an integer result,
a real operand added to a real operand gives a real result,
and an integer operand added to a real operand gives a real result.

Furthermore, you cannot add such things as Booleans to characters (nor may
you add apples to oranges).

Such restrictions might appear to make the language harder to learn by
giving us more rules to memorize. On the contrary, they make the language easier
because we only have to remember one general rule—"you can only add what
makes sense”—rather than having to memorize a bunch of rules like “if you add
a character 1o a Boolean you get something altogether different.” And besides,
you probably didn’t mean to add such things anyhow. so the compiler can help
prevent you from making certain kinds of errors. But if you are persistent and
really want to add such things, Pascal provides a function (it's called Ord but
we'll learn about it later) that lets us convert many things into integers.

The rule for multiplication is the same as for addition and subtraction. Bul
what about division? If it also used the same rule, dividing 9 (an integer) by 4
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{another integer) would give an integer and we couldn’t get an answer of 2.25 (a
real). So the division operator (/) always gives a real result, even if both operands
are integers. Now there are times when we are working with integers because
reals have no meaning in our application, and we would like to remain with
integers no matter what arithmetic operations we perform {someday I'd like 1o
meet the average family with its 2.1 children). For this, Pascal provides us with
another division operator, div, that takes two integer operands and produces an
integer quotient by simply discarding any fractional part of the result. Thus, 19
div 7 is 2 and — 19 div 715 — 2.

An operator related to div is mod. Both take two integer operands and
produce an integer result. If both operands are positive, the result produced by
mod is the remainder that results after dividing the two integers. Thus, 19 mod
7 is 5. But mod is not really a remainder operator. What it's actually doing in
this example is subtracting (adding if the first operand were negative) enough Ts
from 19 until the result is in the range of 0 to 6 (that's 7-1). An example
illustrating the use of mod would be to find the relative position within a century
for any given year. For example, 1776 mod 100 is 76, 1215 mod 100 is 15, and
—67 (that's 67 B.C.) mod 100 is 33 (33 years since the start of the first century
B.LC.)

The relational operators are equal (=), not-equal (<=), less-than (<),
greater-than (=), less-than-or-equal (< =), and greater-than-or-equal (== ). In
gase you're puzeled how we get not-equal from <=, consider not-equal as the
combination of less-than-or-greater-than, Now <> makes sense (of course, #
would have made more sense, but it doesn’t exist on standard keyboards).

The two operands of a relational operator must both be of the same type
and the result is of type Boolean. For example, 65 yields True; 1.5=2.1 yields
False: 'A'< >'a' vields True; and 7="'7" is an invalid companson (they're of
different types).

Relational operators point out the interesting fact that the collection of
values that make up a type is ordered. It's not surprising that the collection of
integer values is ordered (we assumed this when we wrote the expression 65
above). We might not even be surprised to learn that the collection of character
values is ordered so that the expression 'b'='a' yields True. (For 8086 Pascal at
least, the ordering of character constants is the same as the ordering of their
associated ASCII codes.) But it is surprising to learn that the constants of a type
like Boolean are ordered. In particular, Pascal considers that False<"True vields
the result True.

The logical operators are the usual and, or, and not. The operands of these
operators must be of type Boolean and the result will also be a Boolean. For
example,

True and True 1s True  True or True is True

True and False is False  True or False is True  not True is False
False and True is False  False or True is True  not False 1s True
False and False 1s False False or False is False
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Some words are in order for those of you who have read and understood
the chapter on PL/M. Besides and. or, and not, PL/M has another logical operator
called exclusive-or (xor). This operator returns a result of True if one or the other
but not both of its operands are True, and returns a result of False otherwise.
But this is exactly what the not-equal (<) operator does in Pascal so we have
no need for an exclusive-or operator. PL/M contains an exclusive-or operator
distinct from the not-equal operator because, unlike Pascal, the logical operators
in PL/M do not take Boolean operands; instead they operate on the equivalent
of integer operands and perform bit-by-bit logical operations on corresponding
bits in the two operands. So the logical operators of PL/M are not equivalent 10
the logical operators of Pascal even though the operators have the same names
(and, or. and not).

We'll have to postpone a discussion of set operators until after we learn
about sets.

Definitions, Declarations, and Statements

Now that we've met the trees (tokens and expressions in our case), let’s
step back and take a look at the forest (program). A Pascal program consists of
a description of the data (and other items) used in the program followed by a
description of the actions performed by the program on these items. The first
category can be further subdivided into definitions of concepts and declarations
of objects. The actions performed by the program are described by statemenis.

A definition introduces a name that can be used in place of some concept
of the language, In the sample program, we defined the name Scale to have the
same meaning as the constant 2. A declaration introduces an object of a particular
type, associates a name with that object, and indicates any restrictions on how
we intend to use the object. In response to the declaration, a compiler would
allocate memory for the object if necessary. For example:

var
Cost: 00.,99; {a particular subrange of integers}

This declaration introduces an integer variable, gives it the name Cost, and says
that we intend to keep our cost below 100,

A statement describes actions to be performed by the processor and causes
the compiler to generate code that performs these actions. The actual code gen-
erated is influenced by the definitions and declarations. For example:

Cost := Cost+ 3

This statement instructs the compiler to generate code that increases the value
of Cost by 3. Because of the preceding declaration, the compiler has enough
information to generate some instructions that inform us (when our program 18
executing) if we make an error and Cost gets above 99. Furthermore, the dec-
laration has told the compiler that it should increase Cost by generating instruc-
tions that perform integer arithmetic rather than floating-point ( real) arithmetic.
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Statements

Some of the statements in Pascal are assignment statements, selective state-
ments, repetitive statements, and compound staterments. Each of these statements
will be described in this section. Two other classes of statements, procedure-
invocation statements. and with statements will be described in later sections—
procedure-invocation statements in the section describing procedures and with
statements in the section describing records,

Semicolons are used to separate adjacent statements. For example, three
consecutive statements would be written as

=58 =0GC:=T

Of course the above example could have been written on three lines instead of
one. In either case, there is no need for a semicolon after the 7. Inserting a
semicolon there would not be wrong; rather it would mean that we actually have
four statements instead of three, where the fourth statement contains no tokens
and performs no actions (the empty statement). Let’s see how these three state-
ments would look in a program:

program Scmicolons;

... {data description section|
begin
A= 5
B:= 0,
Ee== 7
end.

Again, notice that there is no need for a semicolon after the 7, But if later we
decide to add a statement following C : = 7, we must remember to go back and
put in the semicolon. There's a good chance we'll forget, so let's simply avoid
the problem and always follow every statement with a semicolon. The program
examples in the remamder of this chapter will contain such semicolons.

Assignment Statements The simplest kind of statement is the assign-
ment statement. It causes the value of an expression to be assigned to a variable.
The format of an assignment statement s as follows:

variable := expression

Some examples of assignment statements are shown below:
Length : = 5: Width : = 2*Length

Some other high-level languages, notably FORTRAN and PL/M, use " ="
instead of the more cryptic *': =" to separate the vanable from the expression in
an assignment statement. Pascal uses the ;=" symbol so that we can easily
recognize when we are making an assignment and when we are applying the
equal-to relational operator. For example, statements of the form
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Maich ;= |=J

are much easier for us 1o understand than

Maich = |=J [invalid in Pascal, valid in PL/M}

The meaning of the first statement (and the intended meaning of the second
statemnent) is to assign the Boolean value of True to Match if the value of 118
equal to the value of J, and otherwise assign False to Match.

Just as Pascal keeps us from adding apples to oranges, it also prohibits us
from assigning apples to oranges. In other words, both the value being assigned
and the variable it is assigned to must be of the same type. Thus, if Count 15
declared to be an integer, we can write

Count : = 117
but we cannot write
Count := 6.5
(Ine exception: we can assign integer values to real variables. So if Weight was
declared to be a real, we can write:
Weight := 117
The following program is an example that uses assignment statements:

program Factonal,
var
Fact1: Integer;
Fact2: Integer,
Factd: Integer;
Factd: Integer;
begin {compute 11, 2!, 3!, and 4!}

Factli := 1:
Fact? := 2*Fact 1;
Facld ;= 3*Fact2:

Factd := 4*Fact 3,
[vou'll probably want to do something with the factonal results hare|
end.

Selective Statements  There aren’t very many interesting programs we
could write with just assignment statements. Once we can make decisions and
select which assignment statements we want the processor to perform, program-
ming starts to become fun. The two selective statements—the if statement and
the case staterment—gives us this capability.

The if statement has the form:

it expression then statemeant

An example of an if statement 15

if Speed =55 then Fine - = 25
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The if statement tells what to do if the expression is true. A natural gquestion 1o
ask is, “‘If not, then what?"” The answer is nothing, unless we're told what else
to do as in the following if statement:

it Height<6 then Clearance ;= & Height else Clearance := 0

S0 another form of the if statement 15

if expression then statement else staterment

In either form, the expression must return a Boolean result; the selection will be
based on that result.

Note that there is no semicolon after the statement that 1s sandwiched
between then and else. To include such a semicolon, as in

it Height<6 then Clearance = 6 - Height, else Clearance .= 0

would be an error because a semicolon separates adjacent statements and “else
Clearance : = 0" is not a statement (it is a part of the if statement). So, although
we can be careless everywhere else and end all statements with semicolons, within
an if statement we must be careful and not end the sandwiched statement with
a semicolon,

The following program illustrates the use of the if statement in computing
INCOMe taxes:

program Tax,
var
Exemptions Age: Integer;
Salary, Tax: Real,
begin
Read{Salary); Read{Age).
Exemptions := 1;
if Age =65 then Exemptions : = Exemplions - 1.
Salary := Salary — 750.00* Exemptions;
it Salary<1000.00 then Tax (= 14" Salary
else Tax (= 140.00 + .20*(Salary - 1000.00},
Wite(Tax);
end.

Now here's an example of when not to use an if statement. Although the
statement

it Temperature=32.0 then Freezing ' = True else Freezing = False
is perfectly valid, it could be stated simply as
Freezing : = Temperature<32.0
The if statement has the ability to select one or the other of two statements

to be executed depending on the truth or falsity of an expression. The case
statement is a more general selective statement. It selects one out of a collection
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of statements based on the value (not necessarily a Boolean value) of an expres-
sion. It has the form:

case expression of value statement; value:staternent; .,

An example of a case statement 1s

case DayOfChristmas of

e - L B

2 M
10:
11:
12:

end

1:

PartridgelnAPearTree | = PartridgelnAPearTree + 1,
TurtleDoves : = TurtleDoves + 2;

FrenchHens := FrenchHens + 3,

CallingBirds : = CallingBirds + 4,

GoldenRings : = GoldenRings + 5,
GeeseAlaying .~ GeeseAlaying + 6,
SwansASwimming : = SwansASwimming + 7,
MaidsAMilking : = MaidsAMilking + 8,
DrummersDrumming .= DrummersDrumming + 9,
PipersPiping : = PipersPiping + 10,
LadiesDancing : = LadiesDancing + 11;
LordsALeaping : = LordsAleaping + 12

' yalue:statement end

ifirst day)
{second day}
Ithird day}
{fourth day}
ififth day}
Isixth day}
iseventh day}
leighth day|
{ninth day!
{tenth day}
eleventh day)
Itwelfth day)

If. in the above example, the value of DayOfChristmas is 7, the only statement
that 1s executed is:
SwansASwimming := SwansASwimming + 7

The above case statement is equivalent 1o the following collection of if
statements:

if DayOfChristmas = 1 then
PartridgelnAPearTree : = PartridgeinAPearTree + 1
else if DayOfChristmas = 2 then
TurtleDoves : = TurtleDoves + 2
else if DayOfChristmas =3 then
FrenchHens := FrenchHens+ 3
else it DayOfChristmas =4 then

CallingBirds .

CallingBirds + 4

else if DayOfChristmas =5 then
GoldenRings | = GoldenRings+5
else it DayOfChristmas = § then
GeeseAlaying : = GeeseAlaying + 6
else if DayOfChristmas = 7 then
SwansASwimming (= SwansASwimming + 7
else if DayOfiChristmas = 8 then
MaidsAMilking : = MaidsAMilking + 8
else it DayOfChristmas =9 then
DrummersDrumming : = DrummersDrumming + 9
else if DayOfChristmas = 10 then
PipersPiping : = PipersPiping+ 10
else if DayOfChristmas = 11 then
LadiesDancing := LadiesDancing + 11
else if DayOfChristmas = 12 then
LordsAlLeaping := LordsALeaping + 12

The case statement was not really necessary; we can always use a bunch of if
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statements as just illustrated. However. when the case statement is appropriate,
it makes the program simpler,
A less seasonal example of a case statement would be

case Year of
1981; Days := 365;
1982: Days := 365,
1983: Days : = 365;
1984: Days ;= 366;
end

This case statement could be abbreviated to

case Year of
1981,1982,1983; Days .= 365;
1984: Days ;= 366;
end

Compound Statements  The if statement just described permits us to
specify only one statement after the word then and only one statement after the
word else. But there are times that we might want to execute several statements
if a condition is true and possibly several other statements otherwise. A compound
statement is a collection of statements wrapped together to form a single state-
ment; it can be used following then or following else or any other place that a
single statement can be used. The form of a compound statement is

begin statement; stalement; ... ; statement end

Now a more complicated if statement would look like this:

if Minutes > =60 then
begin
Hours ;= Hours+1;
Minutes : = Minutes — 60,
end

Let’s now consider the following if statements

it Speed =55 then
it MeanJudge then Fine 1= 100
else Fine := 25

Here we have two ifs and one else. The else is said to be dangling because il
could go with either if. It's obvious from the way we wrote it that we meant for
the else to go with if MeanJudge and not with if Speed=355. If we meant for it
to be otherwise, we probably would have wrnitten

if Spead 55 then

if MeanJudge then Fine := 100
else Fine := 25

But Pascal doesn’t care how we indent our lines; to a Pascal compiler both forms
are interpreted the same way. And the way Pascal interprets a dangling else 13
to associate it with the most-recent if that can accept it (if MeanJudge in our
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case). It we wanted the else to go the other way, we would have to “undangle™
It as in
if Spead =55 then

begin if MeanJudge then Fine ;= 100, end
else Fine := 25

The compound statement makes the enclosed if into a completed statement so
it can no longer accept an else. The above else is no longer dangling, since there
is only one if that can accept it,

Repetitive Statements So far, we have seen how to write a program
that executes statements in sequence, one after another, We also want the ability
to execute one or more statements repeatedly, Pascal provides the ability to repeat
for a given number of times (for statement), for as long as a given condition i
sastishied (while statement), or unul a given condition s satsfied (repeat-until
staterment). Repetitions can also be accomplished using the more elementary goto
statement.

The goto statement has the form:

goto labal

The label i1s an unsigned integer. The following example illustrates the use of the
goto statement:

1492 America = True:

goto 1452

A few words about gotos and labels are in order here. A label is a name, not a
number (1t only looks like a number), We can’t substitute goto 1490+ 2 in the
above example. It certainly would have been nicer if labels looked like identifiers
(goto Start, for example) instead. But gotos were purposely made ugly to dis-
courage us from using them. It's often hard to follow the flow in a program heavily
laced with gotos. Fortunately, most of the things we might want to do with gotos,
we can do with the higher-level repetitive statements instead. And the latter are
much easier to read. This point will become clearer as we learn about these other
repetitive statements,
The for statement has the form:

for variable : = expression to expression do statement
An example of a for statement is
for |I: =1 to 7 do Faclorial . = |*Factornal

The effect of the above example is to assign the values 1, 2, 3, 4, 5,6, Tto ],
and after each assignment execute the statement

Factorial := 1" Factonal
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This 1s roughly equivalent to

I 1;
10:

IF 1< =7 then
begin
Factorial : = |*Factorial:
| i= 1+1;
goto 10
end

If we initialized Factorial to 1 prior to executing the above for statement, 7! would
be the final value of Factorial, Note how much easier it is to read (and compre-
hend) the for statement than the equivalent statements involving a goto. ('There
15 a subtle distinction between these two forms. In the second version, 1 pets
assigned a value of 8 the last ime through the loop, whereas in the for statement
I never gets assigned any value other than 1 through 7.)

We can use the for statement to assign values in decreasing, rather than
increasing. order. For example:

for |. =7 downto 1 do ...

would assign the values 7, 6, 5, 4. 3, 2. 1 to | in that order.
The following program illustrates how the for statement is used to compute
the number of leap vears in the 21st century.

program Leaps,
var
Years: 2000..2099;
LeapYears: 0..100;
begin
LeapYears .= 0,
for Years: = 2000 to 2099 do
if i(Years mod 4) - 0 then LeapYears : = LeapYears+ 1;
Write(LeapYears);
end.

The while statement has the form:
while expression do stalement
An example 15 the following:

while Debt>=0 do Debt .= Debt + Interest - Payment

The effect of the above example is to repeatedly execute the statement as long
as the value of Debt is greater than (0. This 1s equivalent to:

20:
if Debt =0 then
begin
Debt .= Debt + Interest — Payment,

goto 20:
end
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The repeat-until statement is just the opposite of the while statement. The
while statement is repeated as long as a condition 1s true; the repeat-until statement
is repeated as long as a condition is false. The while statement tests its condition
prior to performing its other actions: the repeat-until statement tests its condition
after performing the other actions. The form of the repeat-until statement is:

repeat statement; statement; ... . statement until expression

An example of a repeat-until statement s

repeat
Minutes : = Minutes—+ 1;
it Minutes = 60 then begin Hours : = Hours - 1; Minutes - = 0: end;
until Hours=5

MNote that even though there is more than one statement in the sequence
of repeated statements above (there’s an assignment statement and an if state-
ment), we did not need to use o compound statement. All of the other repetitive
statements (except the goto) could only repeat a single statement (or a single
compound statement ); the repeat-until statement can repeat an entire sequence
of statements. There's no esoteric reason that Pascal permits this here and not
elsewhere; it's simply an accidental side-effect of writing the terminating condition
after rather than before the repeated statements (the repeated statements are
bracketed by the words repeat and until so there is no need to bracket them with
begin and end ).

Definitions and Declarations

Now that we've learned almost all we need to know about statements, it's
time to learn about the descriptive sections (the definitions and declarations) of
the program. There can be up to five descriptive sections, These sections are:
—Ilabel declarations
—constant definitions
—itvpe definitions
—variable declarations
—procedure and function declarations
Mot all five sections need be present, but those that are present must appear in
the above order; unlike some other high-level languages, Pascal is very strict on
this ordenng.

Label Declarations Ewvery label used in the program (remember the
goto statement) must be introduced in a label declaration. An example of a
program containing a label declaration is

program Labeled;
label 1;

var |: Integer,
begin
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if |=0 then goto 1,

1:end;
A label declaration can introduce more than one label as follows:

label 10,20,30;

Note that adjacent labels in the declaration are separated by commas and the
last label is followed by a semicolon.

Variable Declarations  All variables used in our program must be de-
clared, Such declarations inform the compiler of the type associated with each
variable. With this knowledge, the compiler can determine what Kind of code to
generate (for example, integer add or floating-point add). Furthermore, the com-
piler can prevent you from making certain kinds of errors (such as assigning apples
to oranges) that it knows vou didn’t want to make.

Certain high-level languages (such as FORTRAN and BASIC) do not
require that variables be declared. You just go ahead and use them and, by doing
so, vou are telling the compiler that they exist. Furthermore, the first letter of a
variable’s name could be used to indicate the type of the vanable (for example,
~ all variables starting with I are integers). Such a language might seem to be easier
to use because it does not require us to write as much. But what happens when
we make a spelling error and write an assignment statement like

Carrect ;= Correct+ 1

The Pascal compiler would know that we never declared Carrect and so it could
tell us that we have an error in the above statement. But a language that doesn’t
require declarations would just think that Carrect is another vanable and make
an assignment to it. Then we'd have a hard time tryving 1o find out why our
program didn’t perform correctly, So we can be thankful that Pascal requIres us
to declare our variables.

An example of some variable declarations is the following:

var
|.JK: Integer; {declaring three integer variables|
Speed, Acceleration: Real; {declaning two real variables|
Ch: Char,; {declaring a character variable;
Found: Boolean; ideclaring a Boolean variable;
Weight: Real; |declaring another real variable}

Let's make some observations from the above example. For one thing, note that
several variables of the same type can be declared together (such as was done
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with I, I, and K) so that the type (Integer in this case) need be written only once,
Note, also, the use of semicolons: they must appear after each declaration of 4
variable (or variables) of a particular type.

Procedure and Function Declarations ~ We'll introduce procedures and
functions shortly so let's defer a discussion of their declarations until then.

Constant Definitions  As a convenience. Pascal lets us define 2 name
for a constant. For example;

const
Pi = 3.141592853579893:

Then we can use Pilater on in the program as a shorthand for 3. 141592653579803,
A more important use for constant definitions is to define a name for a constant
whose value we might want to change next week (or next month, or next year),
Rather than use that constant throughout the program, we give the constant a
name like

const
BufferSize = 32:

and use BufferSize throughout the program. Now we need only make the change
in one place. And, even if we never intend to change its value, a named constant
enhances the readability of our program so that someone else won't have to
decipher mystical statements like

If Day =280 then ...
when we really meant

it Day>GestationPeriod then ..

Type Definitions  Just as the constant definition lets us give a name to
a constant, a type definition lets us give a name to a new type. For example, we
could define

type
Years = Integer;
Dollars = Integer;

and then declare some variables having these tvpes as in

var
X: Years:
Y: Dollars;

It is true that we could have declared both X and Y to be of type Integer and it
would not affect the behavior of our program. By declaring them to be of type
Years and Dollars instead, we are conveying some additional information to other
readers of our program about the intended usage of the variables X and Y. Some
other high-level languages might even tell us that we made a mistake if we tried
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adding a variable of type Years to a variable of type Dollars, but Pascal doesn’t
go that far (since they were both derived from integers, Pascal considers this as
adding red apples to green apples—a lesser sin than adding apples to oranges).

In the next section, we'll learn much more about other Kinds of types that
Pascal lets us define.

Types

There's been a lot said about types already in this chapter. They're obviously
pretty important. In this section, we'll review the types we've already met, become
introduced to some more types. and even learn how to create our own types,

As we've already learned, a type specifies a collection of distinet values
that a variable of that type may take on. For example, a vanable of tvpe Boolean
can have one of the two Boolean values—True and False. A type can either be
a simple type (such as an integer, a real, a character. or a Boolean), a structured
type, which is a collection of simple types. or a pointer type whose values identify
{(point to) variables that become created when the program is executing.

Simple Types L

We've already been exposed to the standard simple types—namely Integer,
Real, Boolean, and Char. These types are actually predefined for us; in other
words, they are known to the Pascal compiler without our having to include type
definitions for them in our program. Now we'll learn how to create types of our
own choosing (enumerated types) as well as how to restnet the values in a type
(subrange types).

Enumerated Types The standard simple types have not been defined
for any particular application; they are general enough to be used in a wide variety
of cases. But if we are writing a program for a particular application, might there
not be some specialized types that we would find quite useful? For example, if
we are writing a program to control all the traffic lights in town, a type that
specifies the three traffic-light settings would be nice to have, Pascal lets us create
such a type by enumerating a collection of identifiers that are the values of that
type. For example
(Green,Yellow, Hed)
is the type we want, Besides creating a new type, we have just created three new
constants, namely Green, Yellow, and Red. We could define variables of this
new type by writing
Light1,Light2, Light3: (Green, Yellow,Red)

or we could define a name for the new type and use that name when declaring
variables.

type
Setting = (Green,Yellow, Hed);

var
Light1,Light2,Light3: Setting:
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The order in which we enumerate the identifiers is important. The ordering
in the preceding example implies that Green is less than Yellow. which in turn
is less than Red. We can take advantage of these relations as in the following:

if Light1<Light2 then ... {traffic controlled by Light1 has right-of-way)}
for Light1: = Green to Red do ... {step through one full cycle|

Pascal even provides us with some functions that rely on this ordering. In par-
ticular, Succ(Yellow) gives the value that is the successor to Yellow (Red in this
case ), Pred( Yellow) gives the predecessor to Yellow (that's Green), and Ord( Yellow)
gives the enumerated order (starting from 0) of Yellow (1 in this case).

How about an example? Here's a program that counts the weekdays in this
decade. It uses two enumerated types, Day and Month,

program Calendar,
type
Date = 1..31;
Day = (Mon, Tue,Wed, Thu,Fri,Sat,Sun);
Month = (Jan,Feb Mar Apr May Jun.Jul Aug,Sep.Oct Nov,Dec):
Year = 1980..1989;

var
ThisDate MaxDate: Date;
ThisDay: Day;
ThisMonth: Month;
ThisYear: Year;
WeekDays: Integer;
begin
|start al first day of decade)
ThisDay := Tue; ThisYear : = 1980; ThisManth : = Jan; ThisDate := 1:
WeekDays ;= 1; {starting day is a weekday|

repeat {go through entire decade)

{determine number of days in month}
case ThisMonth of {see if we've exhausted this month yet)

Sep, {Thirty days hath September.}
Apr.Jun, Nov: {April, June, and November:)
MaxDate : = 30,
Jan, Mar May, Jul Aug,Oct, Dec:
MaxDate : = 31: {All the rest have thirty-one, |
Feb: {Excepting February alone:}
if (ThisYear mod 4)< -0 then
MaxDate : = 28 {Which hath but twenty-eight in fine,}
else MaxDate . = 29; i Till leap year gives it twenty nine. |
end;

lincrement dale}

it ThisDate<>MaxDate then ThisDate : = ThisDate + 1

else {go on to next month]
begin
i ThisMonth<:=Dec then ThisMonth : = Succ(ThisMonth)
else begin ThisMonth := Jan; ThisYear .= ThisYear + 1; end;
ThisDate := 1;
end;
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{increment day}
if ThisDay<Sun then ThisDay := SucciThisDay) else ThisDay := Mon;

lcount weekdays)
it ThisDay<Sal then |[it's a weekday|
WeekDays : = WeekDays + 1,

until (ThisMonth = Dec) and (ThisDate =31) and (ThisYear = 1989},

Write{WeekDays); (here's the answer}
end.

Subrange Types A type whose values are a subset of the values of some
other type 1s

0.9

Since ) and 9 are both integers. the above type consists of the integer values in
the range from () to 9. This is called a subrange of type Integer. We can declare
subrange variables by writing

var
0.9

or equivalently with
type

Digit = 0..8;
var

X: Digit;

Subranges are not distinct types; X above is still considered to be an integer even
though the values it may take on are more restricted than the integer values. This
means we may add X to any-other integer variable without being accused of
mixing types. We must be carcful when assigning to a subrange vanable. The
compiler will not prevent us from writing X := ¥ where Y is declared by Y:Integer.
But when our program is running, it might happen that the value of Y is greater
than 9 (or less than (). In general, such an error cannot be detected when our
program is being compiled, At best, the compiler might generate code that will
test for this condition when the program is executing and will print out an error
message if 11 occurs.

Since subranges are not new types, why do we need them? They just place
more restrictions on us and appear to make it harder for us to write programs,
In truth, they make it harder for us to write incorrect programs. If we know that
a variable should only take on a particular range of values, we can assert this fact
by declaring the variable to be a subrange. Then, if our program has an error in
it and the variable gets out of range, there is the possibility that we will be alerted.
At the very least, by using a subrange we have documented some important piece
of information about how our program should behave after the last bug has been
removed.
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Subrange types are not restricted to being integers. We can, for example,
declare the variable Ch to be of type character but restrict its values to lower-
case letters only. Such a declaration would be

var
By 'a'. 41

Structured Types
The structured types are such things as arrays, records, sets, and files. Each
of these types will now be examined in detail.

Arrays  Variables of simple types have only one value at any one time,
But frequently certain values are related, and programs can be simplified by
grouping related values together. For example, consider a program that reads in
the age (to the nearest year) of 10 people and then determines how many of
them are over 40. The following is the hard way to solve the problem: -

program Overd0TheHardWay,
var
Agel AgeZ Age3 Aged Ageb AgeB Age7 AgeB Aged Agel0: 0..150;
Overd(: 0..10;
begin
... lread in the ages)
Overd := 0, linitialize the count}
if Age1=>40 then Overdd := Overd( +1;
it Age2=-40 then OverdD ;= Overd( +1;
if Age3=40 then Overd( := OverdD + 1,
it Aged =40 then OverdDd = Owverdd +1;
if AgeS=40 then OverdD : = Overd0 + 1:
if Age6=40 then Overdd := Overd0 +1;
if Age7 =40 then QOverd]d = Overd -1
if AgeB=-40 then Overd)d = Overd + 1;
it AgeS=>40 then Overdd ;= Overdd +1;
it Age10=40 then Overd) : = Overd( +1;
.. {do something with the result}
end.

Obwviously the variables Agel, Agel, ... Agell are related to each other in the
sense that all of them are ages. Pascal allows such related variables to be grouped
together as one variable with 10 integer values. Such a variable, Age, would be
declared by:

Age: array([1..10] of 0..150

where array[1..10] of 0..150 is a tvpe. The subrange 1..10 is called the index of
the array. The individual components (called elements) in the array Age are of
type 0..150 and can be referred to as Age[l]. Age[2], ..., Age[10]. Now the
previous program can be rewritten as follows:
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program QOverd0TheEasyWay
var
Age: array[1..10] of 0..150:
Overd(: 0..10;
I 1..10:
begin
.. lread in the ages/
Overd0 : = 0; {initialize the count;
for I:=1 to 10 do if Age[l]=40 then Overd0 ! = Overd0 + 1,
... |do something with result|
end.

The elements and index of an array mayv be other than (subranges of)
integers as shown below:
var
LotsOfints; array['a' .'z'] of Integer:
LotsOfReals: array|0..5] of Real,

LotsOfCharacters: array| — 50..50] of Char:
LotsOfBooleans: array|Char| of Boolean;

The following is an example of an array indexed by a subrange of characters:

program CountlLetters:

var
Ch: Char;
Count: array['a'..'z"] of 0..100;
begin
for Ch:="'a' to 'z! do Count{Ch] := 0; {clear the count}
repeat

Read{Ch): {read in the nexl lelter|
Count[Ch] := Count[Ch]+ 1; lincrement the count for that letter}
until Count{Ch]=100; {stop when we get 100 of any one letter;
... |do something with result}
end.

The following is an example of an array indexed by a type rather than a subrange
of a type:

Count: array|Char] of 0..100

In this case, we would get an array that has an element coresponding to every
vitlue of type Char (the previous array had clements corresponding to the low-
ercase letters only).

Now there are some restrictions on what types we can use for the index of
an array. For one thing, it must be a simple type (a structured type won't do).
For another, we can't use a real type such as

Aealindex: array[Real] of .. | no good|
because there is no way we could ever count the number of values of type real

and the array would have to have an infinite number of elements (that’s more
than the number of memory locations in MoOst Processors ),
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Finally, we can have arrays hke
Multilndex: array[1..10,1..100] of ..

This is called a two-dimensional array (arravs of even higher dimensions are also
possible) and has an array element for every pair of possible values of each index.
In this case, there are 10%100 different elements and they are accessed by such
names as Multilndex|5.30].

All of the above declarations of array variables defined their own array
types. Alternatively, they could have equally well used a previously defined array
Lype as in

type
MyArray = array[1..10] of 0..150;

var
Age: MyArray,

This same comment applies to all other types as well so 1 won’t bore you by

repeating this over and over again.

Records A record (called a srructure in PL /M) 1s another method of
grouping related vanables together. An example of a record 15
RelatedThings:

record

ExactThing: Integer;

ApproximateThing: Real;

end |of record}
and the individual components (called fields) in the record can be referred to as
RelatedThings.ExactThing and RelatedThings. ApproximateThing. There are
several obvious differences between records and arrays:

I. The components of an array are called elements: the components of a

record are called helds.

The elements of an array are all of the same tvpe, while the fields of a

record may be of differing tvpes.

3. An element in an array is referred 1o by its index (which may be a
variable whose value is not known when the program is being compiled).
A field in a record is referred to by its name (which is alwavs known at
compile time).

3]

When we access a component of a record, we have to indicate both the
name of a record variable and the name of a field. For example, to increment
the integer field of the above record, we would write

RelatedThings.ExactThing : = RelatedThings.ExactThing + 1

If we frequently access the fields of a particular record variable, we can simplify
matters by using a with statement as follows:
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with RelatedThinas do
begin (no need to mention HelatedThings on the lines below!
ExactThing := ExactThing+ 1:
ApproximateThing : AppraximateThing + 1:
end

The fields of a record need not be simple types. An example of a record
field being an array is as follows:

type
Gender = (Male Female):
Parson =
record
MName: array[1..15] of Char:
Age: 0..150;
Sex: Gender:
end;
var

John: Person:

The individual fields in this record can be referred to as John Name|1], John.
Name|[2], ..., John Name[15], John. Age. and John.Sex.

. IWstime for us to look at an example mvolving records, Consider a company
that keeps all its pavroll information in « computer file. Every payday the company
runs 1ts payroll program. which reads this file and prints the pavchecks. But now
it's raise time, and the company wants to give evervbody a 12% cost-of-living
raise. So it executes the following program:

program Haises:
var
PayCheck:
array(1..100] of
record
Name: array[1..15] of Char;
Salary: Real;
end
oY 100;
begin
... iread in the payroll file|
for I:=1 to 100 do {increase everyone's salary|
PayCheck[l].Salary : = 1.12 * PayCheck[l]. Salary;
- {write out the updated file)
end.

All the variables of a particular record type need not have the same strue-
ture. For example, consider the record

type
Gender = (Male Femala);
Person =
record
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Mame: array[1..15] of Char;
Age: 0..150;
case Sex:Gender of
Male: (Bearded: Boolean);
Female: (ChildBirths: 0..69), {see Guinness Book of World Records;
end;
var
John Jane: Person,

This definition of person has all the fields of the previous definition of person
(including a Sex field), but it has one additional field that was not in the previous
definition. This added field differs, depending on the value of the Sex field. If
the value of the Sex field is Male, the added field is a Boolean variable called
Bearded; if Sex is Female, the added field is an integer called ChildBirths. For
example, suppose we made the assignment

John.Sex .= Male: ithis is not surprising}

Now we can make reference to the component John. Bearded but the component
John.ChildBirths would be meaningless. Similarly, if Jane.Sex were assigned the
value Female. we could refer to Jane. ChildBirths but not to Jane, Bearded. (The
preceding example was meant to illustrate vanant records only; any inferences
to sexist stereotypes is purely unintentional),

Sets and Set Operators A set is a collection of distinet values, all of
the same type. To illustrate this, let's consider the type

type
Fruit = (Apple.Orange);

There are only two values of type Fruit, namely Apple and Orange. But there
are four possible sets of Fruit values—namely the set consisting of both Apple
and Orange, the set consisting of only Apple. the set consisting of only Orange,
and the set consisting of no values. These four sets are designated by [Ap-
ple.Orange|, [Apple|. [Orange|, and [ | respectively (there is no difference be-
tween the set designated by [Apple.Orange| and the set designated by [Or-
ange, Apple]). Each of these four sets 15 a value of some new type (they're certainly
not Fruit values) and that type is called ser of Fruit. A set-of-Fruit type can be
defined by

type
FruitBowl = sel of Fruit;

and some FruitBowl variables can be declared by

var
MyBowl, YourBowl : FruitBowl,

In this example, Fruit is the base tvpe of the type FrunBowl, Of course the above
variable declarations could have been written without ever defining the type Fruit,
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type
FruitBowl = set of (Apple, Orange);

var
MyBowl, YourBowl: FruitBowl;

or without ever defining the type FruitBowl,

type
Fruit = (Apple,Orange),

var
MyBowl, YourBowl: set of Fruit,

or without defining anv types at all.

var
MyBowl YourBow!: set of (Apple Crange):

As a more interesting example (sets of a base type contaming only two
values are not very interesting), let’s look at sets of characters, An example of a
set of characters is ['a'.'e' "', o' ,'u']; this set consists of the five vowels. There
are obviouslv a very large number (2'*) of different sets of characters and each
of these sets is a value of the type set-of-character. Another example of a set of
characters is the set of nine digits and is written as ['1',120,130 141 150 1g!
'71.181,191], But this can be written in a simpler form, namely ['1'..'91],

We can declare a variable of type set-of-character by writing

Vowels: set of Char;
and then we can write statements like
Vowels := ['a' 'e! 'i! 'o! Tu');

Now that we have been introduced to sets, what can we do with them?
Sets can be used to simplify the task of making certain kinds of decisions. For
example, instead of testing the value of a character variable with

fiCh="a'yor (Ch="e"y or (Ch="i") or (Ch="a") or (Ch="u") then ...
we could write
if Ch in Vowels then ...

We have just seen our first set operator, namely in, which appeared in the
expression Ch in Vowels, The expression consists of two operands and an op-
erator. The second operand 1s of type set (set-of-characters in this case) and the
first operand is in the base tvpe (character in this case) of the set. The in operator
returns the Boolean value True if the element of the base type is in the particular
set, otherwise it returns the Boolean value False,

Some other set operators that also return a Boolean result are set-equality
(=), set-inequality (<<=}, subset (< =), and superset (> =). The operands of
these operators are both set operands having the same base type. For example:
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[fa'.'zY1=["1".'9"] yields False
(set of letters and set of numbers are different)

‘a'.!e! Vit Yo' Wu'j==('a'..'2"] yields True

(set of vowels is contained in the set of lelters)
['q']:- =[ | yields True (every set contains the empty set)

['1!..'a"<=[1..9] is invalid
(operands do not have same base type)

A word about the subset (*<<="") and superset (*'>="") operators is in
order. We have already met these svmbols in connection with relational operators,
except there we called them less-than-or-equal and greater-than-or-equal. We just
happen to be redefining for set operations some (but not all) of the symbaols that
were previously defined for relational operations. The symbols <" and **="" are
not defined for set operations.

The remaining set operators are set-union ( + }, set-difference ( - ), and set-
intersection (*). Each of these operators takes two set operands and produces a
set result, The base type of the two operands must be the same and the result
will have that base type as well. The effect of these three set operators is illustrated
in the following lines of code:

Letters := ['a'.'z'}:

Vowels := ['a' 'e' 'i' 'o! 'u);

Digits := ['0'..'9");

Consonants : = Letters — Vowels; \difference of two sets)
AlphaNumerics := Letters + Digits; {union of two sets)
ExtendedVowels : = Vowels + ['y']; lanother union}

Shared := Consonants * ExtendedVowels; lintersection of two sets)

After executing the above lines of code, Consonants would consist of all the
lower-case letters with the exception of the five lower-case vowels, AlphaNumencs
would consist of all the lower-case letters together with the digits, ExtendedVowels
would consist of the five vowels along with the “sometimes-vowel™ 'v', and Shared
would consist of the only character that s both in ExtendedVowels and Conso-
nants—namely 'v!.

Before leaving the topic of sets, let’s contrast them with arravs. The com-
ponents of both are called elements and, in both cases, the elements must all be
of the same type, But that's where the similarity ends. The value of an array is
completely specified by specifving a value (in the underlyving tvpe) for each position
in the array: the value of a set is completely specified by specifving whether or
not each value in the underlying type is contained in the set. From this, we can
deduce the following differences between sets and arrays:

1. All arrays of the same type (such as array|1..10] of Integer) have the
same number of elements (10 in this case): each set of the same type
(such as set of Fruit) can have a different number of elements (0, 1, or
2 in this case),
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2. Several elements in an array can have the same value: each element in
a set is unique,

3. An individual element in an array can be accessed (by specifying its
index), The individual elements in a set are never accessed,

Files A file is an ordered sequence of elements, all of the same type.
But this is not very different from an array. There are, however, two fundamental
differences between files and arrays:

I. An array contains a specified number of elements: a file does not.

. Any element in an array can be accessed at any time (by simply specitying
its index); the elements in a file must be accessed sequentially (we can't
access the tenth element until after we've accessed the preceding mine
elements).

| o |

Arrays are usually (but need not be) kept in the addressable memory of
the processor during the entire execution of the program. Files, on the other
hand, are usually kept on some external memory device such as magnetic tape
or disk. This distinction is not inherent in the Pascal language (Pascal doesn't
care where its variables are stored as long as the execution of the program comes
up with the correct answers). However. it is just this distinction that explains why
files were defined the way they were. Specifically, a magnetic tape can be accessed
only sequentially and you can always put another element onto the tape (the end
of the tape is usually pretty far away). Disks, of course, can be accessed randomly,
but Pascal programs do not take advantage of this fact when accessing files that
are stored on disks.

File variables are declared just like any other variable, The following is a
declaration of two files:

Infile, Outfile: file of Integer;
The individual elements in a file are accessed by writing statements like
ReadiInfile,|.J K); Write{Qutfile | + J = K}

The statements on the above line will read the next three elements from the file
Infile: store their values in the variables 1. J, and K: and write the sum of the
values into the next element in the file Outfile. Whenever Read or Write do not
specify a file name, a default system file (possibly an interactive console) 15 used.
The default file for Read is named Input and the one for Write is named Qutput.
This is exactly how Read and Write were used in our sample program.

Now if we are always reading or writing into the “next” element of a file.
we need some means of starting from the beginning of the file. This is accom-
plished by writing

Reset{Infile); Rewrite{Outfile)

Rewrite gets us to the beginning of a file that we are going to Write to: Reset
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gets us to the beginning of a file that we are going to Read from. ResetForWrite
and ResetForRead would have been more descriptive (but, alas, more cumber-
some) names. If the files are actually stored on magnetic tape, both Reset and
Rewrite will cause the corresponding tape drive to be rewound (Infile and Outfile
would be on two different tape drives).

Why do we have to specify, when we start 1o use a file, whether we will
be reading from or writing to that file? Answer: Because reading from a file
doesn’t change the length of the file whereas writing to it does. When we Rewnte
a file, we start with an empty file (if the file previously exists, we are going to
overwrite it} and append elements to it with cach succeeding Write that we
execute, When we Reset a file, we start at the beginning of an existing hile whose
elements will be accessed with each succeeding Read that we execute. The end
of a file being written to is always immediately after the last element we wrote,
The end of a file being read is usually not after the last element we read: it could
be further out in the file but we can alwavs get to it if we do enough Reads. So,
when we start to use a file, we must commit ourselves to either reading from or
writing to that file; we cannot do both,

We need some way of knowing when we've read the last element in a file,
This can be tested for as follows:

if Eofiinfile) then ...

where Eof is an abbreviation for end-ot-file.

An example is certainly in order at this time. Let's consider a program that
reads in an unspecified (but probably very large) number of telephone numbers
and then prints out the numbers with all the numbers in the local area preceding
all the remaining numbers. This list might then be used by a telephone canvasser
who first wants to survey the local people and, if time permits, survey some of
the others. Since the numbers written out will not be in the same order as the
numbers read in, we will need to temporarily store the numbers during the
execution of the program. But we can’t use an array to store them in, since we
don’t know how many numbers there will be and, therefore, we don’t know how
big an array to declare. In this case, a file will do just fine,
program Telephone,

var
Number: {this is phone number to be read or written}
record
Prefix: 000..999;

Suffix: 0000..9999;
end;

MNearby Faraway: file of Number
begin

\prepare to write to files)
Rewrite(MNearby), Rewrite{Faraway),

Read(Number); (get the first phone number;
while Number Prefix< >0 do {zero indicates end of phone numbers}
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begin

it Number Prefix = 775 then {it's a local number!
Write(Nearby, Number)
else {it's not a local number}
Write{Faraway Number),
Read{Number); {get the next phone number)
end;

{we have finished writing so prepare to read from beginning of files]
Reset{Nearby): Reset(Faraway).

{read back the local numbers and print them out)
while not EofiNearby) do
begin Head(MNearby Number), Write{Number): end:

{read back the remaining numbers and print them out)
while not Eof(Faraway) do
begin Read{Faraway Number). Write(Number); end:

end.

Certain files might exist before our program starts (o execute (they supply
input data to our program) and others will exist after our program completes its
execution (they contain the results generated by our program). These files con-
stitute an external environment for our program. We've alreadv been using two
such files without even realizing it—namely Input and Output. These files are
the system files that Read and Write use when no explicit files are mentioned.
Depending on what computer system vou are executing your program on, Input
might be a card reader. a paper-tape reader. the console kevboard, or some other
nput device. Similarly, Output might be a printer, a card or paper-tape punch,
a console screen, or some other output device,

The rules of the Pascal language state that the external environment is
mentioned on the first line (called the header) of the program. So a program that
reads from the file Input and writes to the file Output would start off with

program MyProgiinput, Output);

However, many compilers have chosen to use a different method of specifying
the environment. In particular, the popular 8086 Pascal compilers want us to
specify the external name of the file whenver we start to use the file. An external
name of a file 15 the name by which that file is known to the operating system
that controls the execution of our program. Thus, the Rewrite and Reset lines
in the above example would be changed to

HawrlteiNearby. name1 ¥ Hewrrle{Faraway nameE ¥;
Reset{Nearby,'name1'); Reset(Faraway, 'name2');

where namel and name2 would be the external names of our two files,

Pointer Types
All of the variables we have met up to now are declared before we ever
execute our program. If we need five integers, we declare five integer variables
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when we write the program. Pascal provides no means for letting the program
decide (when it is executing) that it needs to declare a sixth integer, In other
words, we can’t write a program such as

it XY then var Z: Integer, {a declaration made when program is executing]

Before we learn about a way that does let us create variables when the
program is executing, let’s see why we would want to do such a thing. Suppose
we wanted to write a program that simulates the traffic flow at some intersection,
The number of cars in the intersection will vary as the program executes; new
cars will be entering the intersection and, with luck, those cars in the intersection
will eventually leave it. Each car is a variable in our program and would probably
be represented by a record. We could contain the cars in an array of records and
declare the size of the array to be at least as big as the maximum numbers of
cars that we ever expect to be in the intersection at any one time. We might need
other such vanables in our program (perhaps to represent the people in the
mtersection) and we would have to declare maximum size (worse case) arrays
for these as well. Even though the maximum number of people and the maximum
number of cars might never be in the intersection at the same time, we have been
forced to allocate enough memory for such an event. We have probably declared
an excessive amount of memory, and it might even be more memory than is
actually available to our program. If we weren't forced to declare our variables
in advance, but could create them when our program was executing instead, we
might not need as much memory to perform our simulation.

When we declare a variable, we give it a name by which we can refer to
it throughout our program; if we create a variable when the program is running,
we will need some alternate means of referring to it. We can do this by storing
the identity of each created vanable in some other variable called a pointer
variable. The pointer variable is then said to “point™ to the created variable, The
values taken on by pointer variables are identities of other variables, but such
values do not fall into the realm of any type we have met so far. S0 we must
introduce a new type; if the created variables are integers, the variables that point
to them are type pointer-to-integer,

Besides taking on values that are identities of other variables, a pointer
variable can also take on the value of nil. A pointer variable having such a value
does not point to anvthing. Thus, nil is a good value to use for initializing pointer
variables,

A pointer vanable can be declared by writing
var

Nextint: “Integer; {read this as “pointer to integer”}

This declares Nextint to be a variable whose value is the identity of some other
variable (that will be created when the program is running) and the value of that
created variable will be an integer. We can now create the integer variable with
the next statement
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New(Mextint)
and we can refer to the created variable by writing Nextint” as in the following;
extint .= 5, X .= Nextint

Everything looks fine—we've seen how to ereate variables without having
to declare them, and we learned how 1o refer to these created variables. But we
haven't solved the problem of dealing with that traffic simulation. If we have to
declare a pointer variable for every vaniable that we are going to create, we are
no better off than before. But there is a way for us to declare only one pointer
variable that points to the last created variable and have each created vanable
point 1o the vanable that was created just before it. Consider the following type
defimition for our created vaniables:

type Car -
record

Speed. Real

... ; {other fields relating to the particular car) .
PreviousCar: "Car

end;

Our pointer vanable would be declared with

var
LastiCar: "Car:

We would imitialize LastCar by writing the statement
LastCar . = nil

and cach time we wanted to create a new car we would execute the following
statements.

TempCar : = LastCar, {TempCar is a temporary variable, also of type "Car|
Newi{LastCar), {create a new car and store its identity in LastCar}
LastCar’.PreviousCar := TempCar; {last car created now points to car created befare it}

Now suppose we wanted to do something to every car we created, such as douhble
its speed. We could do this with the following while statement:

TempCar : = LastCar; {start with last car created)
while TempCar-= >nil do
begin
TempCar . Speed := 2 + TempCar Speed; {double the speed!
TempCar 1= TempCar’ . PreviousCar, {go to the next car)
end;

Procedures and Functions
A VEry important concept in programming is the subrouting or procedure,
It provides the ability to execute a section of code at several different places in
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the program without having to repeat the code at each of these places, Consider
for example, the problem of making change for a dollar,

program MakingChange;

const
LastCoin = B;

var
Coins: array[1..LastCoin] of 1..50;{this is the result}
Change: 0..99; {number 1o be converted;
I:1..LastCoin; {index into Coins array}

begin

Change : = 100 - ..., {write the cost here)

| := 1; {intialize the index}

while Change > = 50 do (half dollars)

begin
Coins{l] : = 50;
l:i= 1+1
Change := Change — 50;
end;

while Change ™~ = 25 do {guarters)
begin
Coins[l] : = 25;
l:= 1+1;
Change := Change - 25;
end;

while Change > = 10 do |dimes}
begin
Coing[l] := 10;
l:= 1+1;
Change := Change — 10,
end;

while Change = =5 do {nickels}
begin
Coins|l] := 5;
| = 1+1;
Change : = Change - 5;
end;

while Change> - 1 do |pennies}
begin
Coinsll] := 1;
j fe=- 12
Change := Change-1:
end;

while |= = LastCoin do (zero out rest of coins)
begin
Coins[l] := 0;
| :=1+1;
end;

end.

Note that the sequence of code

Coinsg{l] := X;
= 141
Change .= Change - X;
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for different values of X occurs in several places. It sure would simplify the
program if we could write this code only once and then call upon it from different
places in the program. Pascal lets us do just that by declaring the code to be a
procedure as follows:

program MakingChangewithFrocedures;

const
LastCoin = 8,

var
Coins: array|1..LastCoin] of 1..50; {this is the result;
Change: 0..99; {number to be converted;
I:1..LastCoin; {index into Coins array|

procedure NextCoin(X:1.50): {this is a procedure declaration)
begin
Coins|l] : = X; (X is specified when procedure is called upon)
l:=1+1;
Change ;= Change — X;
end; (of NextCoin}

begin

Change := 100~ ...; {write the cost here;

| = 1: {initialize the index}

while Change > = 50 do NextCoin{50): {half dollars]

while Change = =25 do NextCoin(25); {quarters|

while Change = = 10 do NextCoin{10); [dimes)

while Change = 5 do NextCoin(5}; (nickels}

while Change > =1 do NextCoin(1); {pennies;

while |= = LastCoin do NextCoin(0); {zero out rest of coins|
end.

This example has illustrated the fact that a procedure is a section of code
that is declared rather than executed. It appears along with the other declarations
and definitions. It has the same structure as the program itself (it can contain
definitions, declarations, and statements) except it starts off with a procedure
heading instead of a program heading. It can be called into exccution (invoked)
from other parts of the program simiply by mentioning its name: this is referred
to as a procedure-invocation statement.

We have already been using two procedures without even realizing it—
namely Read and Write. These two procedures are actually predeclared for us
(much like the predefined types such as Integer): in others words, they are known
to the Pascal compiler without our having to include procedure declarations for
them in our program.

Passing Information In many applications. we need to send input in-
formation to a procedure and receive output information (results) back. The
simplest method of sending information to a procedure is by placing the infor-
mation in a particular variable (or variables) before calling the procedure. The
variable I in the MakingChange program was such a variable. The same vanable
is used every time the procedure is called and the procedure knows to look in
that variable for its information. The procedure can return results in such vanables
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as well, Such variables are known as global variables. An example of transferring
information through a global vanable 1s the following:

Procedure Declaration Procedure Invocation
procedure UpCount; LUpCount;

begin

Count := Count+1;

end;

In this example, Count is a global variable used both for sending information 1o
the procedure and for receiving information from the procedure.

Another method of sending information to a procedure is by specifving the
information every time the procedure is called. Information passed in this manner
is called a parameter. An example of a parameter is the 50 in

MextCoin(50)

Within the body of the procedure, there is a vanable corresponding to each
parameter; the names of these vanables are designated in the procedure heading
as, for example, X in

procedure NextCoin(X:1..50);

An example using parameters 1s shown below:

Procedure Declaration Procedure Invocation
procedure CheckSize(1.): Integer); var Max Min: Integer:;
begin
if 1<<J then Count : = Count+1; :
end; CheckSizel Max Min);

In this example, the values (not the locations) of Max and Min are passed to
CheckSize and become the initial values of 1 and I (1 and J are called value
parameters). CheckSize does not know where Max and Min are located and
therefore cannot change their values.

If a parameter indicates the location of a value instead of the value itself,
the procedure could either fetch the value from that location or place a result in
that location or both. Such a parameter 1s called a variable parameier (the pro-
cedure can vary its value ). Variable parameters are so denoted by preceding their
names with the word var in the procedure heading. The following example il-
lustrates the use of vaniable parameters.

Procedure Declaration Procedure Invocation
procedure Switchivar 1.J:Integer); var First,Last: Integer;
var

Temp: Integer;

hegin ’
Temp := [ Switch{ First,Last);



8086 High-Level-Language Programming (Pascal) 245

R
J:= Temp;
end;

Of course, we could denote every parameter as being a variable parameter
and then we wouldn't have to think about whether it will be used to supply
information to the procedure or receive results from the procedure. But this has
several drawbacks. For one thing, the compiler would have to generate a greater
number of instructions (in the object code) for fetching parameter values, For
another. we wouldn't be able to pass constants as parameters, And, most im-
portant, we would be overriding the protection Pascal 1s offering us to ensure
that certain values that should not be altered by a given procedure are indeed
not altered.

A function is very similar to a procedure except it offers one more way that
a result can be returned. In particular, the name of the function is its result. A
function is not called into execution with a procedure-invocation statement; in-
stead it is called upon by using its name as an operand in an expression. Let's
look at the following example:

Funcrion Declaration
function PhoneBill{Units:0.,1000): Real;

begin
FhoneBill 5.00 + .05=Units;

end;

Function nvocation

Expenses : = PhoneBill{78) + ElectncBill{113)

Functions are distinguished from procedures in two ways, First, each function
must contain at least one assignment statement that assigns a value to 1ts own
name. Second, a fuction specifies the type (Real in the example above) of the
result to be returned.

Thus, we have seen three ways ot sending information to procedures and
functions and three ways of receiving information back. These ways are sum-
marized below:

Sending to Procedure/ Function Receiving from Procedure/ Function
global vanables global vanables

vilue parameters variable parameters

variable parameters function name

Recursion It is sometimes desirable to have a procedure (or function
call itself. In some sense. this is like looking at the reflection of a mirror in a
mirror. Pascal doesn’t object to recursive procedures, providing that the proce-
dures will eventually stop calling and start returning. As #n example, let’s write
a program that uses a recursive function to calculate factorials. One way to
calculate 7! (pronounced “seven factorial”) would be to caleulate 6! and multiply
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the result by 7. So the factorial function, when asked for the factorial of X, could
use the factorial function (which means calling itself) o caleulate the factorial of
X = 1 and then multiply that result by X. But if we're not careful, this mav never
end. S0 to make sure the sequence of function calls terminates, the factorial
function will return the result 1 (without calling anv other functions) when asked
for the factortal of 1. The Pascal program that calculates 7! is shown here:
program Fact?,

var XInteger,
function Factorial(l:1..7); Integer;

begin
if =1 then Faclorial .= 1
else Factorial : = I*Factonal(l - 1)
end;
X := Factorial(7); write {X):
end.

One reason we're mentioning recursive procedures and functions here is
because some languages (notably FORTRAN) do not permit recursion.

Block Structure and Scope

So far we have seen how to introduce items (constants, labels, [VPCS, Var-
iables, procedures, and functions) in one part of a program and use them some-
where else in the program. But we've never said just where in the program we
can refer to these items once they're introduced. The portions of a program in
which the name of an item is recognized is called the scope of the item

Before we can talk about scope. we must introduce the concept of a block
A block 1s a unit of the program that consists of a descriptive part (declarations
and definitions ) and an action part (statements). We have seen three places where
blocks occur in Pascal—namely in procedure declarations, in function declara-
tions, and in the outermost level of the program itself. Some of the the declarations
in the descriptive part of a given block could be procedure or function declarations,
s0 we can have blocks within blocks, Such inner blocks are said to be nested
within the outer blocks.

Now we can define the scope of an item. The scope is specified by the
following equation:

scope = block in which item is introduced
all nestad blocks
— fthose nested blocks that introduce another item with the same name

One restriction on the scope of an item is that the item must be introduced before
it is used (this makes the compiler’s life much simpler) with the exception of
pointer types (the compiler has agreed to work overtime for us here). Let’s clarify
and motivate these scope rules with some examples,

Example 1: Scope includes block in which item is introduced,
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var X: Integer;

begin

X 1= X+ 1; {of course this is within the scope of X}
end;

Example 2: Scope includes nested blocks as well,

var X Integer;
procedure P,
var Y: Integer;
begin
¥ = ¥+ 1: [this is also within the scope of X}
end;
begin

;ﬁd:

Example 3: Scope does not include nested blocks in which name 1s reintroduced.

var X Integer;

procedure F:
var X: array(1..10) of Integer;
begin
X = X+ 1; {error since this is outside the scope of integer X}
X[3] := X[2]+ 1; {however this is within the scope of array X)
end;

begin

X := X+1; {and this is within the scope of integer X}

end;

Example 4: Scope does not include outer block.

var ¥ Integer,
procedure F;
var X: Integer;

begin

end;
begin
X = X +1: lerror since this is outside the scope of X}
end;

Example 5: Items must be introduced before being used.

TYFE
A = array[1..10] of B; {error since B not yet introduced;
B = array|1..5] of Integer, {sorry, too late|

(It should be noted that some 8086 Pascal compilers. notably Intel’s, do
allow you to use an item before it 15 introduced. )

Example 6: Labels present no additional problems.
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label 1;

procedure X
begin

goto 1; {ok since the label has already been introduced)
end;

begin

1: ... {and here's where the label is}
end;

Example 7: What about two (or more) procedures that call each other?

procedure A{C:Char); Forward: {introduces A and C without declaring A/
procedure Bil:Integer),

begin
A('x'): {ok since A has been introduced though not declared}
end;

procedure A; (here's the declaration for A but without reintroducing G}

begin
B(5); {ok since B has been declared)
end;

Note that we used something new above, namely Forward. This allows us
to introduce a procedure and its parameters, but defer the declaration of the
procedure until later. By doing so, we can have procedures that call each other
and yet be able to introduce each procedure before it 15 called.

Example 8: Pointer types can be used before being introduced.

type
Car =
record
Number: 0001..9999;
Owner: "Person; {ok even though we haven't introduced Person yet}
end,
Person =
record
Age: 0..150;
Vehicle: "Car; {ok even it we hadn't introduced Car yet|
end;
begin

end;

In the last example, it would be impossible to introduce both Car and
Person before either one is referenced, since each one has a component that
points to the other. This explains why pointer types are exceptions to the “in-
troduce before using™ rule.

Now what effect does a with statement have on scope? A with statement
does not allow us to refer to any items (record components i particular) that we
could not have referred to otherwise; it just makes it a little easier to refer o
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them. It might, however, reduce the scope of certain items as shown in the
following example:

var
A
record
B:Char;
end;
procedure F,
var B: Boolean;
begin
with A do
begin
B : = True: {no good, we can no longer reference Boolean B}
B = 'x!: {but we can reference character B in record A directly}
end;
end;

Input and Output

No discussion of a programming language would be complete without a
description of how to get data into the program and how to get answers out, In
our early example. we saw how to get data in with Read(Next) and how to get
results out with Write(Sum). Later, when we met files, we learned that all reads
and writes are really to files, and the default files Input and Output are used it
no other file is specified. And when we studied procedures we realized that Read
and Write were actually procedures that are predeclared for us.

There's a strange thing about the Read and Write procedures: they can
take on as many (or as few) parameters as we feel like passing to them. For
example, we can read the next integer from a file of integers with Read(IntFile 1},
or we can read the next five integers with Read(IntFile,1.J. K. L. M}. No procedure
or function that we declare ourselves can do that,

Although we can define a file that contains objects of almost any type (no,
we can't define a file of files), probably the most universally used files are files
of characters. We could declare a file of characters by writing

MyChars: File of Char;

Even more useful than a file of characters would be a file of lines of text. (Imagine
what would happen if we wanted to write all the characters in this book to a
printer and they all came out on one line). Such files are called rext files and are
declared by

MyText: Text,

Both of the above files, MyChars and MyText, contain characters. But the char-
acters in MyText are grouped together to form lines, whereas those in MyChars
are not. When MyText is sent to a printer, the line structure is made visible to
us. But the file still has lines even when it resides on some nonvisual media such
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as a disk; in this case, the lines are conceptually defined to be sequences of
characters separated by end-of-line markers.

We now need some means of generating an end-of-line marker when we
write to a text file and some means of recognizing an end-of-line marker when
we read from a text file. Pascal provides two procedures, Readln and Writeln,
for this purpose. The parameters to these procedures are the same as the param-
eters to Read and Wnite. And these procedures perform the same actions as
Read and Write but, in addition, perform the following actions: Writeln will write
out an end-of-line marker after it writes out those characters requested of it;
Readlin, after reading in those characters requested of it, will read and discard
characters until it reads in an end-of-line marker. And Pascal provides the function
Eoln (end of line) which allows us to determine if we've just read in the last
character preceding an end-of-line marker.

What we need now is an example that illustrates the line structure of text
files. What better example is there than copying one text file to another while
preserving the line structure?

program CopyLines;

var
Ch:Char; {variable in which to store characters being transferred}
SourceFile, DestFile: Text; (declaring the two files)

begin

Reset{SourceFile, 'file1'); (external name of source file is file1)
Rewrite{DestFile, 'file2'): lexternal name of destination file is file2!
while not Eof(SourceFile) do [transfer all characters in the source file)

begin

while not Eoin{SourceFile) do {transfer all characters an next line)

begin
Read{SourceFile,Ch); {read in next character from source file .. |
Wiite(DestFile,Ch); {... and write it to destination file!}
end;
Readin{SourceFile); {read past the end-of-line marker)
Writeln{DestFile); {write out an end-of-line marker!
end;
end.

We've been using text files throughout this chapter without even being
aware that we were doing so. The default files Input and Output are text files so
we were using a text file in our sample program when we wrote Read(Next), But
Next was declared to be an integer and now we are reading it from a file containing
characters and end-of-line markers. This points out another property of text files,
Namely, Read and Write to textfiles can transfer more than just characters: they
can transfer numeric objects (integers or reals) and the numeric values are au-
tomatically translated to or from a sequence of characters representing the values.
For example, if the next four characters in the text file Input were '5', 19! 181
and ' ': the call to Read(Next) would read in the first three, translate them to
the integer value 598, and assign this value to the integer variable Next,
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We can also write (but not read) a stnng of characters (o a text file as in
Write{'hello')

True. this is no different from
Write('h','e', 1" 1", "0")

but it is much easier to write. Note the use of a string constant—namely 'hello’.
Back when we learned about constants, we were told that such things existed but
had limited use. Here's one place we can use them.

As a final example. the following program will ask us if we want it (the
program) to stop. It will continue to do so until we respond by typing a line
starting with the character 'y' (presumably the rest of the line contains the char-
acters 'e' and 's' but the program doesn’t bother testing for them).

program Looping;

var
Ch: Char;

begin

repeat
Writeln('do you want to stop the program?); Readin|{Ch);
until Ch=y';

end.

Aside about Standard Pascal

For years the Pascal “‘bible”” has been the Pascal User Manual and Report
by Jensen and Wirth (Springer-Verlag, 1975). Recently there has been activity
to “standardize”’ the Pascal language, That work is still in progress. but draft
proposals have been published by the International Standards Orpanization (DP7IRS
Specification for the Computer Programming Language Pascal, ISO/TC 97/5C 5
N, January 1981).

This aside is mentioned at this time because the next topic, separate com-
pilations, is not described in either the Jensen-Wirth report or the 1SO drafl
proposal. As a result, different Pascal compilers for the 8086 have chosen to
recognize different forms of separate compilation facilities. Two such forms are
described here. The first introduces separate compilations in a manner that does
not deviate from the proposed standard, instead it adds the facility by specifying
certain details that the proposed standard expressly designated as being imple-
mentation-dependent. The second form. which is recognized by Intel’s Pascal
compiler. does deviate from the proposed standard.

Separate Compilations

So far, all the programs we have written have been self-contained. It is also
possible to write a program that has some “missing procedures or functions,
These missing routines might appear in some other Pascal programs. This col-
lection of programs would be compiled separately but must be tied together
(bound) before they could be executed. This permits a program to be subdivided
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among several programmers. It also permits a single programmer to partition his
program into small, easily comprehended sections.

Two different methods of performing separate compilations are described
below. The choice of which method vou will use is not up to vou; it’s determined
by whichever compiler is available to you,

First Method  The following example illustrates one method of perform-
ing separate compilations

program Slave,
var
Count: Inleger;
function Successor(X:Integer): Integer;
begin
Successor ;= X+ 1;
end;
begin

end.

program Master,
var
Count: Integer;
function Successor(X:Integer): Integer;

Extern;
begin
Count ;= 3:
Count ;= Successor{Count):
end.

The program Slave doesn’t do anything (there are no statements between the
outermost begin and end), but it does contain the declaration for the function
Successor. The program Master is responsible for doing all the work, and it calls
upon Successor for assistance in carrying this out. There is no declaration for
Successor in Master; there 1s only a heading for the function and an indication
that the declaration is outside the program Master (Extern).

Note that items that are declared or defined in Master (Count in particular)
also appear in Slave. This is necessary so that the compiler can get itself into the
same state (frame of mind) when compiling the body (in Slave) that 1t was in
when it expected to find the body in Master and found an Extern instead.

At this time 1t would be worthwhile to contrast the form

procedure X; Forward: isee section on Block Structure and Scope}
with
procedure Y, Extern;

Both are instances of missing bodies. But Forward says that the body will even-
tually appear in this program, whereas Extern says that the body is somewhere
outside this program.
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Second Method  The following example illustrates an alternate method
for performing separate compilations. This is the form recognized by Intel's Pascal
compiler,

module Slave,

public Slave;
function SuccessorX:Integer). Integer;

private Slave,

function Successor(X:Integer): Integer;
begin
Successor .= X+ 1,
end;

module Master;

public Slave;
function Successor(X:Integer): Integer;

program Master,

var
Count: Integer,
begin
Count ;= 3;
Count : = Successor(Count},
end.

Now instead of talking about programs, we are talking about modules. The
module Slave doesn’t do anything on its own (it has no statements that aren't
buried inside procedure or function declarations). but it does contain the decla-
ration for the function Successor. The module Master is responsible for doing all
the work, and it calls upon Successor for assistance in carrying this out. There 15
no declaration for Successor in Master: there is only a heading for the function
and an indication that the declaration is outside the module Master (public).

A module contains either a main program (such as Master above) or a
nonmain program (such as Slave above). The name of the madule must be the
same as the name of the main or nonmain program it contains. A main program
takes the form of a program as already described; it consists of a program heading
(program ...;). followed by a description of items used in the program (definitions
and declarations), followed by actions performed by the program on these items
(statements), followed by a period. A nonmain program consists of a private
heading (private ...:). followed by a description of items used in the (nonmain)
program. followed by a period. Note that a nonmain program does not contain
an action part.

In addition to a main or nonmain program, a module also contains an
interface specification. This is the section that begins with the word public. The
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interface specification tells which items in the current module are available to
other modules, and which items in other modules are available to the current
module.

The nonmain program Slave contains no actions (NonmMain programs never
do), but it does contain the declaration for the function Successor. The interface
section of the module Slave indicates that the function Successor declared in this
module is available to other modules. The mmn program Master contains actions
(main programs are responsible for doing all the work) and calls upon Successor
for assistance. The interface section of the module Master indicates that the
function Successor declared in the module Slave is available to the current module.

Combining the Separate Compilations  The two programs (modules)
in either method above are compiled separately and can be compiled in either
order. Let’s look at the compilation process in a little more detail. When the
compiler encounters the call to Successor in program Master, it generates a call
instruction. But the address of Successor 1s not knewn at that time, so the compiler
cannot complete the address field of this instruction. Instead it generates a dummy
address field (a field containing any old address) and makes a note that the correct
address must be filled in later. This note remains attached to the object code of
program Master. When the compiler encounters the body of Successor in program
Slave, it picks an address for Successor and can make a note of the address so
that later this address can be inserted into the object code of Master. After both
programs have been compiled, all notes are read and the address of Successor 1s
written into the appropriate place in the object code of program Master., This
latter process is referred to as binding or linking.

Note that even though the body of Successor 1s missing in Master, its heading
(with all its parameter information is sull present. To understand why, consider
what happens when the compiler encounters the call for Successor (in Master).
It must generate code that somehow passes the parameters to Successor. This
code depends on the types of the parameters and on whether the parameters are
value parameters or vanable parameters. And this i1s exactly the information that
is contained in the heading of Successor. However, the compiler does not need
to know anything else about Successor at this time, so its entire body could indeed
be outside of Master, In fact, the body could be changed at some later date, and
the code that the compiler generates to call Successor would be unaffected.

Up to now we have been assuming that the program containing a missing
routing and the program containing the body of that routing were both written
in Pascal. In reality, either of them could be written in some “foreign’ language
instead. This permits us to write a Pascal program that calls on routines that are
written in some other high-level language or even in assembly language. Such a
facility is essential when we want to do things that are outside the realm of Pascal
(ke reading the contents of a particular location in memory).
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Tying It All Together

Let’s fimsh up by returming to our traffic light example. The example was
introduced in Fig. 1.3 to show a typical microprocessor application. By the time
we were into Chap. 4, we knew enough to be able to design an 8086 system that
would control the traffic light (Fig. 4.16). Now we can write a Pascal program
for the system.

The tratfic hight 15 situated on a main highway at the intersection with a
small cross street. The light 15 to behave as follows, It will normally be green for
the highway and red for the cross street. After the number of cars lined up in
the cross street exceeds 5, the light will become red on the highway and blinking
vellow on the cross street. This will continue until there are no more cars left in
the cross street.

The system shown in Fig. 4.16 has the traffic light connected as a memory-
mapped output port at memory location 1000 hexadecimal, Let us assume that
the individual bulbs in the light are wired up so thev correspond to the bits in
the memory location as follows:

(leftmost bit) 7 Red bulb on main highway
6 Yellow bulb on main highway

5 Green bulb on main highway

4 Left-turn bulb on main highway

3  Red bulb on cross street

2  Yellow bulb on cross street

I Green bulb on cross street
(rightmost bit) (} Left-turn bulb on cross street

The system also has an input port (not shown in Fig. 4.16) that tells the
processor how many cars are waiting in the cross street. This port receives its
information from sensors (along with some counting circuitry) buried in the road-
way. Let us assume that this input 1s connected as port 50 (decimal).

The Pascal program below will cause the traffic light to behave the way we
specified. Three external assembly-language routines are used in this program.
One causes a delay for a given number of seconds. This could have been written
in Pascal by using a for-statement that, after some experimentation, produces the
right amount of delay. But such a routine would be highly dependent on both
the BU86 timing charactenstics (we could not use this program with some other
microprocessor in the future) and on the particular compiler we are using (a
different compiler or a different version of the same compiler might generate
slightly different code causing the timing of the for-statement to change). So the
delay routine is a very good candidate for assembly-language programming. The
remaining assembly-language routines are used for reading or writing to specific
memory addresses or Input/Output ports. Such actions cannot be accomplished
directly in Pascal and must be done in assembly language,
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program TrafficLight;

const (names for individual bulbs}
MainRed = 128;
MainYellow = B4,
MainGreen = 32;
MainLeftTurn = 16:
CrossRed = B;
CrossYellow = 4
CrossGreen = 2:
CrossLefiTum = 1;

type
Byte = 0..255; {an eight-bit quantity}
MemoryAddress = record {an address in 8086 memory space;
SegmentLo,SegmentHi: Byte;
OffsetLo,OffsetHi: Byte;
end;
I10Address = record {an BOBE |10 port number}
OffsetLo,OffsetHi: Byte;
end;
var
Lights: MemoryAddress; {memory-mapped output]
CarCount: |OAddress; {input port}

{external assembly-language routines)

procedure Delay{X:Byte), Extern; {causes an X second delay}
procedure MemaoryWrite(Addr:MemoryAddress; X:Byte); Extern;
function 10Read{Addr:IOAddress): Byte, Extern;

begin

Lights.SegmentHi : = 0; Lights.SegmentLo := 0; {memory address of ...}
Lights.OffsetHi : = 16; Lights.OffsaetLo := 0; {...Lights is 1000H}
CarCount = 50; {port number of CarCount}

repeat
MemoryWrite(Lights, MainGreen + CrossRed): {normal setting|
if I0Read({CarCount) =5 then {too many cars waiting}
begin {let them through|
MemaryWrite|Lights, MainYellow + CrossRed); |stop highway|
Delay(3),
while |ORead(CarCount)=0 do !start cross street|
begin
MemoryWrite{Lights MainRed),
Delay(1);
MemoryWrite{Lights MainRed + CrossYellow),
Delay(1);
end
end
until False; {should loop forever}

end.
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Now we have the beginnings of a traffic-light control program. You might
want to try modifying it to do more elaborate things, such as controlling the
northbound lights independently of the southbound lights, controlling the left-
turn arrow, varying the delays to accommodate for peak hours, and anything else
vou can think of,

Summary

This chapter was not meant to be a compendium of all the features and
rules in Pascal (Jensen and Wirth's Pascal User Manual and Report published by
Springer-Verlag does that very well). Instead, it attempted to present most of the
features of the language in a form that was easy to digest, and convey enough
information so that you could write meaningful programs, We didn’t cover many
of the fine details (like *‘thou shalt not jump into a repetitive statement™ ), which,
although important, really get in the way when you're trying to learn the language.
We also didn’t present some of the dispensable features (like packing of structured
types) so that attention could be focused on the more necessary features.
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Instruction Set Summary
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ARITHMETIC
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BUE - Subirsct:

Heg rmemory and regqisler o slner
Immediate from regisier  memasy
immed«ate from accumulaton

BBB - Suhbtracl with Borrew

Rpg. (memoty and register bo mither
Immadiate lram regesiar memory
Immadiate Irom accumulaton

DEC  Decremant
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Hegaules

MEE-Change sign
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Foatnates:

AL = B-bat accumulato

A% = 16-hif accumulator

CX = Count register

05 - Data segment

ES - Extra segment

Aoy below refers 10 ensigned value

Greater - mare positive |

Less - less positive (more negalive) signed values
if'd = 1 then 1o reg: if d = 0 then “from™ reg

it = 1 then word snstmuction; if wo= 0 than byl instruction

it mod « 11 then rimis reated as a REG field

it mod = 00 then DISP = 0*, disp-low and disp-high are absent

il mod = 01 then DISP = disp-low sign-extended ta 16-bits, disp-hgh I5 absent
il mod = 10 then DISP = disp-high: disp-low

it rim = 00O then EA = (BX} « {51) « DISP

it r/m = 001 then EA = (BX) « (DI) + DISP

it r4m = 010 then EA = (BF) + (SI) « DISP

il rim - 011 then EA = (BP) + {DI) - DISP

if rim = 100 then EA = {81) - ISP

if rim = 101 then EA - (DI} + DISP

it r/m = 110 then EA = (BP) - DISP*

if rim = 111 then EA = (BX) + DISP

DISP follows 2nd byle of instruction (pefore cata o regquired|

*excepl it mod - 00 and rim = 110 then EA = disp-high: disp-low.

il 5w =01 then 16 bits of immediata data larm 1he operand

it 5w =11 then an immediate data byte s sign exténded 1o
Form [he 18-Dit operand

fw=0then ‘count'' =1: 1 v=1 than “"count™ In {CL)

% ='don'l care

2 1§ used for string primiives for comparison with LF FLAG

SEGMENT OVERRIDE PREFIX
[00 1 reg 11 0]

REG is assigned according lo the laliowing table:

16-Bit w - 1) 8Bit (w - 0) Segment
000 AX oon AL oo ES
001 CX i o O -
i 0Ox 310 DL 10 S&
011 B o117 8L 11 D&
1 SP 100 AH

01 BF 181 CH

110 Sl 110 OH

111 Ol 111 BH

Instructions which reference the tlag register hle as a 16-bit abject use the symbol FLAGS 1o
represent the filg

FLAGS = XXX X:(0F){DF)-{IF): (TF).(SF) (ZF) XC(AF) X (PF) X (CF]
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Opcode Space

Muost 8086 instructions contain their opcode entirely in the first byte of the
instruction. However, there are some instructions that spill the opcode over into
certain bits of the following byte. The portion of the opcode that 1s contained in
the first byte is called the primary opcode, and the portion that spills over (if any)
i5 called the secondary opeode. This appendix shows how the 8086 instructions
are laid out in a matrix called the opcode space.

The matnx entries correspond to the instruction opeodes. Each entry con-
tains the mnemonic of the instruction having that opcode as well as the settings of
any helds that distinguish the opcode from other opcodes that have the same
instruction mnemonic. For example, the primary opcodes AC and AD both
correspond to the LODS (load string) mnemonic, The primary opcode space
eniry for AD (intersection of row A and column D) contains LODS w, indicating
that this instruction loads a word (w field is 1). The entry for AC is simply
LODS, indicating this is a byte load (w field is 0),

Each entry in the matrix specifies not only the instruction but also any
arguments used by the instruction. The following notation s used for specifying
the arguments:

L. r/m means one of the arguments is specified by a mod and r/m field.

2. reg means one of the arguments is specified by a reg field.

3. imm means one of the arguments is specified as immediate data,

4. mem means the memory address of one of the arguments is specified
directly.

LA

if a register name is given explicitly, that register is one of the argu-
ments
6. af there are two arguments, the destination argument appears first.

As an example, consider the instruction whose opcode is 29, The entry in
the primary opcode space at the intersection of row 2 and column 9 tells us thal
the instruction is SUB (subtract). The w field is set indicating that it is a word

265
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subtraction. Furthermore, the destination operand is specified by the r/m (and
mod) field, and the source operand is specified by the reg field. Thus the
instruction will subtract the contents of the word operand specified by the reg
field from the contents of the word operand specified by the mod and r/im fields
and place the result back into the operand specified by the mod and r/im fields.

To illustrate the use of a secondary opcode, consider the instruction whose
primary opcode is F7. The primary opcode space contains *** at the intersection
of row F and column 7, indicating the existence of a secondary opcode. This
primary opcode space also contains a w, indicating that whatever the instruction
does, it does it on words, The secondary opcode space entry for F7 is found by
looking at the row labeled F7. There are seven different instructions that all have
the primary opcode F7. Suppose that our instruction contained a 3 in the opcode
portion of its second byte. The secondary opcode space entry for row F7 and
column 3 is NEG r/mn. So the instruction will negate the word specified by the
mod and r/m fields

2 Secondary Opcode Space (opcode in second byte)

0 1 2 3 4 ] B T
BO-81 ADD ]2 ADC SBB AN SUB XOR ChME
rimimm | emgimm | efenimme | orimgimme §oeimgimm | efmgiemem | eimarmem | orimamm
a3 ADD ADC =88 SUBE CMF
rirm, b e'm.imm § o'mimm Frm, i FimLirmm
8F PoP
Tirm
Do-03 HOL RCH RCL RACH SHL SAL S5HE Rag
FIm Fim ' rm rm ri'm /e
F&e-F7 TEST NOT MNEG MLIL IMLIL D TRIAY
FETh I rim Firri Firm ri'im Fim Fim
FE INC DEC CALL CALL JMP JMP PLISH
T TilTE ir|1ra nier intra niar i
FiF ING w DEC w
r{Imi rirmi




Appendix C

ASCII Codes

1. Mon Prinlable ASCI Characters

hex abrev milent

hes abrey intent

00 HNUL  null or tirme fill 10 DLE data line escape
01 S0 starn of heading 11 DC1 device control 1 (X-0N)
02 STX start of taxt 12 DC2 device control 2 (TAPE)
03 ETX end ol texi 13 DC3 device contral 3 (X-0FF)
04 EOQT end of transmission 14 DG4 dewice control 4 (TAPE)
05 ENQ enguiry 15 MAK negative acknowladge
06 ACK acknowledge 16 S5YMN synchronous idle
07 BEL bell 17 ETB end of ransmission blocks
08 BS5 backspace 18 CAN cancel
08 HIT horizontal tabulation 18 EM  end of medium
0A LF line feed 18 SUB  substiute
OB VT  wvertical fabulation 1B ESC escape
0C FF form fead 16 FS  file separaios
00 CR  carnage return 10 G5 group separalor
0E SO  shift out 1E RS  record separalor
OF Si shift in 1F US  unit separalor
/F DEL delele
2. Printable ASCI characlers

hex  char] hex char | hex char | hex char] hex char] hex char

20 3 0 40 @ Ky P B = M p

21 ! 31 i d1 A 51 ] bl a Fil 0

22 " J2z 2 42 B a2 R B2 b ¥ i

23 33 3 - F 53 3 B G 73 5

24 5 34 4 44 D e T £ d 74 f

25 %1 3B 5 45. E 55 LU 65 e o

26 & 35 & 46 F G W 66 f - B

27 < 7 4 G| 5 W |67 g it W

28 | 38 B 48 H 58 X BB h TH &

29 ) a8 9 49 | 59 Y & ey

24 b a8 48 o Bl i Gy i Fi= z

28 aBg 48 K | 58 | 6B & T4

2C 3C 4C L &C 6 | e

2D 3D 4D M | 5D | 60 m D

2E IE 4E M 5E BE i Fi =

2F i 4F O 5F BF o

268




Index

AAA, AAD, AAM, AAS instructions,
5862
Above, Bl
ACCUMULATOR register. See Registers
Activation record, 33
ADC, ADD instructions, 45-49
Addition and subtraction
of binary numbers, 46-51, 53, 84
operators, 149, 177, 214
of packed decimal numbers, 55-57
setting of flags, 95
of unpacked decimal numbers, 58
Addition operator. See Arithmetic operators
Address
bus, 99-102, 121-123
decoding, 106, 128
latching, 102-103, 104, 124-125, 126
of a memory location, 3, 13, 139
modes, 12, 23-33, 165-167
of a port, 18
AF flag. See Flags
AH register. See AX register
AL register. See AX register
ALE pin, 102, 104, 108, 120, 124, 126, 130,
138, 151, 155-156
Ampersand character, 145
Analytic operators, 151, 155-156
AN D instruction, 63-64, [ 50
AND operator
in ASM-86, 149-150
in Pascal, 215-216
in PL/M-86, 179
Apostrophe character, 148, 176, 212
Architecture, 12
Arithmetic operators
in ASM-86, 149
in Pascal, 214-215
in PL/M-R6, 177-179
Array, 30-31, 187-188, 230-232, 233, 236-237
ASCIIL 6-7, 58,69, 71, 148, 168-169, 176,
215, 208

ASM-86, 14]1-170, 172, 208
Assembler, 140
Assembly language, 140-141, 170-173,
254, 255

Assignment statements

in Pascal, 217-21%

in PL/M, 180-181
ASSUME statement, 142-143, 144, | 538-161
At character, See Commercial-at character
AUXILIARY CARRY flag. Ser Flags
AX register. See Registers

Backwords, 14, 26,29
BASE POINTER register. See Registers
BASE register. See Registers
Base registers, 24
Based vanable, 31, 190-191, 195
BCD. See Decimal arithmetic
Below, Bl
BH register. See Registers
BHE pin, 109, 110
Bidirectional amplification, 103, 125
Binary-coded decimal. See Decimal arthmetic
Binding. See¢ Linking
BL register. See Registers
Block, 1B2-185, 198-200
Block structure, 32
in Pascal, 246-249
in PL/M, 198-200
Boolean, 63-64, 97-98
Boolean constants, 212
BOOLEAN type, 214
BP register. See Registers
Breakpoint, 87
Bus, 99-102, 121-124
controller, 120, 138
BX register. See Registers
Byte, 13
BYTE type
in ASM-86, 154-155
in PL/M-B6, |78
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CALL Constant
instruction, 74-79, 162-163 in ASM-E6, 147-144
slatement, 194 in Pascal, 212-213
Carot-character. See Up-arrow character in PL/M-86, 176, 178, 1B9
CARRY flag. See Flags Constant delinition
CASE statement in Pascal, 226
in Pascal, 219-221 in PL/M. See LITERALLY
in PL/M-B6, 182-183, 198 Contents of a memory location, 3, 139
CBW instruction, 54 Control
CF llag. See Flaps Mags. See Flags
Character constant, 212 signals, 99-102, 121-124
See also Siring constant COUNT register. See Registers
Character representation, 6-7 CS register. See Registers
CHARACTER wype, 214 CWID instruction, 54
CH register. See Registers CX register. See Registers
Chip. 8
Chips d field, 28
2142 RAM, 106, 128 DAA, DAS instructions, 57-58
2716 ROM, 105-106, 127-128 Dangling ELSE, 221-222
KO®6 processor, 12-120 Data
BO8R processor, 1298, 121-138 amplification, 102-103, 124-125
B259A interrupt controller, 117-119, area, 2
136-137 bus, 99-102, 121-124
H282 latch, 102-103, 104, 112, 124-125, ~definition statements, 152-155
126, 130 formats, 3-7
H284A clock generator, 104, 120, 126, 138 segment, 8, 15, 21-22, 24, 67
2286 transceiver, 103, 123 DATA register. See Registers
K288 bus controller, 120, 138 DATA SEGMENT register. See Registers
CL register. See Registers DR, DD statements, 152
CLC. CLD, CLI instructions, 90 Debugger, 87-89, 98
Clock generator and clock pulses, 104, 120, DEC instruction, 49-3(, 93
126, 138 Decimal anthmetic
CMC instruction, 90 on packed numbers, 54-57
CMP instruction, 49-51, 79 seiting of flags, 97
CMPS instruction, 70-71, 168 on unpacked numbers, 57-62, 64, 169
Code segment, 8, 15, 21-22, 76-77 Declaration, 216, 224-226
CODE SEGMENT register. See Registers Declarative statements, 174, 180, 185-192, 202
Codes DECLARE statement, 174
ASCIIL, 268 Definition, 216, 224, 226-227
BCD, 55 Delimiter
Gray. 73-74, 168 in ASM-E6, 147
two-out-of-five, 40 in Pascal, 212
Comment in PL;/M-86, 175-176
in ASM-86, 148, |52 DEN pin, 103, 120, 125, 138
in Pascal, 213 DESTINATION INDEX register,
in PL;/M-86, 176-177 See Registers
Commercial-at character, 189 DF flag. See Flags
Compiler, 140 DH register, See Registers
Complementing, 64 DI register. See Registers
Compound statements Direct memory-addressing mode, 27, 165
in Pascal, 221-222, 224 DIRECTION flag. See Flags
in PL/M-86, See Simple X0 block Diirective statements, 151-163

Conditional jumps, 51, 72, T9-82 DISABLE statement, 185



Displacement, 24

DIV instruction, 52-51

DIV operator, 214

Division. See Multiplication and division
Division operator. See Anthmetic operators
DL register. See Registers

D) blocks, |82-185, 198-200

[M0 statement, 174, 182-198

Dollar-sign character, 175

Doubleword, 152

DOWNTO, See FOR statement

DS register. See Remsters

DT/R pin, 103, 120, 125, 138

DW statement, 152

DWORD type, 135

DX register. See Registers

Element

array, |87-188, 230

file, 237

set, 236-237
Ellipsis character, 229
ELSE

dangling, 221-222

statement, See [F statement
ENABLE statement, 185
End

of file, 238

of line, 250
END statement

in ASM-86, 145, 163-165

in Pascal, See Compound statements

in PL/M-86, 174, 195

See alvo DO blocks
ENDP statement, 162-163
ENDS statement, 145, 158, 163
Enumerated types, 227-229
EOF function, 238
EOLN function, 250
EQ} aperator, 150
EQU statement, 152
Equal operator

in Pascal, 215

in PL/M-86, 1179
ES register. See Registers
ESC instruction, 91-92
Executable statements, |74, [80-185
Expression

in ASM-R6, [48-151

in Pascal, 213-216

in PL/M-86, 177-179
External environment, 219
EXTERN{AL) specification
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in Pascal, 202

in PL./M-B6&, 202-203
Extra segment, 15, 21-22, 69
EXTRASEGMENT register. See Registers

FAR type, 155, 157, 162
Field of a record, 232
See also Member of a structure
Files, 237-239
Flags, 3, 22-23, 42-45, 83, §6, 89, 95-98
AUXILIARY CARRY (AF). 56-57
CARRY (CF). 46, 48, 56-57, 65-66, ™)
connotation of, 4647
DIRECTION (DF), 69.71.90
INTERRUPT ENABLE (IF), 83-84, 87,
B9, 90116, 135
OVERFLOW (OF), 46, RS
with respect to conditional jumps, 49-531,
4, T9-82
TRAP(TF), 87-88
LZERO(ZF), 70-71,73
Floating point, 91-92
Floating-point constant, 176, 178
See also Real constant
FOR statement, 222-223
See afso lterative DO-statement
FORWARID specification, 248
FUNCTION declaration, 226
Functions, 245
See also Typed procedure

GE operator, 150
General registers, 18-20
See also Remsters
Generations of computers, 8-9
Global vanable, 243-244, 245
L0V 1O statement
in Pascal, 222
in PL/M-86, 1B3-184
Gray code, 73-74, 168
Greater than, ¥1
Gireater-than{ -or-equal ) operator
in Pascal, 215
in PL/M-B6, 179
GT operator, 150

HALT statement, 185
Halving, 64606
Header
of function; procedure, 241
of program, 239
Hexadecimal numbers, 4
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High-level language, 30-33, 140, 171-173, Invocation. See Procedure-invocation
207-208 statement
HLT instruction, 6, 163 1O/M pin, 130, 138
IP register. See Registers
IC (integrated circuit), § IRET instruction, B6, 89
Identifier lterative-130 statement, 184, 198
in ASM-86. 147 See alvo FOR statement
in Pascal, 211
in PL/M-86, 175 Jump instructions
IDIV instruction, 52-54 JCXZ, 72-73
IF flag. See Flags IMP, 74-79
IF sintaimistit J<all other jump instructions), B0-82
in Pascal, 218-219
in PL/M-86. [RI-182. 183 Label, 151, 164, 199-200, 224-225
Immediate operand, 29, 165 LABEL declaration
IMUL instruction, 52-53 in Pascal, 224-225
N in PL/M-E6, 199
instruction, 39-40 LAHF instruction, 44-45
opesator, 235 Latch, 102-103, 104, 112, 124:125, 126, 130
INC instruction, 49 LIS instruction, 41-43
Index of an array, 230 LE operator, 150
Index registers, 20-21, 24, 31, 67-74 LEA instruction, 41-43
See alvo Registers LENGTH operator, 156
Indirect memory-addressing mode, 24, LES instruction, 41-43
66167 Less than, 81
Initial value, 153 Less-than { -or-equal) operator
Input/output, 1, 18, 39, 112, 120, 130-134, i Pascal, 215
138, 200-201, 249-251 mn PL/M-86, 179
INPUT system file, 237-238, 239, 250 Lexicographical ordering, 71
Instruction Linking, 140
formats, 3 in Pascal, 254
mnemonics, 141, 150, 164, 260-268 in PL/M-B6, 203
statements, 51, 164-170 LITERALLY, 191-192
INSTRUCTION POINTER register. LOCK
See Registers pin, 93, 94, 120, 138
INT instruction, 86-87 prefix. See Prefixes
INTA pin, 116, 120, 135, 138 LODS instruction, 70-71, 168
Integer constant, 212 Logical, 62-66, 97-58
See also Whole-number constant Logical operators
INTEGER type, 175, 214 in ASM-86, 149-150
Integrated circuit, ¥ in Pascal, 215-216
Interrupt in PL/M-86, 179
controller. 117-119. 136-137 LOOP, LOOPE, LOOPNE, LOOPNZ,
routine, 83, 86, 89, (96 LOOPZ instructions, 72-73
type, 83 LT operator, 150
INTERRUPT ENABLE flag. See Flags
Interrupts, 82-90, 94, 98, 116-119, 135-137, M/10O pin, 112, 120
154, 197 Machine language, 139
Intersegment, 75-T8, 153, 155, 158, 162-163 Macro, 192
INTO instruction, 85-86 Main program, 201-253
INTR pin, 83-84, 89, 116, 135, 205 Masking, 64

Intrasegment, 75-T&, 153, 155, 158, 162-163 Maximum mode system, 120, 118
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Member of a structure, |88

See alve Field of a record
Memory, 3, 13-14, 100, 105-112, 122, 127-130

accessing. 14, 15, 108-111, 130, 161-162
-mapped input/output, 112, 120, 130, 138,
189, 255

segmentation, B, 14-18, 21, 24-25_ 27,4243,

142, 158-162

utilization, 8
Memory locations

in ASM-86, 154-159

in PL/M-E6, 189-19]
Memory-address operand, 148-149, 151, 155,

155-157

Microprocessor and microcomputer, 8, 99
Minimum mode system, 120, 138
- MIN/MX pin, 120, 138
Mod feld, 24
MOD operator

in ASM-86, 149

in Pascal, 215

in PL/M-B6, |78
Module

in Pascal, 253

in PL/M-86, H)1-203
MOV instruction, 15-36, 8990
MOVS instruction, 68, 70, 167-168
MUL mnstruction, 52-33
Multi-dimensional array, 232
Multiple precision, 47-48, 57,95
Multiplication and division

of binary numbers, 51-54, 64-66

operators, 149, 177,214

of packed decymal numbers, 57

setting of flags, 97

of unpacked decimal numbers, 59-62, 64

by rero {(division), 84
Multiplication operator

See Arithmetic operators
Multiprocessing, 92-91, 94

NE operator, 150
NEAR type, 155, 162-163
NEG instruction, 49-50
Negative numbers, 4-6, [48, 177
Nested blocks, 199, 246
NIL

mnemaonic, 164

value, 240
NMI pin, 83-84, 116, 135
NOP mnemonic, 164
NOT instruction, 63, 150

273

NO'T operator

in ASM-EH, 149-153)

in Pascal, 215-216

in PL/M-86, 179
Not-equal operator

in Pascal, 215

in PL/M-E6, 179
Number systems, 34
Numeric operand, 148

Ohbject code, 139-14]
OF flag. See Flags
Oifset address, 15-18, 24, 27,42, 67-74, 149
OFFSET operator, 155, 168
Opcode, 23
Operand-addressing modes, 12, 23-33,
1653-167
Operands
in ASM-R6, 148-149
destination, 27-18
multiple, 27-30
in Pascal, 213-214
in PL/M-86, 177
single, 23-27
source, 27-28
Operators
in ASM-86, 149-151
in Pascal, 214-216
in PL/M-86, 177-179
OR instruction, 63, 150
OR operator
in ASM-36, 149-150
in Pascal, 2152216
in PL/M-86, 179
OR D function, 214
ORG statement, 162
OUT instruction, 39-4()
Output. See Input/outpul
QUTPUT system file, 237-238, 239, 250
OVERFLOW flag. See Flags
Overlapped move, 68-69, 169

Parameter, 12, 42, 78-79, 194-195, 244-245
PARITY flag. See Flags
Pascal, 173, 207-257
Period character, 209
PF fag. See Flags
Pins on BO86
ALE. 102, 104, 108, 120, 124, 126, 130, 138
BHE. 109-110
DEN, 103, 120, 125, 138
DT/R, 103, 120,125, 138
INTA, 116, 120, 135, 138
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INTR, 83-84, 89_ 116, 135, 205
IOV, 130, 138
LOCK. 93,94, 120, 138
MO, 112, 120
MN/MX, 120, 138
NMI, B3-84, 116, 135
R, 10X, 120, 130, 138
50-52, 120, 138
TEST, 93
WR, 108-109, 112,120, 130, 134, 13%
PL/M-86, 141, 172-206, 216
Pointer, 31, 42
Pointer registers, 20-21
See Repisters
POINTER type
in Pascal, 239-24 1|
In PL/M-86, 190
Polling, 83
POP instruction, 36, 18
POPF instruction, 45
Popping. See Stack
Port, 3, 18, 39, 112, 130-134
See also Input/outpul
Position-independent code, 76-77, 79
Power failure, 83
PRED function, 228
Prefixes, 94-95, |65
LOCK prefix, 93-94, 206
repeat prefix, 67-71
segment-overnide prefix, 22, 27, 144,
I58-161
Primitives. See String operations
PRIVATE specification, 253
PROC statement in ASM-86, 162-163
PROCEDURE declaration in Pascal, 226
PROCEDURE statement in PL/M-86,
G210
Procedure-invocation statement
in Pascal, 243
in PL/M-%6, 194
Procedures, 7, 75

Index

PUSHF instruction, 45, 86
Pushing. See Stack

Question-mark character, 153

r'm field, 24

RAM memory, 3, 105, 106-108, 127, 128

RCL, RCR instructions, 65-66
RD pin, 108, 120, 130, 138
READ procedure, 237, 249
READLN procedure, 250
Real constant, 214

Nee also Floating-point constant
REAL wype, 178, 214
Record, 31-32, 232-214

See also Structure
Recursion, 197, 245-246
Reentrant, 32, 196-197, 199-200)
Reference-location constant, 189
Reg field, 23

Regmster operand-addressing mode, 23, 165

Registers, 3, 18-22, 141-142

ACCUMULATOR (AX, AL, AH), 18-19,
B4, 51, 53-54, 57, 59-60, 69-71

BASE (BX, BL, BH), 18-19, 24, 31-32, 39

BASE POINTER (BP), 20-21, 33

CODE SEGMENT (CS), 15, 21-22, 36,
15-78, B3-87, &9, 158-161

COUNT (CX, CL, CH), 18-20, 66, 67-74

DATA (DX, DL, DH), 19-20, 39,51, 54

DATA SEGMENT (D5}, 15, 21-22, 42,
158-161

DESTINATION INDEX (D), 20-21, 24,
il,67-74

EXTRA SEGMENT (ES), 15, 21-22, 42,
I 58-161

INSTRUCTION POINTER (IP), 18, 22,
36, T5-T8, 83-87, B9, 94-95

SOURCE INDEX (81), 20-21, 24, 31,
67-T4

STACK POINTER (SP), 20-21, 36, 89

STACK SEGMENT (55), 15, 21-22, 85-90),
| 58-161

Relational operators

in ASM-86, [50-151

in Pascal, 215

in PL/M-86, 179
Relative offsets, 72-73, 76-78
Repeat prefix. See Prefixes
REPEAT statement, 224
Repetitive statements

In Pascal, 222-224

in PL/M-R6, 183|185

in ASM-R6, 162-163

in Pascal, 24-246

in PL/M-X6, [92-198

reentrant/ recursive, 12, 196197, 199-200,

245-246, 248

parameter, 32, 42, 78-79, 194-195, 244-245
Processor, 12
Program area, 2
PTR operator, 156-157, 167
PUBLIC speaification, 202-203, 253
PURGE statement, 152
PUSH instruction, 36, 18



Reserved words

in ASM-E6, 147

in Pascal, 211

In PL/M-E6, 175-176
RESET procedure, 237-238
Resource sharing, 92-91
RET instruction, 74-79, 162-163
RETURN statement, 195-196
REWRITE procedure, 237-238
ROL instrisction, 65-66
ROM memory, 3, 29, 105-106, 110, 112,

127-128

ROR instruction, 65-66
Rotating, 66, 95, 26

s field, 29
S0-52 pin, 120, 138
SAHF instruction, 44-35
SAL, SAR instructions, 65-66
SBB instruction, 49-50
Scalar declaration, 185-186
Scanning, 69-T0
SCAS instruction, 70, 168
Scope
in Pascal, 246-249
in PL/M-E6, 199-200
Seg field, 15
SEG aperator, 155, 168
SEGMENT statement, 145, |58, |61
Segment
-definition statements, 158-162
-override prefix, 22, 27, 144, 158161
registers, 15, 21-22, 158-161
start address, 15, 42, 69, 142, 144, 149,
161-162
See also Prefixes, Registers
Segments, ¥, 14-18, 21-22, 24-25_ 27, 4243,
142, 158-162
Selective statements
in Pascal, 218-221
in PL/M-E6, IB]-183
Semicolon character, 148, 174, 217
Separate compilations
in Pascal, 251-254
in PL/M-86, 201-203
Set operators, 214, 234-237
Sets, 234-237
SEX instruction, 54
SF flag. See Flags
Shifting, 64-66, 98, 206
SHL, SHR instructions, 65-66
S| register. See Registers
Sign extending, 6, 54
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SIGN flag. See Flags
Sign magnitude, 5-6
Signed and unsigned numbers, 4-6, 4647,
48,49 52, 54, 64-66, T2, T6-T7, B1,
B4-25, 97
Simple DO block, 182, 198
Simple types, 227-230
Simple vanable, 30
Single stepping, 87-88, 98
S1ZE operator, 156
Source code, 139-14]
SOURCE INDEX register. See Registers
SP register. See Registers
SS register. See Registers
Stack, 7-%, 33, 36-17, 4445 78, B3 _B6, B9
STACK POINTER register, See Registers
Stack segment, B, 15, 21-22, 25
STACK SEGMENT register, See Registers
Statements
in ASM-B6, 151-168
in Pascal, 217-224
in PL/M-86, 179-192
Status flags, 4647, 49-51, 64, 79-82
See alvo Flags
STC, STD, STI instructions, %0
STOS imstruction, 70-T1, 168
String constant
in ASM-EA, 14k
in Pascal, 212, 251
i PL/M-B6, 176, 178
String operations, 20, 21, 66-74, 89, 94, 154,
167-170, 206
Structure, 1§8-189
See also Record
Structured types, 227, 230-239
SUB instruction, 49-50
Subardinate processor, 91-92
Subroutine, See Procedure
Subset operator, 235-236
Subtraction. See Addition and subtraction
Subtraction operator, See Arithmetic
operators
Subrange types, 229-230
SUCC function, 228
Superset operator, 235-236
Svmbol-defimtion statements, 152
Symbolic names, 141-143
Synchromzation, 91-93
Synthetic operators, 151, 156-157

Table, 153-154
See also Array
Termination statements, 163-164
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TEST
nstruction, H3-6d
pin, 92
Text files, 249-251
I'F fag. See Flags
THEN. See IF statement
[HIS operator, 139
Timing, [04-105, 126-127
Tokens
in ASM-E6, 145-148
in Pascal, 210-213
in PL/M-B6, 175-177
Traffic-light example, 9, 112-113, 130-135.
203-205, 255-257
Transceiver, 103, 125
Translator, 140
TRAPF flag. See Flags
Two-out-ol-five code, 40
Two's complement, See Signed and unsigned
numbers
TYPE
definition, 226-227
operator, 155
Tyvped procedure, 196
See alvo FUNCTION declaration
Tvpes
in ASM-R6, 154-155
in Pascal, 214, 218, 226-241
in PL/M-86, 1T8-179. 180, 186, 190

Unconditional transfers, 72-73, 74-79

Unsigned numbers. See Signed and unsigned
numbers

UNTIL. See REPEAT statement

Up-arrow character, 240-241

v field, 66
Value parameter, 244
Variable

in ASM-E6, 152
parameter, 244
in Pascal, 225-226
in PL{M-86, |77
Varuable definition
in Pascal, 224-225
in PL/M-86. See DECLARE statement

w field, 24
WAIT instruction, 91-92, 95
WHILE statememt

in Pascal, 223

in PL/M-86, 185, 195
Whaole-number constant

in ASM-86, 147-148

in Pascal. See Integer constant

in PL/M-86, 176, 178
WITH statement, 232-233, 248-249
Word, [3-14
WORD type

in ASM-R6, 154-155

in PL/M-86, 178
WR pin, 108-109, 112, 120, 130, 134, 138
WRITE procedure, 237, 249
WRITELN procedure, 250

x field, 91
XOCHG instruction, 38-39
XLAT instruction, 39-41, 154, 168
XOR instruction, 63, 150
NOR operator
in ASM-E6, 149-150
i PL/M-B6, 179, 216

v field. 91
z Tield, 70

ZERO flag. See Flags
ZF flag. See Flags



