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Preface

This book is an introduction to the 8086 microprocessor. It describes

the 8086 architecture, shows how to design a system 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. 8086

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 system 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 8086 assembly-language

programming (Chap. 6) and 8086 high-level-language programming (Chaps.

7 and 8)

‘The first chapters intended to bring a heterogencous 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

because no 8086 Pascal compilers were available at the time of that writing.

The only 8086 high-level language then in existence was PLIM. 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 Quiring, 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. Morst

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 8086,

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 8088

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 I/O 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 8086

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 efficient means of arbitrating multiple CPUs residing on a shared

system bus. Whether designing a single CPU system or a high-performanc

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 Gentatiy

Microprocessor Marketing Manager

Intel Corporation
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1

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 except in size. So we'll start by summarizing the

fundamentals of computers and then describe the evolutionary process that led t0

the microcomputer. Finally, we'll show where the 8086 fits into 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 introduc

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 ouput device. The particular processing to

some of

gna 
C x Ea /

a cape
Fig. 1.1 Primitive computing system.

1
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T
1

Ea

Fig. 1.2 Modern general-purpose computing system.

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 control

unit. The control unit does the following three steps repeatedly:

1. Fetches an instruction from the program area

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

formed

3. Executes 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 arithmetic device. The data area is

used to supply inputs 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 contro! 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 it’s an “add’” instruction. It then sends out control

signals to (1) the data area telling it 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

memory 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 years.) 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 for 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 for random access memory, which unfortunately is not a very descriptive

title.)

A memory is a collection of sequential Jocarions, each having a unique

address. Each location contains a sequence of bits (short for binary digits). These

bits are the contents of the location. ch 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 (control flags). An example of a status 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 daa formats used in 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 text-editing program would be concerned with non-numeric data.

‘The format used for storing non-numeric data is known as ASCIL

Number 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 fingers, 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

Group of Four Bits Hexadecimal Digit Value

9000 0 zero
0001 1 one
0010 2 two
0011 3 three
0100 4 four

o101 5 five
0110 6 six

ont 7 seven

4000 8 eight
1001 9 nine
1010 A ten
1011 B eleven,
1100 c twelve

4101 D 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 (0 represent numbers as a sequence of binary digits (bits), such

as 11010. This is the base-2 representation of 1 sixteen, | eight, 0 fours, | 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 BS. 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 Numbers The binary notation is perfect for describing positive

numbers and zero. But when we want to allow for negative numbers, we need t0

have an additional mechanism to indicate the sign of the number. The simplest

way to do this is to use the most significant (leftmost) bit of the number to

indicate the sign, For example
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0000 0100 would be +4

1000 0100 would be —4

Olu WL would be +127

Wit tid 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 0 and expect to get —1

0000 0000 0 in sign-magnitude

0000 0001 +1 — in sign-magnitude

Tit it 127 in sign-magnitude

If 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 —1

should give —2. Let’s perform this subtraction to see what ~2 should look like.

Wi dit here's ~1

= 0000 0001 subtract +1

Tit 1110 and call this —2

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

0000 0011 plus three

‘0000 0010 plus two

0000 0001 plus one

0000 0000 zero

qin it minus one

1111 1110 minus two

111 1101 minus three

This is called a two's complement representation, and it has the property that

binary additions and subtractions will give the correct two's complement result.

For example:

0000 0011 +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 1. Thus, just like in
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sign-magnitude representation, this bit serves

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:

a sign bit. Properties of signed

0000 0011 +3 in two's complement

1111 1100 +3 with each bit changed

+ 0000 0001 +1 in two's complement

Tit 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 0000 0011 (+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:

0000 0000 0000 0011 (+3 in two’s complement)

+ 0000 0000 0000 0001 (+1 in two's complement)

‘0000 0000 0000 0100 (+4 in two's complement)

However, if we wanted to add 1111 1111 (—1 in two’s complement) to

0000 0000 0000 0011 (+3 in two's complement), we must append eight I's to

the left side of —1 (appending 0's would make it a positive number). The

addition is then:

0000 0000 0000 0011 (+3 in two's complement)

+ UL WL Ld (1 in two's complement)

0000 0000 0000 0010 (+2 in two's complement)

‘Thus the extension of an 8-bit number to a 16-bit number looks like thi

Value 8-bit Representation 16-bit Representation

+1 0000 0001 0000 0000 0000 0001

-1 Hu wit Wi i at ta

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 extending

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

ASCII (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 ASCII-encoded character (the eighth bit is

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 cafeteria 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 piece 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 is usually called the top.

of the stack. When a new piece of information is placed on the stack (a process

roferred 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

is not surprising that the 8086 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

yacuum-tube devices. Computers of that vintage are sometimes referred to as

first-generation computers. Examples are IBM’s 650 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 B5500, for example).

In the 1960s many discrete electronic components (resistors, capacitor

transistors, etc.) were combined into one single complex electronic component

called an integrated-cireuit (IC 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~ became

known as a chip. Computers built out of IC 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 8008). This led to the coining of the term computer-on-a-chip.

By this time, not only had the size of computers been drastically redu

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 $10.

Computers-on-a-chip are called microcomputers or microprocessors. Al-

though the terms are sometimes used interchangeably, there is a difference. A

‘microprocessor is a single chip. It 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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Add f

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 to

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 introdue~

tion of Intel's 4004 and 8008 processors in 1971. 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 applica

tions. It quickly 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 8080 character wasn’t significantly changed until 1978 when Intel produced

the 8086. The 8088, a modified version of the 8086, appeared the following year.

These processors are compatible enough with the 8080 so that software written

for the 8080 can be preserved. But they are sufficiently advanced to be considered

the third generation of microprocessors.

Secret of 8086's Success What did the 8086 offer that made it an

instant success? To appreciate the answers, we must look at the limitations and

restrictions of the 8080.

The early success of the 8080 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

8080. 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 8080's 8-bit data size meant that longer data had to be broken

down into small pieces, and each piece had to 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 that

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 8086 provides these previously missing arithmetic facilities. More

and more 8080 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 8080 code

from programs written in a high-level language. The addressing modes of the

8086 were designed to accommodate high-level-language processing, A fair

number of applications found the 8080 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

8080 never learned how to cooperate with other processors. The 8086, on the

other hand, was designed to 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 is twice as much as the 8080 is able to transfer. Although being able to

transfer more data at a time is usually a desirable feature (that’s why the 8086



Introduction "

‘was given this ability), it makes it difficult to use the $086 in systems designed

for the 8080. The amount of data transferred by the 8088 at one time is exactly

the same as the amount transferred by the 8080.
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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 is addressed, and what sort of input/output facilities are available

The 8086 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 8086 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

uused to specify 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 8086 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 resu/t 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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0001 990 2000 0000 0000 0003
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Fig. 2.2 Examples of words in memory,

addressing 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 8086 system is a sequence of up to 22° (approximately

1,000,000) 8-bit quantities called byes. Each byte is assigned a unique address

{unsigned number) ranging from 0 to 2°°— 1 (0000 0000 0000 0000 0000 to 11 LL

HHL A111 1111 1111 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

"ai Word has a byte address, and the smaller of these two addresses is used as the

a of the word. Examples of words are shown in Fig. 2.2
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soaresses

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 806, 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 8088 first. The amount

of information that the 8088 transfers to or from memory at one time is 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 to two

consecutive bytes. Examples of 8088 byte and word reads are shown in Fig. 2.4.

Now 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 eight of those

bits 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 each, 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 oblivious to all of these memory-

accessing contortions; an instruction merely requests the accessing (reading or

writing) of a particular byte or word, and the processor does whatever is necessary

to perform such an access

Memory Segmentation

Since the 8086 can address up to 22” bytes of memory, it would seem that,

within the 8086 processor, byte and word addresses must be represented as 20-bit
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@ higher acdrosses

Fig. 2.4 Reading bytes and words from 8088 memory. (a) Reading in a byte.

(b) Reading in a word,

quantities. But the 8086 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 (.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 is 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 in 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

C0180 and extend for a total of 2! (10000 hexadecimal) bytes. The last byte in

the code segment is therefore at byte address DOL7P.

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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requires two memory accesses,
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Fig. 2.7 Constructing byte or word addresses.
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Fig. 2.8 Example of constructing byte address (see text)
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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 byte at byte-address CFFFF lies within

the current code segment. Specifically, it has an offset address of FE7F (CFFFF-

C0180) within the segment. This is illustrated in Fig. 2.8

Input/Output Structure

The things connecting an 8086 system to the rest of the world are called

ports. 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 control other events (for example, prevent car from starting and

heckle driver).

The 8086 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

0 to 2!1. Any two consecutive 8-bit ports can be treated as a 16-bit port

analogous to memory words; and, like memory words, [6-bit ports at odd ad:

dresses (all 16-bit ports in the case of the 8088) will require two accesses instead

of one each 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

The 8086 processor contains a total of thirteen 16-bit registers and nine

L-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 sct 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 is given its own name. The least significant ow 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 I-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

L-byte instructions (256 of them) and having more I-byte string instructions

means that some other I-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

frequently 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-bit registers

SP, BP, SI, and DI. These registers generally contain offset addresses for ad-

dressing within @ 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 SD)

Pointer and index registers serve another (and perhaps more important)

function besides reducing the size of instructions; they permit instructions to

access locations whose offset 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 imination 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

4 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'll 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 seement

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 @ distinction between the two

index registers SI and DI. Those string instructions requiring a source operand

obtain the offset for the source operand from SI; similarly, DI contains the offset

‘of the destination operand. This suggests the descriptive names SOURCE

INDEX and DESTINATION INDEX. For those string instructions, the roles of

SI 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 SI 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 regi

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, SS, 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: CS identifies the current code segment, DS the

current data segment, SS the current stack segment, and ES the current extra

segment
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OK. 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. So 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 IFF7 and IP contains

hexadecimal 003A, then the next instruction fetched would come from memory

location IFFAA because:

1FF70 code segment start address
+ 003A. 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 memory addresses.)

The segment for operand fetches can generally be designated by preceding

the instruction with a special I-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 specify

SI 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 SI in its operand field; but, in addition, the instruction would be

preceded by a prefix byte specifying CS.

Flags The 8086 contains nine flags that are used to record processor

status information (starus flags) or to control processor operations (contro! 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 (AP), 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 even

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 8086 usually perform operations on one or two

operands. For example, the ADD instruction adds the value contained in one

‘operand to the value contained in second operand and stores the result back into

one of these operands. The INCrement instruction adds 1 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 I-byte form as shown in Fig. 2.10. It contains a 3-bit reg field that

ES

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

toas the register-mode. Table 2.2 summarizes all the operand-addressing modes,

addressing modes.

Dro 0o)

Fig. 2.11 Instruction that increments contents of BP.
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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 i

1 bit field specifying the width of the operand. If w = 0, the operand is eight bits;

otherwise it is 16 bits. The mod field specifies whether the operand is in a

register or in memory. If mod = 11, the operand is in a register; otherwise it is in

wane] emo om]

Fig. 2.12 Single-operand instruction where operand is in a register or memory.

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.

hy een

Fig. 2.13 Instruction that increments contents of CL.

Now consider the case where the operand is in memory (mod = 00, O1, or

10). This operand-addressing mode is sometimes referred to as indirect memory

addressing because the operand is in memory but the offset is 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 (S)

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

cpcoce _w —_mead opcode nm placer

Foo ete] Eroviey

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

16-bit Register &-bit Register

000 AX AL

001 cx cL
010 ox OL
ont Bx BL

100 SP AH
101 BP cH

110 si DH
"1 o BH

Table 2.2 Operand Addi

IMMEDIATE,

REGISTER,

DIRECT MEMORY ADDRESSING

INDIRECT MEMORY ADDRESSING

base register

index register

base register + index register

base register + displacement

index register + displacement

base register + index register + displacement

Table 2.3 Base and Index Register Specified by

/m for Operands in Memory (mod # 11)

im Field Base Register Index Register

000 Bx si
001 Bx bl
010 BP si
on BP 1

100 none si
401 none oO
410 BP none
m1 BX none

It 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

segment 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 opcode

field is 1111111 000, which is the INCrement instruction. The w field is 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 byte of the instruction sign extended to 16 bits. Thus the displacement is

0000 0000 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 SI contains 1010 0000 1000 0110. Then the offset address is 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 not apply

2. Instruction contains two 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 SI

+0000 0000 0101 1100 displacement

1010 0000 1110 0010 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 is as follows:

1111 0000 1111 0000 data segment

__+ 1010 0000 1110 0010 offset address

THTT 1010 TTT 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-

icant

ureque patorn

iden peti

ye

oo fealt |

Lt. 00 ~ curren entra segment

1 = eument coe segment

10 = erent sick Segment

ra seamen!

Fig. 2.15 Segment-overtiding prefix



8086 Machine Organization 7

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 I-byte prefix denoting a segment register. This I-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

MIO o Thy fo 0 of 0 0] lenges

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

So far we have shown how to specify the offset of an operand in memory

‘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 a 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 is

mod = (0) and rim = 110. For example, the instruction which increments the

byte at offset 0101 1010 1111 0000 in the current data segment is 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

Poy Se Oe

=~ [=] 3a

Fig. 2.17 Instruction that increments byte at offset 0101 1010 1111 0000 in

current data segment

Two Operands Now that we've mastered the one-operand instruction,

Jet'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. If both
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operands could be in memory, the instruction would need 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 is shown in Fig. 2.18.

Fig. 2.18 Typical two-operand instruction

The two-operand instruction uses the w field to indicate if the operands are

eight bits (w = 0) or 16 bits (w = 1). Also present is a new field not encountered

before, namely the d field (d stands for destination). The d field specifies

whether the result should be stored back into the operand specified by the mod

id and r/m field (d = 0) or into the operand specified by the reg field (d = 1).

The operand into which the result is to be stored is called the destination

operand, and the remaining operand is called the source operand.

‘As an example, consider the ADD instruction shown in Fig, 2.19. The

opcode for ADD is 000000. The w field is 0, specifying that both operands are

ight bits. The operand specified by the reg field is CH. The mod field is 11,

specifying that the mod r/m operand is in a register, and the r/m field identifies

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 instruction 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.

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

cncode [w]e] as aor]

Fig. 2.20 Simplest immediate-operand instruction,

cpcoe W189 os

wov wor

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

Cee Beetle] Coe Cees]

Fig. 2.22 Immediate-operand instruction using mod and rim fields.
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wed opcode rim sata

Trooor gy foopodrry fooootsyy] frrvicc0g

Fig. 2.23 Example of immediate-operand instruction using mod and rim 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

can 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

isstored “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 rim fields instead of the reg field to specify 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

miust 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 to 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 form

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 0000 0000 0000 1111 is added to the contents of a word in memory and the

LT Ree wa] [emnancon ]

Fig. 2.24 Immediate-operand instruction containing s field
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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, rim, reg, w, s, d, etc., fields every

time 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 0°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 question, you will recall that the

ned 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 variables and

arrays. A simple variable is a variable that represents a single value; an array is a

variable that represents a sequence of values. Consider an assignment statement

typical of the kind found in many high-level languages.

A) =

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

is the contents of the memory location at offset OFFO (hexadecimal) in the current

data segment. Furthermore, assume A(Q), the first element of the array A, is at

offset OFFI 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 of simple variables such as
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Xisa frequent occurrence, it is 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 I 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(1) = B(J) point out the need for at least two index registers, each with

the addressing mode just mentioned, specifically “SI + displacement” and “DI +

displacement.” Accesses to array elements such as A(I-+2) present no additional

complication; the displacement field of Fig. 2.26 (b) would merely contain OFF3,

the offset of A(2), instead of the offset of A(0)

ee es ots

hoor] fedorapa Treo] Posy

wor Yb ca Tear apyear =e

to \ Zh =
operand wroftet isin

Coot ooo] [root ron 0007

Mov [one = Tost sajwieam

bit of asplacerent

cet ie

Fig. 2.26 Machine instruction for A(I) =X. (a) Moving X to BL. (b) Moving BL

to All)

Certain high-level languages have the concept of based variable. A based

variable corresponds to the memory location whose address is 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 is 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:

in essence no different from a simple variable.

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 = 01) 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 ele

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 SI, The operand-addressing mode needed to access the year-

of-hire item of the particular record being indexed is “BX +SI +displacement’

where displacement would be a 3. This justifies the need for the 8086'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

jplementation 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 that

in turn invoked the original subroutine, or (3) the execution of the subroutine was

suspended because an interrupt occurred, and during 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 unique 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 + SI

+ 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 is.

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 Activation Record

SIMPLE VAR direct Bx BP +placement

ARRAYS, Sl+displacement BX +S} BP+SI+displacement
Di-displacement BX +DI BP + DI+displacement

RECORDS direct BX + displacement BP displacement
ARRAYS OF REC Sli-displacement BX +Si-displacement PSI -cispiacement

Disdisplacement BX DI+displacement BP+1 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 Intel MCS-86 User's Manual.

Several of the instructions have a general (Jong) 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 1’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 instrue-

tions, and ir will select the most efficient forms. Appendix A summarizes the

possible forms of each instruction and Appendix B summarizes 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 categories will now be

described in detail

Data Transfer Instructions

The 8086 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, 01

denotes CS, 10 denotes SS, and 11 denotes DS; if the instruction has a d fi

then d = 1 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

AN (input) port = > ALor AX
OUT (output) AL or AX > port

XLAT (translate): (AL) > AL

Address Object Transfers

LEA (load effective address into register): offset of SOURCE = > REGISTER

LDS (ioad pointer into register and DS); SOURCE, SOURCE +1 = > REGISTER
SOURCE +2, SOURCE +3 = > DS

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

Flag Transfers

LAHF (load AH with flags) SF.ZF.AF,PF.CF = > AH

SAHF (store AH into flags): AH = > SF,ZF,AF.PF,CF

PUSHF(push flags): flags = > stack

POPF (pop flags) 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

instruction also are provided, as shown in Fig. 3.1
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MOv-—move mediate to regete

a a

Fig. 3.1. Formats of MOV instruction

The PUSH instruction transfers a word from the source operand to the

ack. 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 SP register contains the offset of the last word

entered onto the stack. This word is called the top of the stack. As successive

words are pushed onto the stack, they are placed in consecutively lower memory

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 incr

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 rim field, a reg field, or a seg field, as shown in Fig. 3.3.

A word of caution is in order at this time. Consider what would happen if

an instruction 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 previous 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 in IP, the processor will wind up making a wild transfer. For this

reason, certain instructions that permit a segment register to be used as. an

operand may not use one particular segment register—namely CS. This occurs in

(1) a MOV instruction when the seg field denotes CS as the destination operand
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Fig. 3.2 Example of pushing and popping entries on stack. (a) Initial stack

Configuration. (b) Stack configuration after executing a PUSH instruction that

pushes the value of AO1F onto the stack. (c) Stack configuration after executing

‘ POP instruction,
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POSH push register momory

PUSH push rons

POSH —push segment reese

POP pop rageter memory

POP—pop rosie

oo ofa]

POP pop seamen eaistor

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

roost {ify [- Jefe ]

ae
wov |

=

Fig. 3.4 Undefined instructions. (a) Moving a new value into CS. (b) Popping a

new value into CS.
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XGHG—enchange with accumulator

Fig. 3.8 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, rim, or reg fields

‘The IN instruction transfers data (byte or word) from an input port to the

imulator (AL or AX). Similarly, the OUT instruction transfers data from the

cumulator to an output port. The port number can be specified either 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 65,000) 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 regist

‘The indirect access has the advantage that program loops can be used to acces

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 is

the original contents of AL.

Tae E por
Input to ALIAK fom fixe pom

Trot?

Nout fe ALK fom vaiane pot

Pao ip] Pe
(OUT opal From ALIAX to Taod por

OUT output from ALIAX to variable por

Fig. 3.6 Formats of IN/OUT instructions.
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711001 00] loo 111100)

07 olor o| fp o11t10

:

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.

XTAT oanstate byte 1 AL

Fig. 3.8 Format of XLAT instruction

‘The XLAT instruction is useful for translating an encoded value into the

same value under a different encoding. For example, consider the following

encoding of the decimal digits 0 through 9:

Digit Encoding
0 11000

1 ooo1l

00101

00110

01001

o1010

01100

10001

10010

10100

won
Cais

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 is 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:

L. Place the offset of a table containing the encodings into BX.

2. Place binary 7 (0000 0111) 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 rim field to specify one

operand and a reg field to specify the other operand, there is no d field to specify

which operand is the source and which is the destination. The d field is unneces-

translation tabie: [00077000 + ———

‘0000077

Do000103

a000170

aoo01001

007070

0003100

ooaT007

00700"

00; 0700]
hese

an. [ooooor

a. [Rooroo07

Fig. 3.9 Example of using XLAT instruction to translate the digit 7 from binary

‘encoding to a 2-out-of-5 encoding. (a) Translation table for converting binary to

2.0ut-of-5 code. (b) Contents of register AL before executing XLAT instruction.

(©) Contents of register AL after executing XLAT instruction,

Pooorte] fed [im

LEA oad Ea oer

freee] felwle]

(05nd porterto Ds

LES toad ponte to 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 effect of the

instruction is to transfer the 16-bit offset address of the source operand to the

16-bit register designated as the destination operand. This facility is 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

parameters, 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 BX, prior (0

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

(O11), 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 OFIC to OFIF (four bytes) in the current data

segment contain a pointer to a I-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),

SAHE (store AH into flags), PUSHF (push flags), and POPF (pop flags)
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Fig. 3.11 Data movement for LDS and LES instruction
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Fig. 3.12 Example of using LDS instruction. (a) Memory containing a pointer to

‘a vatiable. (b) Instructions that (i) load pointer into registers OS and BX; (i) use

operand-addressing mode involving DS and BX to access variable being

pointed at
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Fig. 3.15 Correspondence between flags and bits on the stack.



8086 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 8080 processor. (The LAHF and

SAHF instructions exist mainly to permit programs written for the 8080 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 (Negate 0-DEST = > DEST

CMP (compare): DEST-SOURCE => ?

Muttiptication

MUL (rmuttiply) AL'SOURCEs = > AX

or AX*SOURGE\s = > DX,AX

IMUL (integer multiply): ‘Same as above but signed multiply

Division

DIV (aivide) AX/SOURCEs = > AL jremainder = > AH
or DX,AX/SQURCE 6 = > AX sremainder = > OX

IDIV (integer divide) Same as above but signed divide
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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 subtrae-

tion is 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,

is 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 recognize the

following conditions:

1, CF is set if the operation resulted in an unsigned result being out of

ran,

2. OF is set if the operation resulted in a signed result being out of range

(called signed overflow)

3. ZF is set if the result of the operation is zero (signed or unsigned)

4. SFis set if the most significant bit of the result of the operation is a ‘I’,

thereby indicating a negative result

5. PF is set if the result of the operation contains an even number of “1°

bits (called even parity)

6. 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

“is carried into (addition) or borrowed from (subtraction) the operation on the

next field. As an example, consider adding the 24-bit number O11 1010 0000

Trerpretavon ae iherpreanon as

presenta unsgped numer ‘Signed eumbors

a) bath signee 000 0100 4

he unsgned| pon) 1014 1
000 11 | oro oF-0

unsigned 7 z

yen ‘0000 0010 2 ort 2 oF-0

|e) Sones 090 190% 4 9

feat out ory 1t00 woe at

(2) bat signed to00 138

orange ony 128 oF 24 OF
out of range out of range

isk vee re ae ee ed

Fig. 3.17 Examples of out-of-range results in unsigned and signed additions.
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OL11 1011 0010 to the 24-bit number 0100 0000 1100 0010 0101 0011, This can

be done in three successive additions on 8-bit numbers, as shown below

1. The least significant eight bits are added together:

1011 0010

0101 0011

(0000 0101 with CF = 1

2. The middle eight bits are added together along with any carry generated

by the previous addition

I (last CF)

0000 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 (last CF)

O11 1010

‘0010 0000
OLOL 1010

Thus the result is 0101 1010 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

for 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, is 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 instruction (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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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 addition 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. 3.21 Formats of SUB, SBB, and DEC instructions
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Fig. 3.22 Formats of NEG instruction,

Table 3.3 Flag Setting after a CMP

Instruction Is Executed

Relationship of Destination Operand to Source Operand CF ZF SF OF

EQUAL ont Ome

Signed Operands LESS THAN Sy i ae

LESS THAN = Ugo"

GREATER THAN 8) 6 Oot

GREATER THAN a ee

Unsigned Operands BELOW dete ai
ABOVE (BE

Unspecitied entries in above table can be either ‘0' or '1’ depending on the actual values

of the operands.
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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 ‘1', then the result is zero and the value 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 a

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, for

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.
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Fig. 3.23 Formats of CMP instruction,

117 1170 0000 0007 (16 bits)

Fig. 3.24 Example illustrating that product can be up to twice as long as

operands.
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Fig. 3.25 Source and destination operands for multiplication

ral

7m

AX AX Dx

cel cs

Fig. 3.26 Source and destination operands for division. (a) 8-bit divisor. (b)
16-bit divisor.

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 8086 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

formats 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 multiplication 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

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 div

dend into AL won't work because the division instruction will use whatever

‘005

itrpretaion as

aSgned number

Fig. 3.27 Example demonstrating that ordinary binary multiplication does not

give correct result for signed numbers.
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Fig. 3.28 Formats of multiply and divide instructions,

Table 3.4 Size of Operands and Results

First Operand

8 (adden)

16 (addend)

8 (minuend)

16 (minuend)

8 (multiplicand)

16 (multiplicand)

16 (dividend)

32 (dividend)

Second Operand

8 (augend)

16 (augend)

8 (subtrahend)

16 (subtrahend)

8 (muttiplier)

16 (muttiplier)

8 (divisor)

16 (divisor)

Result

8 (sum)

16 (sum)

8 (difference)

16 (difference)

16 (product)

32 (product)

8 (quotient),

8 (remainder)

16 (quotient),

16 (remainder)
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garbage it 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-bit 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 (0000 0000 0000 0011) 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 arithmetic operations with computers is converting input numbers from our

(CBWconver ye 10 word

CWO convert word fo coubve wore

Fig. 3.29 Formats of sign-extension instructions.

Sign exten Al nfo AM (CEM
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UNSIGNED.
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ak but zero io OXSign ektend AX sto OX (CWO)
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Table 3.5 BCD Encoding of Decimal Digit

Digit: ° 1 2 3 4
Encoding: 0000 0001 0010 0011 0100
Digit: 5 6 7 8 8
Encoding: o101 o110 ont 1000 3001

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

our 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

rot represent their numbers in binary notation. Certainly these 0's and 1's 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 OL11. Note

that this is a binary encoding of the demical digits and is appropriately referred to

as hinary-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

can be represented in eight bits in binary notation (0111 1101) but requires 12

bits in BCD (0001 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 is 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-

nary division instructions. Another solution is to use the binary arithmetic in

structions on the BCD numbers, knowing full well that the wrong BCD 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 8086.

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

0010 0011 = 23

+ 0001 0100 = 14

OOLT OL = 37
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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

29 in BCD to 14 in BCD. This addition is as follows

0010 1001 = 29

+ 0001 0100 = 14

OO 1101 = 3?

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 is adjusted as follows

OO11 1101 = 32

+ O10 = 06

0100 0011 = 43

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

18 illustrates this.

0010 1001 = 29

+ 001 1000 = 18

0100 0001 = 41

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

by inspecting the result. One property of a digit passing completely

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 | 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

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

1000 1001 = 89

+ 0001 0100 = 14

10011101 =92 CF=0 AF=0

2. Adjustment is applied

1001 1101 = 9?

1 0110 = adjustment

1010 0011 = 23

+ O110 = adjustment

00000011 =03 CF=1 AF=

3. The most significant pairs of digits are added together along with the

last value of CF:

1 (last CF)

0010 1000 = 28

+ O01 OIL = 37

01100000 =60 CF=0 AF=1

4, Adjustme: is applied!

0110 0000 = 6 0

+ 0110 = adjustment

0110 0110 = 66

5. The final result.

0110 0110 0000 0011 = 6603

‘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 is contained in

the four least significant bits; the most significant bits have no bearing on the
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Table 3.6 ASCII Representations of Digits

Digit SCI

(0011 0000

0011 0001

0011 0010

0011 0017

0011 0100

0041 0101

0011 0110

0014 0111

0011 1000

0011 1001

value of the represented number. One example of unpacked BCD is the ASCII

representations of digits. ASCH 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

ina 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 (ASCII adjust for division). The forms of the decimal and ASCII adjust

instructions are shown in Fig, 3.31
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[DAS—aecmal (packed) acs! fr subtraction

povvotty

[RARABCI Tonpacxed) aust for accion

‘ARS —ASCI Tonpacked) adjust for subtraction

Toro1 oe Pooorerg

ARMASEN fonpacked) st for maRpatOn

ARD—ASCIunpackeo} acwst for dion

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

(0100) is in the AL register. Applying the (unsigned) binary multiplication in-

stmction specifying BL as the source (multiplier) will put the 16-bit binary

product, namely 36 (0000 0000 0010 0100), in AX. The multiplication adjust-

ment (AAM) must decompose the binary 36 in AX into 3 (0000 0011) in AH and

into 6 (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 AM 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

ind of division instruction (although it doesn’t put the remainder and quotient in

the same places that DIV and IDIV 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 0111) results in a divide-by-seven instruc-

tion (although Intel makes no such promise). And it follows that putting sixteen

{0001 0000) 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

(0000 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 before 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 L-digit unpacked BCD number by

‘another I-digit unpacked BCD number. Let’s now try to multiply a multidigit

number by a I-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 (carries)

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, a2, al by b and put the result in variables ¢4, ¢3, c2, cl

This is represented diagrammatically as follows:

a3 a2 al

x b

a 8 @ ol

The steps in an 8086 program to perform this multiplication would be something

like this;

1 al *b =>AX gnine times six is

2. AAM ; 54 (five in AH, four in AL)

3. AL —>cl swrite down the four

4. AH —>c2 ; and carry the five

5. a2*b—>AX sthree times six is

6, AAM 3 18 (one in AH, eight in AL)

7. AL + c2 —>AL splus five to carry makes

8. AAA ; 23 (two in AH, three in AL)

9. AL —>c2 -write down the three

10, AH —>c3 and carry the two

11. a3 *b —>AX sfive times six is

12. AAM 3 30 (three in AH, zero in AL)

13, AL + ¢2 —>AL plus two to carry makes

14. AAA 332

15. AL —>c3 3so write

16. AH —>c4 5 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 0011), 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 0001) to two (0000 0010). 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 (involving 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 is in AX (0000 0100 in AH, 0000 0010 in AL) and unpacked

6 (0000 0110) 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-

idend, 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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(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 multiplying AH by ten and adding in AL (again,

it’s no coincidence that the second byte of the AAD instruction is 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 multidigit divisors. Such divi-

sions can be done by “guessing” at the quotient, 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 = > ?
OR: DEST or SOURCE = > DEST
XOR. DEST xor SOURCE = > DEST

NOT not DEST = > DEST

SHL (shift logical let): cr<—pesT<—o

SHR (shift logical right): 0—>DEST—>cF

SAL (shift arithmetic left same as SHL

‘SAR (shift arithmetic right) sign—>DEST—>CF

ROL. (rotate let):
ROR (rotate right):
RCL (rotate left through carry):

FGA (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 | Nor

° 1

1 °

Two Operands

Source Bit Destination Bit And Or — Exclusive-Or

0 ° a) °

0 1 Do, 1

1 ° oe ti 1

1 1 ee 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 \ding** 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.)

Ina 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

useful for complementing every bit in a number; it is equivalent to

-xclusive-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 instrue-

tion is useful for examining specified bit positions in a number to determine if

any of them are I, 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 = 0 means result is not zero), then at least one of the specified bits is a

1. 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 is 0.

Note that the AND instruction could have been used in place of the TE!

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 al

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

san be detected by testing CF for a 1. For example, doubling the number 65

(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.

0100) with CF becoming 1 (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 |

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 0011), 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 +5 (0000 0101) gives: +2

(0000 0010), and using it to halve —5 (1111 1011) gives —3 (1111 1101),

Right-shifting an odd number always gives a result that is smaller than half the

number (—3 is smaller than ~2'4).
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Fig. 3.34 Formats of shiftrotate 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-bit shifts and rotations. (But be aware that it is more efficient to do a

2-bit shift by executing two I-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 to

permit shifts and rotations over a variable number of bits (hence the reason the

field is called v). The variable shift instruction is used when the number of bits to

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 string

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 to

epcade vw moo opcode tm

reo] Fajro org apoooorod
sirvoae [ote [SHA >

ana aan

INSTRUCTION VARIABLE COUNT

BL DI apooooid

INITIAL CONTENTS OF OPERAND FINAL CONTENTS OF OPERAND

Fig. 3.35 Example of a variable shit.
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Table 3.9 String Primitives

Movs move SOURCE = DEST

UPDATE SI, DI

MPs compare SOURCE ~DEST =>?
UPDATE SI, DI

ScAS sean AL-DEST =>?
UPDATE OF

Lops load SOURCE = > AL
UPDATE SI

stos store AL = > DEST
UPDATE DI

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 illustrate 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 contains zero, we're done.

Feich the byte whose offset is contained in SI

Store that byte into the location whose offset is contained in DI

Increment SI by 1

Increment DI by 1

Decrement CX by |

Go back to step 1 and repeatAQuUsene
Steps 2 and 3 perform the actual move of each byte. Steps 4 through 6 are

bookkeeping. Steps I and 7 are overhead. The actual move of each byte can be

speeded up by having a I-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

3. Decrement CX by 1

4. Go back to step 1 and repeat

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-primitive within it. ‘The string move now

becomes as follows:

1. 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 I-byte prefix called a repeat prefix. The

combination of the repeat prefix and the MOVS primitive forms a 2-byte instrue-

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 in

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 wil 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 overlap 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.

106

Fig. 3.36 An overlapping move.
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Let me point out that one man’s problem might be another man’s blessing,

The “‘problem’” with overlapped string moves becomes a useful feature when we

need to repeat a pattern of bytes over a portion of memory

The 8086 has a flag called DF (direction 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 SI

and DI. If DF = | they progress in the reverse direction, This will tell the string

primitives to decrement rather than increment SI 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, SI 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, it would be

convenient if SI and DI were offsets into different segments. We stated that SI

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 SI

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 -bit w (width) field that distinguishes between byte operations (w =

0) and word operations (w = 1). The move-primitive for words is similar to the

move-primitive for bytes except that SI and DI are incremented (decremented if

DF = 1) by 2 instead of by 1, CX, however, is always decremented by 1, and we

must 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

ASCII character codes, this operation finds the first occurrence of a specific

character in a message. Let us use DI 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 DL

3. Compare it to the byte in AL (comparing means subtracting and setting

flags, ZF in particular)

4, Increment (decrement if DF = 1) DI by 1
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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 1

and repeat.

Steps 2, 3, and 4 are done by the 8086 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 to byte scanning except that

AX is used in place of AL, and DI is incremented (decremented) by 2 instead of

by 1

Note 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 I-bit 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 SI and

DI, and the number of bytes to be compared (size of the shorter sequence) is

contained in CX. The steps for performing the string comparisons are as follows:

1. If CX contains zero, we're done.

2 ‘h the byte whose offset is contained in SI

3. Compare it to the byte whose offset is contained in DI

4.

5,

Increment (decrement if DF = 1) SI by 1

Increment (decrement if DF = 1) DI by 1

Decrement CX by |

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

Steps 2, 3, 4, and 5 are done by the 8086 compare primitive CMPS (compare

string elements), and the remaining steps are done if a repeat prefix (with a 1 in

the 2 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 |

A word of explanation is in order here. As long as the bytes being com-

pared in step 3 are identical, the zero flag (ZF) will be set to | 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 1

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 clement) 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) SI by 1 or

2. The store-primitive stores the byte or word contained in AL or AX into the

byte or word whose offset is contained in DI and increments (decrements if DF =

1) DI by I 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 strings

instead of one.) A repeat prefix on the load-primitive does nothing useful: it

repeatedly loads AL or AX with successive bytes or words in a sequence, each

{ime destroying the previous value loaded.

Complex String Instructions The five primitive string instructions pro-

‘ide 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 is 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 is 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.

Go back to step 1 and repeat

wre
a

waa
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. If 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 I

Go back to step | and repeat

wrene
o

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

struction; that byte contains the difference (as a signed number) between the

offset of the destination and the offset of the JCXZ 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 ina
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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

BORE
Each step represents a single 8086 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 more

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. ”

Negate byte in AL

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 0 and 15 into a Gray code, A Gray code has the

fom” ai

(GOP 00)

riroooe] [a
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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 Gray
0000 0000
0001 0001
0010 oo11

001 0010

0100 O10
o101 0100

ono 101

oul oll

1000 uu
1001 1110

1010 1100
1011 1101
1100 1001
1101 1011
1110 1010
mi 1000

Assume that there is a sequence of bytes starting at offset 100 in the current data

segment and containing binary numbers between 0 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 XLATT instruction. Let us place the translated sequence into the extra

segment starting at offset 50. The steps for pulling this off are as shown:

Move 100 into SI

Move 50 into DI

IJCXZ over the following steps.

Perform “load-primitive.”

XLAT,

Perform “store-primitive.”

7. LOOP back to step 3.

QuawNe
‘The XLAT instruction fits in perfeetly 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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‘occur 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 is 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 CS), 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 to 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 QOAO

(hexadecimal). That means the next instruction to be executed is at BOOAO.

Suppose at location BOOAO we have placed a jump instruction that will transfer

control to location A0100 (hexadecimal). But the current code segment ranges,

from B0000 to BFFFF, and hence a jump to location A0100 would have to be an

intersegment jump. Such an intersegment jump would have to specify a new

value for CS (possibly A000) as well as a new value for IP (0100). This example

is shown in Fig. 3.39.

‘An intersegment call saves the current value of the code segment register,

4s well as the instruction pointer, on the stack. An intersegment return removes

two 16-bit values from the stack and places them into the instruction pointer and

code segment register. This is in contrast to the intrasegment call and return,

which save and restore the instruction pointer only

cs[e ooo 80000)

L___--aoano]

new CS

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

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 O1A8 in the current code segment. This jump instruction is to cause the

Program to jump back by eight bytes to offset O1A0. The value 01A0 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

O1A0 to O1BO 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 not using relative offsets. An actual offset is a 16-bit unsigned number

(from 0 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 @
jump instruction at offset 0 to get to offset 65535? 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 ségthent

Trro1o0 Gitew sina

JP je ares mvaseginent

IMP-yomp rect irasegmont [abort

GP jmp aoe itrasegrant

ToT co afer hgh

IMP—jump ect ntesegmen

Mot) Peo

Pratt] fro of om

GALL cal nareck mrasegment

FRET-—return masegment

Fioov0rg| canon] Gaia nh

RET ven masegment dang mmedate 10S

Fig. 3.40 Formats of unconditional jumps, calls, and returns.



78 The 8086/8088 Primer

‘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

1, 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 is 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.

Intersegment 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

tive offsetsusing rel

Before leaving the topic of unconditional transfers, one more thing needs to

be said about the return instruction. There is a variation 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

1. Before using a return, the subroutine removes the saved value of IP (and

possibly CS) 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 CS.

2. 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 CS (that were

put somewhere for safekeeping) back onto the stack

4. The subroutine then executes a return instruction

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 instruction. But the decrementing of
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the stack pointer cannot be done by the subroutine (it already returned), 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. So 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, is 0.

3. Special instructions to be

4. executed if BH = BL.

5

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 relatively 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

“close’’ conditional jump jumping around a “‘not-so-close”’ unconditional

jump)
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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 8-bit number 1111 1111

bigger than 0000 0000? 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 is indeed bigger than 0. But if the numbers were considered as

signed 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. So 1111

1111 is above 0000 0000 while, at the same time, it is less than 0000 0000. 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:

Meaning

jump on equal

jump on not equal

jump on less than

jump on not less than

JG jump on greater than

JING jump on not greater than
JB jump on below

JNB jump on not below

JA jump on above

JNA 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 JZ jump on zero
JNE JNZ jump on not zero

I JNGE, jump on not greater than or equal
JNL IGE jump on greater than or equal

JG INLE jump on not less than or equal

ING ILE jump on less than or equal

JB JNAE jump on not above or equal
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Name Alternate Name Meaning for Alternate Name

JNB JAE jump on above or equal

JA JNBE jump on not below or equal
JNA JBE jump on below or equal

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

below.

Name Flag Settings
JBIZ ZF=1

JNEJINZ. ZF=0
JLIING (SF xor OF) = 1
IJNLIGE (SF xor OF) = 0

IJGUNLE ((SF xor OF) or ZF) = 0
JNGILE, ((SF xor OF) or ZF) = 1
JB/JNAE.

INB/JAE

JA

JNA

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 JNZ instructions mentioned above are actually tests on the zero flag,

Also, it turns out that the JB and JNB instructions mentioned above are nothing

more than tests on the carry flag. Other conditional jump instructions that test the

setting of a particular flag are shown:

Name Meaning Flag Settings

JS jump on sign SF = 1
JNS jump on not sign SF=0

JO jump on overflow OF = 1

JNO jump on not overflow OF = 0

JP jump on parity PF=1
JNP 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 parity 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 most 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,

so 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 hasnt 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 = 1 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

{impending 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 type. 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 a 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

Now 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 type 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-bit

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 0) 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 0 entry in the table should contain the IP and CS values for a

routine that recovers from such a division. Although signed overflow is also a

serious 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 initial value of that impor

tant item. Before the interrupt routine terminates, it must restore any of these
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Fig. 3.43. Reserved interrupt types.
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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 IP,

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 is the HLT (halt)

instruction. HLT stops the processor and leaves CS and IP pointing to the

instruction following the HLT. When an interrupt comes along, these values of

CS 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 IP and CS are restored. At

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 CS needed to execute the routines are con-

tained in four consecutive bytes in memory, it appears as though we could invoke

aan 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

is 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 is 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

byte specifies the interrupt type. In the second form, the instruction is one byte

long, 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 I-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 do 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 breakpoint

and will restore the original contents after control returns to the debugger.

Now the question remains as to which 8086 transfer struction 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 IP) 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 byt

In most cases this would present no problems. However, sooner or later you'll

write a program, such as the one in Fig. 3.45, that jumps around and executes the

instruction 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 J-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

L-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

to switch into single-step mode, there is no need for an instruction to set or clear

TF. 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 you 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 50. The processor will stop executing your program (provid:

ing IF = 1) and save the values of the flags, CS, 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 IP, CS, and flags. The

the values that existed when you interrupted your program, except that TF now

Contains a 1. As a result, your program will execute a single instruction, and then

4 type 1 interrupt will be generated. In response to this interrupt, the processor

will save the values of the flags (with TF = 1), CS, 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 is 1, and the above process will be repeated. This is illustrated in

Fig. 3.46. The type | and type 50 interrupt routines just described are part of

what we have been calling the debugger

are

An 8086 Mistake Let's consider the instruction that moves a new value

into the stack segment register (SS). This instruction is one of two MOV instruc:

tions that must be executed if we want to change to another stack (a useful

operation when the processor is alternately executing more than one program,

each with its own stack). The second MOV instruction moves a new value into

the stack pointer register (SP). After both MOV’s are executed, the SS and SP

registers together specify the location of the top of the new stack. However, after

the first MOV is executed but before the second, the combination of SS 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 SS.

Flag Instructions

The 8086 has instructions for setting and clearing the carry flag (STC,

CLC), the direction flag (STD, CLD), and the interrupt flag (STI, CLI), Fure

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

flag (DF) for string processing, and the interrupt flag (IF) for enabling and

disabling interrupts. The forms of the flag instructions are shown in Fig. 3.47

Table 3.10 Flag Operations

CLE (clear carry)

CMC (complement carry)

STC (set carry)

CLD (clear direction)

STD (set direction)

CLI (clear interrupt-enable)

STI (set interrupt-enabie)

clear eam

(CME—<complement carry

Prt oo

sieaaercany

CLD—clear arecton

laa meron

STi—aet erupt

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 synchronization that the 8086 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 powerful instruction

set, there are still many instructions that it is lacking. For example, there is no

instruction to perform operations on floating-point numbers. Certainly you could

write a 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 8086, 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 it eneoun-

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 (y) 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 mod 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

itignores 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

Fig. 3.48 Formats of subordinate processor synchronization instructions.
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executed by the 8086 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 is 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 8086 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 instructions the floating-point processor is capable of

executing are as follows

001 Load operand into floating-point accumulator.

O10: Add operand to floating-point accumulator

ou Subtract operand from floating-point accumulator,

100; Multiply floating-point accumulator by operand.

101 Divide floating-point accumulator by operand
110 Store floating-point accumulator into operand.

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

‘The 8086 sequence of instructions to accomplish the required addition is

shown in Fig. 3.49. The WATT 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 reserv:

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 Sen

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

make 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

(see text)

also reads the vacancy count of 15 and reserves 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”).

Pethaps 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 (inere-

ment) instruction should be executed to restore the count back to zero.

Now there is no way for both processors to decrement the same initial

count . . . unless William’s processor comes along right in the middle of Harry's

DEC instruction, and you 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.

So it appears as though updating the count all in one instruction did not

completely solve the problem; it only reduced the likelihood of its 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 8086 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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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—si

override, repeat, and lock. Two questions come to mind

1. 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.

Applying 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 to 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

instruction, 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 unprefixed 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 is 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 is 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 is 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 is 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 instruc-

tions whose results affect the status flags and the instructions that are used to

establish 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 if the instruction

resulted in a signed or unsigned result out of range; the auxiliary carry flag (AP)

indicates if a correction is needed for decimal operations; and the sign flag (SF),

zero flag (ZF), and parity flag (PF) indicate if the result is negative, zero, or

contains an even number of 1°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 | (after complementing all

bits), and the flags are set to reflect the result of this addition. The only time NEG

sets the carry flag to 1 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 status flags in the same

manner as addition and subtraction instructions, except they do not affect the

carry flag. This gives us the ability 10 write a loop that performs multiprecision

arithmetic as follows:
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Table 3.11 Flag Settings

A-STATUS FLAGS OF OF

Addition & Subtraction

ADD ADC SUB SBC + +
CMP NEG CMPS SCAS orn

Increment & Decrement

INC DEC Abit

Muttiplication & Division

MUL IMUL i
DIV ioIv ?

Decimal Arithmetic

DAA DAS 2

AAA AAS 2

‘AAM. AAD, @

Boolean

AND OR XOR TEST o Oo

Shift & Rotate

SHL SHR (unit)
SHL SHR (variable)
SAR

ROL ROR RCL ACR (unit)

ROL ROR RCL ACR (variable) +4444
Restore Flags

POPF IRET

SAHF -
Carry Flag Settings

STC 1
CLC o
cmc

B-CONTROL FLAGS DF IF

Restore Flags

POPF IRET 4

Interrupts

INT INTO - 0

Direction Flag Settings

STD qt pais
CLO a

Interrupt Flag Settings

sti - 4
cu = 5

Legend: + = affected

set to 1 2

set to 0 e

compiemented

indefined

unaffected

AF

TF

SF ZF PF
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SI gets 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 DL

Increment (INC) SI 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.

we

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 itis 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 (wo

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 overflow 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 8080 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 8080 status flags to values contained in AH.

All interrupts clear the interrupt-enable flag and the trap flag. If the

interruptenable 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 stuck 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.



4

8086

System Design

Before 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 to solve

4 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

toa particular application. For example, a cash register could actually be con

tolled 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 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 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

1 parallel fashion so that either chapter can he read without reading the other.

Bus Structure

The 8086 is a 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 it can’t

remember, hear, or speak. Thus, additional units must be added to a mi-

croprocessor to make it into a usable microcomputer. Figure 4.1 illustrates a

microcomputer system
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Fig. 4.1 A microcomputer system.

lee: a

Fig. 4.2 A single data-bus system

Fig. 4.3 Microcomputer system compiete with address bus and data bus,

Information (data) is carried from one unit in a microcomputer system to

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 is

illustrated in Fig. 4.2.

Itis 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 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. So let's take a closer look at the 8086 microprocessor to see

what sort of buses and control signals it has. Since the 8086 is a 16-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 8086 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).

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. Ata 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 8086 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

input 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. 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)

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 8086 and the 8282 are shown in Fig. 4.6.

We used three 8282 latches in Fig. 4.6 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, each
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Fig. 4.6 Using a latch to separate the address from the shared addressidata

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 werent using address latches.) The solution would be to use a data amplifier

toreceive 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 transceiver

‘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 aT (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, it makes this

known by putting out a control signal on its DEN (data enable) pin. And the 8086

puts out a.control signal on 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 8086 processor, the 8282 address latches,

and the 8286 transceivers are shown in Fig. 4.8. The transceivers

dotted since they might not be necessary in small systems.

ZEEE urn oh won
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Fig, 4.7 Symbolic representation of 8286 transceiver.
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Fig. £8 Using transceivers to boost up the data bus.

Measuring Time

Timing considerations are important for nearly every function performed

by the 8086 processor. For example, let's look a little more closely at address

latching. The 8086 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 0, 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 is undoubtedly

short (considerably less than a millionth of a second) but nonetheless necessary t0

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 8284A 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 8284. For reliability, the
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Fig. 4.9 Connecting a clock generator to an 8086 system

8284A will generate one clock pulse for every three pulses from the erystal. To

generate eight million clock pulses per second, a 24 MHz (megacycles-per-second

‘or megahertz) crystal is used. Figure 4.9 shows how an 8284A clock generator

‘would be connected to an 8086 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 informa-

tion, which is bumed 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 ot 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 x 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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Fig. 4.10 Symbolic representation of 2716 2Kx8 ROM chip,

Fig. 4.11 Combining two 2Kx8 memories to form @ 4Kx8 memory.

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 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 is shown in Fig. 4.11. 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 is 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 form’a 4K x 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 IK x 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), 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 is used

when reading from it, Figure 4.13 illustrates this chip.

Now 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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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 OAFO (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 to memorize that value, The latch does just that, and now the OAFO.

Fig. 4.14 8086 system with memory.
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is on the address bus emanating from the right side of the latch. The processor

can now remove the OAFO from the common bus and replace it with the F307.

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 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 to 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 alway

a

ee
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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 is no need for a BLE (bus low enable) signal; the complement of the

least significant address bit is 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

odd address in memory. Two memory accesses are required to accomplish tht

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 | 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 transferring information to memory

srre seme mnirten SBR
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Fig. 4.15 Writing bytes 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 time 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/IO) from the 8086 can be used to distinguish memory
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 input!

output

As an example, let's consider an 8086 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 tum arrow. Thus there are four signals going from the 8086

system to each unit. We need an output port to control the traffic lights. An

‘output port is nothing more than a device for memorizing the last traffic 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 uses 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 (Aro = 1, 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 it’s much simpler to wait until address line Aio = | and ignore all the other

address lines. This has the effect of allowing the port to recognize all addresses

having Avo = 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 Ato = 1

and the 8086 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 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/IO output signal

(not shown) and feed it into the AND gate.
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Fig. 4.18 8259A acting as an arbitrator.

[Geemarcmeray

Fig. 4.19 Handling more than eight external devices.
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Fig. 4.20 8086 system with interrupt controller.

Interrupt Servicing

‘The 8086 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), 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), is used to say,

“Give me a hand now because later will be too late!"’ A more detailed deserip-

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 is

able to respond (IF = 1 and processor is in between instructions), it will say to

the external device, ““OK, what can I do for you?”* The 8086 says this by putting

a signal on its INTA (interrupt acknowledge) pin. The external device then tells



8086 System Design 417

|

the 8086 what to do by placing a number between 0 and 255 on the data bus. This

sequence is 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 8086, The 8086 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 8086 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 to the

8086. Such an arbitrator is the 82594. The external devices talk only to the

8259A and the 8259A talks to the 8086. This is shown in Fig. 4.18.



118 The 8086/8088 Primer

' |

SESE 1

Looresth

TTTTT TTT

Fig. 4.21 A maximum-mode 8086 system.

More than eight external devices can be handled by using more than one

8259A. 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 8086.

In order for an 8259A to perform its duties, it must know what its extemal

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 8259A by the 8086. 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 described in this text. The 8086

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. lot of things, but

it only has 40 pins to do them with. In other words, the 8086 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

8086 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

8086 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 8086 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 time over the same buses without stepping on each other’s toes.

Figure 4.21 shows an example of a maximum mode 8086 system. The

8086 uses pins So, S1, and S2 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 8086 have been functionally replaced with the MRDC (memory read

command), MWTC (memory write command), IORC (inpuvoutput read com-

mand), and IOWC (inpuvoutput write command). This separation of memory

read and write signals from input/output read and write signals makes it easier (0

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 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 correet

number of clock pulses after the address or data has been placed on the bus. The

§,, and S,, and S, 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 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 8086 family are described in the Intel MCS-86

User's Manual.

Once a system has been designed and built, it must be programmed. Thisis

the topic of Chaps. 6 through 8
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System Design

Before 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 to solve

awide 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 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 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 in 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 5.1 illustrates a microcomputer system.

121
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Fig. 5.1 A microcomputer system
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Fig. 5.2 A single data-bus system.
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Fig. 5.3. Microcomputer system complete with address bus and data bus,

Information (data) is carried from one unit in a microcomputer system to

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 is

illustrated in Fig. 5.2

It is 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

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

signal is 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 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 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

out 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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Fig. 5.4 Shared address and data bus connections to 8088 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, it will

be lost, and the data won't know where to go.

The 8088 family includes a chip called the 8282. It is known as a fatch and

can be used to remember things that would otherwise get lost. It has eight data

input pins and cight 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 OF 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).

Fig. 5.5 Symbolic representation of 8282 latch chip.

Now the 8282 latch is just what we need to keep addresses from getting

Jost. 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

8088 and the 8282 are shown in Fig. 5.6.

We used three 8282 latches in Fig. 5.6 because an address is 20 bits, whereas

4 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 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 «ransceiver.

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, it makes this

known by putting out a control signal on its DEN (data enable) pin. And the

8088 puts out a control signal in its DI/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 s stems,

Fig. 5.7 Symbolic representation of 8286 transceiver.
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Fig. 5.8 Using transceivers to boost up the data bus.

Measuring Time

Timing considerations are important for nearly every function performed

by the 8088 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 | to a 0, 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, 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, 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

cight 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



8088 System Design ter

ee ve} of xe

Fig. 5.9 Connecting a clock generator to an 8088 system

4284A will generate one clock pulse for every three pulses from the crystal. To

generate eight million clock pulses per second, a 24 MHz (megacycles-per-second

or megahertz) crystal is used. Figure 5.9 shows how an 8284A clock generator

would be connected to an 8088 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;

both kinds of memory can be accessed just as randomly!

‘Asan 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. x 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. 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. 5.11 Combining two 2K x 8 memories to form a 4K x 8 memory.

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 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 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 is
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 containing four bits.
Hence the chip is designated as a IK x 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), 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 is used
when reading from it. Figure 5.12 illustrates this chip

sae {

Fig. 5.12 Symbolic representation of 2142 1K x 4 RAM chip.
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Now we can put together a simple system consisting of an 8088, 4K of 8

bit ROM memory, and 4K of 8-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 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.

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 0AFO (hexadecimal). Assume AL contains 07. First the processor

places (AF0 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 OAF0 is on the address bus emanating

from the right side of the latch. The processor can now remove the 0AFO from

the common bus and replace it with the 07. 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 07 into the byte at address OAPO,

Next let's consider how the processor transfers an entire word to memory.

Two memory accesses are required to accomplish this. The first a

of sending out the lower memory address along with the low-order half 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.

“ess consists

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 @ 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 memory

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 input

output.

‘As an example, let's consider an 8088 system that controls a pair of traffie

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 8088 system

to each unit. We need an output port to control the traffic lights. An ouput port

is nothing more than a device for memorizing the last traffic 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 uses 2” or 1024 memory addresses. In other words,

the lowest memory address is zero and the highest is 1023. Thus we can place
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Fig. 5.16 8259A acting as an arbitrator.

a

Fig. 5.17 Handling more than eight external devices.
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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 (Ay = 1. 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 it’s

much simpler to wait until address line Ay, = 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 Ay) = 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 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
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Jeave the other one unaltered. If we preferred to use the OUT instruction instead

(no memory-mapped output), we would need to feed the IO/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 get 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). is used to say,

Five me a hand now because later will be too late!” A more detailed description

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

{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 is in between instructions). it will s to

Alls 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 8088. The 8088 would eventually respond with its INTA
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Fig. 5.19 A maximum-mode 8088 system.

signal, which both external devices would see. Then both devices would try to

place a number on the data bus, and the 8088 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 to the

8088. Such an arbitrator is the 82594. The external devices talk only to the 8259A

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

8259A. 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 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 8088.

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 extemal

devices, so it 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. Alll of this information is actually

‘programmed’ into the 8259A by the 8088. This means that the 8259A must

also be a fairly sophisticated device; in fact, with the exception of the 8088 (and

8086), the 8259A is the most complex chip described in this text. The 8088

programs the 8259 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 5.18 shows how the 8259 fits together with all the other pieces we

have seen so far

Bigger Systems

‘The 8088 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 8088 is 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

8088 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 $288 bus controller. It

performs some of the functions that were using up precious pins on the 8088

chip, leaving the 8088 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 is a LOCK

signal (discussed in Chap. 3), which permits several processors to execute at the

same time over the same buses without stepping on cach other's toes

Figure 5.19 shows an example of a maximum mode 8088 system. The 8088

uuses pins $,, S,, and S, to let the 8288 know what's going on, Notice the ALE,

DT/R, DEN, and INTA signals that came off the 8088 in minimum mode now

come off the 8288. Furthermore, the IO/M. RD, and WR signals that came off

the 8088 have been functionally replaced with the MRDC (memory read com-

mand), MWTC (memory write command), [ORC (input/output read command),

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. 5.14 we avoided making that distinetion by using memory-mapped

v0.

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

S,, and S,, and S, signals let the 8288 know when such things are placed on the

bus.

‘The data transceiver 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 8088 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, Thi

is 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:

Memory Address Memory Contents

(Hexadecimal) (Binary) Comments

00000 11100101 read word into AX
00001 00000101 from input port 5
00002 01000000 increment AX

00003 HL001LL write word from AX
00004 00000010. to output port 2
00005 1101011 repeat by jumping
00006 11111001 back seven bytes
00007

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 often referred to as object code, and the

language of I'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 8086 execute it

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

139
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Fig. 6.2 Assemblers and compilers.

the encodings that go into each field of each instruction. So, 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 8086's

language. A program written in this more familiar language is called source

code, and the computer program that translates source code into object code is

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

object 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 you 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 e!

cient code (it’s nothing to be ashamed of; most of us aren't),

‘The remainder of this chapter describes ASM-86, an assembly langua

the 8086, Chapters 7 and 8 describe two high-level languages available for the

80186—namely PL/M-86 and Pascal, These three chapters are presented in 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:

CYCLE: IN AXS read word from port 5 into AX
INC. AX tincrement AX
our 2.AX “write result to port 2
JMP CYCLE keep repeating,

The above program is simpler to read and understand because it 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 JMP in the

assembly-language source code. Such symbolic names for opcodes are called

instruction mnemonics. The symbolic opcode names introduced in Chap. 3 and

used throughout this book are, in fact, the instruction mnemonics of ASM-86.

‘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 is

executed. The contents of this reg field are specified in the source code by

indicating the symbolic name of the register, as in “INC 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, BP, SP, SI, DI, CS, DS, ES, and SS.

Both the IN and OUT instructions have a I-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 MP 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. INAND_OUT SEGMENT jstart of segment
2 ASSUME CS:IN_AND_OUT that’s what's in CS
3. CYCLE: IN AXS

4 INC AX

5. our 2,AX
6. JMP CYCLE

7. IN_AND_OUT —_ ENDS send of segment
8 END CYCLE rend 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 8 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 I could

give you a good reason for having it. Unfortunately, I can’t. Instead, I'll just
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state the following rule: prior (o 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 beginning of the

segment and see the name.

Structure of ASM-86 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.

4. MY_DATA SEGMENT sdata segment

2. SUM 0B 2 reserve a byte for SUM

3. MY_DATA ENDS

4. MY_CODE — SEGMENT code segment

5. ASSUME CS:MY__CODE, DS:MY_DATA
;eontents of CS and DS

6 PORT VAL EQU 3 ‘symbolic name for port number

7. GO: Mov AX.MY__DATA {initialize DS to MY_DATA
8 Mov DS\AX
8 Mov SUMO ;clear sum

10. CYCLE: cMP ‘SUM, 100 if SUM exceeds 100
"1 JNA NOT DONE

12. MoV ‘ALSUM je «then output SUM to port 3
13 our PORT_VALAL
4 HUT j. . . and stop execution

1, NOT_DONE: IN ALPORT VAL jotherwise add next input
16. ADD SUMAL
17, MP CYCLE cand repeat the test
18. MY_CODE ENDS

19 END Go send of assembly

Line 1 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 is 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 7 to 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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SUME 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. 2?). 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 nice to assume that DS would be the one (so.

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 a

Jine-by-line basis, this is 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 9 initializes

SUM to 0, Observe that on lines 7, 8, and 9, the destinations (such as SUM 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 comparison. 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 transfer 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 ““&"). The structure of

an ASM-86 program is shown below:

NAME1 SEGMENT
statement

statement

NAME1 ENDS
NAME2 SEGMENT

statement

statement

NAME2 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 is 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 INAND__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 CS

CYCLE:IN AXS

INC AX

OUT 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 31

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 OB?

but it would be improper for us to write

cou =pB?

A complete list of ASM-86 reserved words is given in 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 0, 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). Itis 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-86

q = 7

( i e ?
) & 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 sufi 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

\ABI is the same as 4142H. Thus string constants and whole-number constants

can be used interchangeably.

Comments Comments are any sequence of characters following @

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 jincrement CS.

convey little information, comments like

INC CX 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 (wo

kinds of values that an operand might have—a numeric 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

Note that the value of an operand may be negative, but a constant is

never negative. A minus sign can be written in front of a constant but is never

considered as part of the constant; it is 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 a
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number; it is a set of components, each component generally being 4 number.

‘One component is the 16 most significant bits of the starting address of the

segment in which the memory address is contained (the four least significant bits

of a segment starting address are always zeros). Another component is 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 bigger expression such as in 3"(PORT_VAL +5)

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—arithmetic

operators, 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 7 is 5

‘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 bytes

beyond SUM in the MY__DATA segment; it is mor 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 are 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 numeric. For example,

41010101010101010B AND 110011001 10011008 is 10001000100010008:;

4100110011001100B OR 11110000111100008 is 110000001 10000008;

NOT 1111111111111111B is 00000000000000008;

and

11110000111 10000B XOR SUM is invalid.
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As an example of logical operators, consider the following statements:

IN AL,PORT_VAL

our 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 port

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-86 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 a

numeric value and will be 0 if the relationship is false and OFFFFH (16 bits of

1's) if the relationship is true.

‘An example of using a relational operator is shown:

MOV _BX,PORT_VALLT 5

‘The assembler will assemble the instruction for

MOV BX,OFFFFH

if the value of PORT__VAL is less than 5; otherwise the assembler will assemble

the instruction for

Mov _BXo

At first it may appear that there isn’t much utility for relational operators

because it’s not often that you would want to generate an instruction with @ 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 numeric values you desire. For example,

MOV ——_BX,((PORT_VAL LT 5) AND 20) OR ((PORT_VAL GE 5) AND 30)

will assemble into

Mov -Bx20
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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 _;eomment

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-86 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 identification purposes.

Directive Statements

The various directive statements in ASM-86 are symbol-definition

statements, data-definition statements, segmentation-definition statements,

procedure-definition statements, and termination statements. Each of these

statements will be described 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 QU 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 representa

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 allocates

memory for a data item, associates a symbolic 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 iparrety defines a byte
BIGGER_THING ow? ‘defines a word (2 bytes)
BIGGEST_THING DOr a ‘defines a doubleword (4 bytes)

In the above examples, THING is a symbolic name associated with a byte ia

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 (?), we need to introduce the

concept 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 cach 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 to THING:

THING = 0B 25 abyte initially contains 25

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 DB = PORT_VAL

QUT PORT 0B —- PORT_VAL+1

You will recall that expressions come in two varieties—numeric and mem-

ory address, It is certainly meaningful to initialize 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:

UTTLE_cYCLE ow cycLe soffset of CYCLE
BIG_CYCLE oD 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 XLATT 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 intemupt

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 bytes containing powers of

POWERS 2 DB 1,2,4,8,16

The byte at the memory address corresponding to POWERS 2 will be ini

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

or by the shorthand notation

ALL_ZERO 0B 6 DUP (0)

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

equivalent statements:

DONT CARE DB 2,2.2,7,2,

DONT CARE DB 8 DUP (?)

Types of Memory Locations ASM-86 associates a ‘pe 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 it

encounters an instruction that accesses a memory location. For example, the

data-definition statement

SUM 0B?

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 ow 7? defining @ word
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3. DWORD of data (four consecutive bytes), as in:

BIGGEST_SUM DD =? __ 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

4 memory location of type FAR.) Later, when the assembler encounters an

instruction such as

wp CYCLE

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

fan 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 BYTE, 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 Type Component

BYTE of data 1

WORD of data 2

DWORD of data 4

NEAR instruction location =1

FAR instruction location 2
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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 retumns

@ numeric value, which is the number of units (bytes, words, or double words)

associated 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

MULTL_WORDS DW —_—_50 DUP (0)

then LENGTH MULTI WORDS is 50 and SIZE MULTI_WORDS is 100.

Notice that SIZE 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 DW 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 a

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. 0B 100 DUP (2) san 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 instrue-

tions as illustrated below

INCHES: CMP SUM.100 stype of INCHES is NEAR
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UMP INCHES ntrasegment jump

MILES EQU FAR PTR INCHES stype of MILES is FAR
JMP MILES. sintersegment jump

Notice that the above examples illustrate 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 PTR 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 arithmetic

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

ext memory location available for allocation. For example,

MY_BYTE Qu THIS BYTE

MY_WORD ow 2

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 QU 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.



158 The 8086/8088 Primer

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:

1. 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 instrue-

tion that accesses a data location within one of the four currently

addressable segments must contain a segment-overriding. pre!

(another 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 be 2

Y ow 2
z op 2

My_DATA ENDS

MY_EXTRA SEGMENT

ALPHA oB 2
BETA ow #
GAMMA op 2
MY_EXTRA ENDS

My_STACK SEGMENT

Dw 100 DUP (7) sthis is the stack
TOP. EQu THIS WORD.
MY_STACK ENDS

MY_CODE SEGMENT

ASSUME — CS:MY_CODE,DX:MY_DATA

ASSUME —ES:MY_EXTRA,SS:MY__ STACK
START: Mov AX, MY_DATA, sinitializes DX

Mov DS,AX

Mov AXMY EXTRA sinitializes ES

Mov ES\AX
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Mov ‘AX.MY__STACK sinitializes SS

MoV SS\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 BX,x from X to BX
MOV ALPHA,BX from BX to 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 in

which the specified item (X or ALPHA) is located. This will work fine whe

‘accessing X (the first instruction) because DS will indeed contain the starting

address of segment MYDATA 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 2
OLD_DATA ENDS

NEW_DATA SEGMENT

NEW BYTE DB 2

NEW_DATA ENDS
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MORE_CODE SEGMENT

ASSUME —CS:MORE_CODE

MOV AX,OLD_DATA sput OLD__DATA inio

Mov DS,AX 3). DS and
MoV ES,AX ES
ASSUME DS:0LD_DATA,ES:OLD_DATA

cycle INC OLD_BYTE what's in DS now?

MOV AX.NEW_DATA spat NEW__DATA

MOV —DS/AX into DS

JMP CYCLE

MORE_CODE ENDS

The first time the INC instruction is executed, DS will contain OLD__DATTA and

the indicated assumption on DS 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-override prefix (specifying the extra seg-

ment) on the INC instruction 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 CS register when that segment of code is executed. It is beyond the

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 SS. 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 ES'ALPHA,BX

cope of
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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 approxi.

‘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 16-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 last byte used is 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 is at an even address

(60 that word accesses can be done in a single memory reference),”’ or "start this,

segment at the following address. ” We can write these constraints into the source

program as follows:

1. 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_SEG 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.

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

specified offset

MY_SEG SEGMENT — AT 1A28H

ORG. 0003H
iddress 1A2B0

iddress 1A2B3

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 into execution from various places in the program, Each time a prove-

dure is called upon, the instructions that make up the procedure are executed, and

then control is returned back to the place from which the procedure was origi-

nally called.

‘The 8086 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 RETurns and are known as FAR procedures

The procedure-definition statements, PROC and ENDP (end procedure),

delimit a procedure and indicate whether it is a NEAR or FAR procedure, This

helps the assembler in two ways:

1, 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

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 CALLs to it are

assembled as intrasegment CALLs, and all RETurns within it are assembled as

intrasegment return:

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 @ 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

tells 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 8086 processor. Each instruction statement causes the assembler to gener-

ate one 8086 instruction. An 8086 instruction consists of an opcode field as well

as fields specifying the operand-addressing mode (mod field, r/m field, reg

field). So the instruction statements in ASM-86 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 8086 instruc-

tions. Some additional instruction mnemonics, NIL and NOP, were added to

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 opcode 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 pluceholders 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 is the only instruction mnemonic that does not cause the assembler t0

generate any instructions. In contrast to NOP, which causes the assembler to

generate an instruction that does nothing when executed, NIL doesn ‘Leven 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 AK

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 prefix

segment-override, repeat, and lock.

'ASM-86 permits the following prefixes to be included along with the

instruction mnemonic:

Lock

REP (repeat
REPE (repeat while equal)
REPNE (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 = COUNT

‘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 segment 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 to

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. Regis

MOV AXAS—_AX is a register operand

3. Direct:

SUM oo?

Mov SUM,15 ;SUM is a direct memory operand
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4. Indirect through base register

Mov AX[BX]
Mov AXIBP]

5. Indirect through index register:

Mov AX,SI]
Mov AXON

6. Indirect through base register plus index register:

Mov AX,(8XI [SI]

MOV AX (BX! [01]

Mov AX\(BP] [Si]
Mov AX BP] (OI)

7. Indirect through base or index register plus offset

MANY_BYTES: DB 100 DUP (?)

Mov AXMANY__BYTESIBX]

Mov AX.MANY __BYTES|BP]

Mov AX.MANY _BYTES[SI]

Mov AX.MANY_BYTES[O!)

8. Indirect through base register plus index register plus offset

MANY BYTES oB 100 DUP (?)

Mov AX.MANY _ BYTES|BXIISI]

Mov AX.MANY __BYTES|BXIIO)

Mov AX.MANY _ BYTES|8PI[SI]

MoV AXMANY _ BYTES[SPJ(DI]

You will recall that the assembler uses its knowledge about a memory

location’s type when generating instructions that reference that memory location,

For example, the assembler would generate a byte-increment when encountering

the following

SUM be 2 slype is BYTE

INC SUM 4 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 ALIBX}

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:

INC (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] sa byte-increment

or

INC WORD PTR [8X] .a word-inerement

so that the assembler can determine the type.

String Instructions The assembler can usually determine the type of an

operand (and hence know what kind of code to 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 SI 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 bB 2
BETA 0B 2

Mov SIOFFSET 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 SEG

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
Lops ALPHA

STOS 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 is

as follows:

MOV BKOFFSET TABLE

MAT TABLE

Examples

‘The following examples illustrate some of the details of ASM-86:

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

result to output port 1

MY_DATA SEGMENT

GRAY B 18H,34H,05H,06H,09H,0AH,OCH, 11H, 12H, 14H

MY_DATA ENDS

MY_CODE SEGMENT

ASSUME —CS:MY_CODE, DSMY_DATA

co MOV AX.MY DATA sestablish data segment
MOV DS,AX

MOV BX,OFFSET GRAY stranslation table into BX

cycle: IN AL jread in next value

XLAT GRAY {translate it

our 1AL output it
MP cycLe sand repeat

MY_CODE ENDS

END Go

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

MY_DATA SEGMENT

STRING_1 DB sN7 52 wwalue is 2571

STRING_2 DB ayer iitia value is 4183

MY_DATA ENDS.

MY_CODE SEGMENT

ASSUME —CS:MY__CODE, DS:MY__DATA, ES:MY__DATA

Go: Mov AX.MY__DATA establish data segment
Mov DS\AX

Mov ES,AX LODS,STOS use ES

cic ino carry initially

cLD forward strings
Mov S|OFFSET STRING 1 Jestablish string. pointers

Mov DIOFFSET STRING 2
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Lops —STRING_1 get STRING 1 element

ADC AL,{O1) fadd STRING _2 element
AAA correct for ASCII
sTos STRING 2 {result into STRING 2

JCXZ CYCLE repeat for entire string
HUT

ENDS

END co

3, Decimal multiplication algorithm of Fig. 3.32

MY_DATA

A

8

C

MY_DATA.

MY_CODE

Go:

cycle

My_CODE

SEGMENT

SEGMENT

ASSUME

Mov

Mov

Mov

cLD

Mov

Mov

Mov

AND

Mov

Lops

AND

MUL

AAM

ADD

AAA

STOS

Mov.

JOXZ

HUT

ENDS

END

19171951048 19"

‘er

LENGTH (A) DUP (2)

CS!MY__CODE,DS:MY_DATA, ES!MY_DATA

AX.MY_DATA ‘establish data segment

DS,AX

ESAX sLODS,STOS use ES
“forward strin

SIOFFSET A {establish pointers,

DILOFFSET C

CX,LENGTH A zestablish count

BOFH ‘clear upper half of b

BYTE PTR [SI]0 selear fh
A get afi]

ALOFH ‘clear its high-order bits
ALB :multiply by b

‘correct for ASCIL

ALON da eli]

adjust for ASCH.

c “store in efi)

{01),AH and {i+ 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

SEGMENT

DB

EQU

EQU

ENDS

SEGMENT

ASSUME

STRING_SIZE EQU

Go: Mov

Mov

Mov

Mov

1000 DUP (?)

STRING+7.

STRING +25

(CS:MY__CODE, DS:MY_DATA, ES:MY_DATA,

50 number 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 SLOFFSET STRING_1 source string
mov DI, OFFSET STRING 2 ‘destination string
CLO jassume a forward move

CMP sii f source string comes firs
aT ok

sto socwe need backwards move
ADD SISTRING SiZE-1 set Sand DI 10
ADD DISTRING_SiZE—1 __}...end of strings

OK REPEAT MOVS STRING2,STRING1 move the str
HUT

My_CODE ENDS
END GO

In Conclusion

“This chapter was not meant to be a compendium of all the features and

rules of ASM-86 (the Intel MCS-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 to

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
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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 figuring

‘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 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, is 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 PLIM-86, this would look like:

DECLARE X BYTE;

X= 0;

DO WHILE X < = 100;

X= X43;

END,

Notice 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 8086 instructions for us.

Now let's try to write an assembly-language program to find the result. We

need 0 convert the description of the solution into a sequence of steps corre-

sponding to 8086 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.

Rene

From these steps, we can write the program in ASM-86, an assembly language

for the 8086.

1 x 0B 2

2 Mov x0

3 CYCLE cM X,100
4, a DONE
5 ADD x3
6 JMP- CYCLE
e 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 100 we

get a number greater than zero after doing the subtraction. It looks like we want

to doa JG Gump on greater) instruction, Or, on the other hand, is X subtracted

from 100 so we get a number less than zero if X exceeds 100? Maybe we want a

JL Gump on less) instruction? Well, at least there’s a 50-50 chance of getting it

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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1 x be 2

2 Mov x0

3 CYCLE ADD x3
4 MP X;100

5 JNA CYCLE

6

7 HUT

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 ALO
3 cycle ADD ALS
4 cup ‘AL,100

5 JNA CYCLE
6

4 HUT

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 is 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

Now that you've read the three approaches to programming the 8086, 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 in

tended primarily for microprocessor applications and was the first programming

language available for the 8086 (even before 8086 assembly language). PL/M.

86, the 8086 dialect of PL/M, is discussed in detail in this chapter,

Structure of PL/M-86 Programs

Let’s not waste time 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;

5 DO WHILE SUM<~=100;

6 SUM = SUM+INPUT(3)2;

7. END;

8 OUTPUT(3) = SUM:

8 END PROG;

Without knowing a thing about PL/M-86, you can read and almost understand

the program above. Line 1 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

looks 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 to 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

itself is 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 of 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

PLIM-86 program is shown below:

name:

bo;

statement;

statement

declarative statements

statement;

statement

executable statements

statement;

END name;

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 the PL/M-86 compiler is concerned but is highly recommended to make the
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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 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

tokens

Identifiers Identifiers are names that you, the progr

make up. An example of an identifier in the sample program already discussed is

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

mer, are free to

<

GAMM,

JACKS

THIS$NODE

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 DO, END, DECLARE,

BYTE, and WHILE. Thus it would be perfectly acceptable for us to make up a

name like ENDING as in

DECLARE ENDING BYTE;

but it would be improper for us to write

DECLARE END BYTE:

A complete list of PL/M-86 reserved words is given in Table 7.1

Delimiters Delimiters are the non-alphanumerie 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 delimiters

in PLIM-86 is given in Table 7.2.
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ible 7.1 Reserved Words in PLIM-86

ADDRESS CASE END INITIAL NOT REENTRANT
AND DATA EOF INTEGER oR RETURN
AT DECLARE EXTERNAL INTERRUPT — PLUS. STRUCTURE

BASED DISABLE GO LABEL POINTER THEN
BY Do GOTO LITERALLY = PROCEDURE TO.
BYTE ELSE HALT MINUS, PUBLIC WHILE
CALL ENABLE IF MOD REAL wore

XOR

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; PL/M-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 is 2'° — 1), Itis 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, 1010B, 27Q, 3A0H, and OBFA3H

A floating-point 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 a

power of 10. Examples of floating-point constants are 15.6, 138., 7.0E3, and

1,32E=7.

A string constant is & 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 ineluded

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.

‘AB! is the same as 4142H. Thus string constants and whole-number constants:

can be used interchangeably

Note that a constant is never n tive. 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
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generously in your program to keep reminding you of what you are doing.

Although comments like

0; /* Fequals zero */

would be absurd, comments like

1 (* initialize array index prior to first 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. The expression itself is 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. 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 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 pro:

gram is being assembled; high-level language expressions are evaluated when the

program is run.

Operands An operand is something that has a value. The simplest kind

of operand is a constant. Thus 15, 2.7E5, and 'UG! are all operands. Another

ind of operand is a variable representing a single numeric 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 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 is 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 Type

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 to

classify the operands into various types. Variables can be classified as BYTE,

WORD, INTEGER, or REAL. (A variable’s type is specified when the variable

is 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, 2 BYTE is an unsigned 8-bit binary number; a WORD

is an unsigned 16-bit binary number; and an INTEGER is 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. Thi

is summarized in Table 6.3. Note that this table shows the range for integers as

being between 0 and 32767; this is the range of constants that can be treated as

integers, not the range of integer values (~32768 to 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 is 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 (variable or constant) to a REAL operand (variable or

constant); nor may you add apples to oranges. One exception is permitted: one

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

certain kinds of errors. But, if you're persistent and really want to mix types, the

language provides routines (not described 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

‘ease you're puzzled 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 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 is always a

BYTE, and the value of that BYTE is OFFH if the comparison is true and 00H if

the comparison is false. For example, 6 > 5 yields OFFH; 1.5=2.1 yields OOH;

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’

IF X<10 THEN X = X41

The result of X < 10 would be either OFFH (if true) or 00H (if false), and it is 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-

of), 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 11001 1008 is 100010008;

44001 100110011008 OR 111100001 1 1100008 is 110000001 10000008;

NOT 111111118 is 000000008;

‘and

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 (00H) 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)

Nor (1=1) yields NOT OFFH yields OOH (false)

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 assignment statements,

selective statements, repetitive statements, and some additional miscellaneous

statements. Each of these statements will be described in this section

Assignment Statements The simplest kind of executable statement is

the assignment statement. It causes the value of an expression to be assigned 10 4

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 itis 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 = 65;

One exception: we can assign byte expressions to word variables, So we can

write:

DECLARE COUNT WORD;

COUNT = 117;
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To simplify assigning the same value to several variables, an as

statement can be written as

nment

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:

00; and for!* compute 1!, 21, 3), and 4!)

DECLARE FACT! BYTE;

DECLARE FACT2 BYTE:

DECLARE FACTS BYTE;

DECLARE FACT4 BYTE;

FACT! = 1;

FACT2 = 2*FACTI

FACTS = 3*FACT2;

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}, 21, 31, and 4! */

DECLARE (FACT1,FACT2,FACTS,FACT4) BYTE;

FACT4 = 4*(FACTS:=3*(FACT2:=2"(FACT1:=1) ))

END FACTORIAL;

Selective Statements If assignment statements were the only execut

able statements, programmers would get bored quickly. So, 10 make program-

ming more interesting, the selective statement was invented. There are two kinds

‘of selective statements—the /F statement and the CASE statement.

‘The IF statement has the form:

IF expression THEN statement;

‘An example of an IF statement is given:

IF SPEED > 55 THEN FINE = 25;

The IF statement tells what to do if the expression is true. A natural question to

ask is, “If not, then what?"” The answer is nothing, unless we're told what ELSE

to do as in the following ELSE statement

IF HEIGHT<6 THEN CLEARANCE = 6-HEIGHT;
ELSE CLEARANCE = 0;
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The following program illustrates the use of the IF stat

income taxes

ment in computing

TAX:

Do:

DECLARE (SALARY, TAX) INTEGER;
DECLARE (AGE, EXEMPTIONS) BYTE;

SALARY * insert salary hore */
AGE = 3 /* insert age here*/
EXEMPTIONS= 1;

IF AGE >65 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

DO:

statement

statement

statement

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:

D0 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 say
PATRIDGESINSASPEARSTREE ~ PARTRIDGESINSASPEARSTREE+1; /+ first day
TURTLESDOVES = TURTLESDOVES +2; * seoond cay
FRENCHSHENS = FRENCHSHENS +3; ‘third day
CALLINGSBIRDS = CALLINGSBIRDS + 4; ‘* fourth day
GOLDENSRINGS = GOLDENSRINGS +5; is fith day 4
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GEESESASLAYING = GEESESASLAYING «6 /t sixth day *

SWANS$ASSWIMMING = SWANSSASSWIMMING ~7, * seventh day *

MAIDSSASMILKING = MAIDSSASMILKING~8: * eighth day +)

DRUMMERSSDRUMMING = DRUMMERS$DRUMMING 9; /* ninth day *)

PIPERSSPIPING = PIPERSSPIPING + 10; * tenth day *

LADIESSDANCING = LADIESSDANCING +11 * eleventh day */

LORDS$ASLEAPING = LORDSSASLEAPING ~ 12. twelfth day */

END;

If, in the above example, the value of DAY$OFSCHRISTMAS is 7, the

only statement in the block that is executed is

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 ~ PARTRIOGESINSASPEARSTREE ~ 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

SWANSSASSWIMMING = SWANSSASSWIMMING ~ 7;

ELSE IF DAYSOFSCHRISTMAS~8 THEN

MAIDSSASMILKING = MAIDSSASMILKING ~8,

ELSE IF DAYSOFSCHRISTMAS=9 THEN

DRUMMERSSDRUMMING = DRUMMERSSDRUMMING +9;

ELSE IF DAYSOFSCHRISTMAS- 10 THEN.

PIPERSSPIPING ~ PIPERSSPIPING + 10;

ELSE IF DAYSOFSCHRISTMAS~ 11 THEN

LADIESSDANCING = LADIESSDANCING + 11;

ELSE IF DAYSOFSCHRISTMAS = 12 THEN

LORDSSASLEAPING = LORDS$ASLEAPING + 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

to execute one or more statements repeatedly. PL/M-86 provides the ability to

repeat for a given number of times (iterative-DO statement) or for as long as

given condition is satisfied (DO-WHILE statements). Repetitions can also be

accomplished using the more elementary GOTO statement.

‘The GOTO statement has the form:

GOTO 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

GOTO JAIL; /* go directly ~ do not pass go */

‘The iterative-DO statement has the form:

DO variable = expression TO expression BY expression;

A block starting with an iterative-DO statement and ending with a matching END

is called an iterative-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 1, 8, 15, . . ., 365 to

DAYS, and after each assignment execute the statement:

WEEKS = WEEKS+1;

This is equivalent to:

DAYS =

CYCLE,

IF DAYS> =365 THEN

D0;

WEEKS = WEEKS +1;

DAYS = DAYS+7;

GO TO CYCLE;

END;

The following program illustrates how the iterative-DO statement is used

compute the number of leap years in the twenty-first century

LEAPS,

00;

DECLARE YEARS WORD;

DECLARE LEAPSYEAAS BYTE;

LEAPSYEARS = 0;

DO YEARS = 2000 to 2099 BY 4;

LEAPSYEARS ~ LEAPSYEARS+1;

END;

END LEAPS;

Iterative-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;

D0 | = 170 10;

| SUM = SUM+I;
END:

END ADD10;

| 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 is the scalar declara-

fin. 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 BIGSTHINGS WORD; /* a 16:bit unsigned value */

DECLARE SIGNEDSTHINGS INTEGER: ja signed value */

DECLARE FRACTIONALSTHINGS REAL * areal value */

In these examples LITTLESTHINGS may be assigned any whole number be

tween 0 and 255, BIGSTHINGS any whole number between 0 and 65535,
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SIGNEDS$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

UITTLESTHINGS = 57;

BIGSTHINGS = 43195;

SIGNEDSTHINGS = —14216;

FRACTIONALSTHINGS = 27.148;

You know that you have to declare your variables, but how do you know:

what to declare them (o 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 variable

is something like NUMBERSOFS$WIVES, or BALLSSCORE, or any other vari-

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

PAGESSIN$BOOK, NUMBERSOFSEMPLOYEES (in a medium-sized com-

pany), or GRAINS$OFSSAND (in a small sandbox)—then declare it to be

WORD. If it can be negative as well—such as CHECK$BOOK$BALANCE—

use INTEGER. REALs 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 SECONDSSSINCESCREA-

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 erted in the other diree-

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:

GYERHGSTHESARREWAY
DO;

DECLARE AGE$0 BYTE;

DECLARE AGES$1 BYTE;

DECLARE AGES2 BYTE:

DECLARE AGES3 BYTE:
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DECLARE AGES4 BYTE:

DECLARE AGES5 BYTE;

DECLARE AGES6 BYTE;

DECLARE AGES7 BYTE,

DECLARE AGES8 BYTE,

DECLARE AGES9 BYTE,

DECLARE OVER$40 BYTE;

[read in the ages */

OVERS40 = 0; (* initialize the count */

IF AGES0>40 THEN OVERS40 = OVERS40+1;
IF AGES1 > 40 THEN OVERS40 = OVERS40+1;

IF AGE§2 > 40 THEN OVERS40 = OVERS40+1

IF AGES3 >40 THEN OVERS40 = OVERS40+1;

IF AGES4>40 THEN OVERS40 = OVERS40~1;

IF AGES5 40 THEN OVERS40 = OVERS40+1

IF AGES6>40 THEN OVERS40 = OVERS40+1

IF AGES7>40 THEN OVERS40 = OVERS40+1;
IF AGE$8 > 40 THEN OVERS40 = OVERS40~1;

IF AGES9 > 40 THEN OVERS40 = OVERS40+1
do something with result */

END OVERS40$THESHARDSWAY;

Obviously, the variables AGESO, AGES1, . . ., AGES9 are related to each other

inthe 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 to as AGE(0), AGE(1), . - -»

AGE(9). Now the previous program can be rewritten as follows:

OVERS40$THESEAS YSWAY:

Do,

DECLARE AGE (10) BYTE;

DECLARE OVERS40 BYTE:

DECLARE | BYTE;

| read in the ages */

OVERS40 = 0; (* initialize the count */

DOI= 0t09;

IF AGE(I) >40 THEN OVER$40 = OVERS40+1;

END;

}* do something with result */

END OVERS40$THESEASYSWAY:

‘Arrays may be of types other than BYTE as shown by the following

examples

DECLARE LOTS$OFSLITTLESTHINGS (100) BYTE;

DECLARE LOTS$OFSSIGSTHINGS (25) WORD;
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DECLARE LOTSSOFSSIGNEDSTHINGS (50) INTEGER;

DECLARE LOTSSOFSFRACTIONALSTHINGS (10) REAL;

Another method of grouping related variables together is 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 and ar-

rays:

1. The components of an array are called elements; the components of @

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 variable). 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

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 ax 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 (CHASSIS$NUMBER 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 (SUIT BYTE, VALUE BYTE),

Some of the components in this array of structures are PLAYING$CARD (7).

SUIT and PLAYINGSCARD (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 to give everybody a

$200 raise. So it executes the following program:

RAISES:

0; DECLARE PAYCHECK (100) STRUCTURE
(NAME (15) BYTE, SALARY WORD)

DECLARE | BYTE;

/* read in the payrol fle *

DO1=010.99; _/+ increase everyone's salary */

PAYCHECK(\). SALARY = PAYCHECK(|), SALARY +200;

END;

/* write out the updated file */

END RAISES;

Memory Locations When we write a declaration such as,

DECLARE MYSSPECIAL$BYTE 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 MYSSPECIALSBYTE 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 3000H and to

nowhere else.

Even when we don’t tell the compiler where to locate a variable, there are

times when we need to know which location the compiler picked. That location is

‘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

@MYSSPECIALSBYTE in the program whenever we want to refer to the loca-

tion of MYSSPECIALSBYTE. Such constants are called reference-location con-

stants.

‘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 ((@ 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:

MYSSPECIALSLOCATION = @MYSSPECIALSBYTE;

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$SPE-

CIALSBYTE. It can’t be of type BYTE, WORD, or INTEGER because there

can be more than one million values that @MYSSPECIALSBYTE could have.

And it would be strange for PL/M-86 to consider @MYSSPECIALSBYTE 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, oF

INTEGER, depending on where they're used. The following are examples of

id PL/M-86 assignments involving pointers:

DECLARE OZ REAL;

DECLARE YELLOWSBRICKSROAD POINTER:

YELLOWSBRICKSROAD = @OZ,

DECLARE DATASPNTR POINTER:

DATASPNTR = 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 is valid

IF DATASPNTR = YELLOWSBRICKSROAD 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 don't

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 to the thing

being pointed at as follows:

;

DECLARE ITEMSPNTR 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 is

assigned to ITEMSPNTR. ITEM is called a based variable;

ITEMSPNTR

it is “based” on
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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'll do it without based variables and then with based variables so you can

compare them.

WITHOUTSBASEDSVARIABLES:

DO;

DECLARE ITEM (50) WORD;

DECLARE BIGSITEMSINDEX BYTE:

DECLARE | BYTE;

BIGSITEMSINDEX

DOI= 17049;

IF ITEM(l) > ITEM(BIGSITEMSINDEX)

THEN BIGSITEMSINDEX = |;

END;

ITEM(BIGSITEMSINDEX) = 0;

END WITHOUTSBASEDSVARIABLES:

WITHSBASEDSVARIABLES

00;

DECLARE ITEM (50) WORD;

DECLARE BIGSITEMSPNTR POINTER,

DECLARE BIGSITEM BASED BIGSITEMSPNTR,

WORD;

DECLARE | BYTE;

BIGSITEMSPNTR = @ITEM(0);

DOI= 1 TO49;

IF ITEM (I) >BIGSITEM

THEN BIGSITEMSPNTR = @ITEM(|);
END,

BIGSITEM = 0;

END WITHSBASEDSVARIABLES;

J* the array of words *

index into array for

biggest value */

/* a running index into

array */

(* read in the 60 values */

/* initialize the index +

(* find the biggest item ~

* zero out the biggest

item */

‘write out the 50 values */

(+ the array of words */

/* pointer to biggest value *)

(* this is the biggest iter */

/* a running index into array */

/* read in the 50 values */

/* initialize the pointer *

‘find the biggest item */

/* zero out the biggest item */

(* write out the 50 values */

Literal Declarations As a convenience feature, PLIM-86 lets us assign a

fume 10 a sequence of characters. For example:

DECLARE PI LITERALLY '9.14159"

‘Then we can u e 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
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next week (or next month, or next year). Rather than use that constant throughout

the program, we give the constant a name like

DECLARE BUFFERSSIZE LITERALLY ‘32!

and use BUFFERSSIZE 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 is to write unreadable programs such as:

DECLARE LTL LITERALLY ‘LITERAL

DECLARE DCL LTL 'DECLARE';

DCL WAD LTL 'WORD!;

OCL MaP WARD; (> 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 ? 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: I this is the result */

DECLARE CHANGE BYTE; /* number to be converted *)

DECLARE | BYTE; I index into COINS array *)

CHANGE = 100-".: /+ write the cost here */

1 =0; /* initialize the index +

DO WHILE CHANGE > =50; /* half dollars */

COINS(!) = 50;

Tete;

CHANGE = CHANGE 50;

END:

DO WHILE CHANGE > =25; /* quarters */

COINS(I) = 25;

rei:

CHANGE = CHANGE~25;

END;

DO WHILE CHANGE > =10; it dimes */

COINS(N) = 10;

Vist;

CHANGE = CHANGE 10;

END;

DO WHILE CHANGE > + nickels */

COINS(I) = 5;

batt

CHANGE = CHANGE-5;
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END,

DO WHILE CHANGE > =1

COINS(I) = 1;

rat

CHANGE = CHANGE~1;

END,

DO WHILE 1<8;

COINS(I) = 0:

rats

END;

END MAKINGSCHANGE;

Notice that the sequence of code

COINS(I) = x;

fete:

CHANGE = CHANGE-X.

pennies *

/ zero 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

MAKINGSCHANGESWITHSPROCEDURES:

DO;

DECLARE COINS (8) BYTE:

DECLARE CHANGE BYTE;

DECLARE | BYTE;

NEXTSCOIN.

PROCEDURE (X);

DECLARE X BYTE;

COINS(I) = X;

rat

CHANGE = CHANGE-X;

END NEXTSCOIN;

CHANGE = 100~

1=0,

DO WHILE CHANGE > =50:

CALL NEXTSCOIN(50);

END;

DO WHILE CHANGE > =25;

CALL NEXTSCOIN(25);

END;

DO WHILE CHANGE > = 10;

CALL NEXT$COIN(10);

END;

DO WHILE CHANGE ~=5,

CALL NEXTSCOIN (5);

END;

DO WHILE CHANGE > =1

CALL NEXTSCOIN(1):

END;

DO WHILE I~ 8:

CALL NEXTSCOIN(0);

END,

END MAKINGSCHANGESWITHSPROCEDURES

(= this is the result

/* number to be converted */

index into COINS array *

[this is a procedure

declaration */

+ X is specified when procedure

is called *

‘write the cost here */

(* initialize the index */

/+ halt dollar */

(> quarters */

i> dimes *

* nickels */

* pennies *)

/* zero out rest of coins *)
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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

Declaration Call

UPSCOUNT. CALL UPSCOUNT;
PROCEDURE;

COUNT = COUNT+1;
END UP$COUNT;

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

information 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;
CHECKSSIZE DECLARE MIN BYTE:

PROCEDURE (IJ);
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 I 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 that

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, @LAST)

DECLARE VALS! BASED | BYTE;

DECLARE VALSJ BASED J BYTE;

DECLARE TEMP BYTE;

TEMP = VALSI;
VALSI = 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

values in I 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 VAL$I and VALSJ that are based on I

and J. So within the procedure, we can talk about VALSI and VALSI as if they

were the variables FIRST AND LAST

There is 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; /* this statement is optional */
END UPCOUNT;

Such a RETURN statement is not necessary since the compiler understands

that it must do retum 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 (NUMBERSOFSCALLS) WORD,

DECLARE NUMBERSOFSCALLS BYTE;

RETURN 500+5*NUMBERSOFSCALLS;

END PHONESBILL;

Use

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 buck. These ways are summarized below:

Sending to Procedure Receiving from Procedure

specified variables specified variables

value 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 @

and 255. 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 exeet-

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 KEYSPRESS;

Reentrant Procedures It is sometimes, although not often, desirable 0

have a procedure call itself. As an example, we might want to write a procedure

that calculates factorials (remember factorials?—things like 7! =

‘7*6*5*4*3*2"1 and things like 100! = a-very-big-number), One way to caleus

late 7! (pronounced seven factorial) 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 XI and then multiply that result by X. But if we're not careful,

this may never end. So to 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 REENTRANT;

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 50

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(7);

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 (?) procedures as IN-

VERSESHYPERBOLICSCOSECANT 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

as 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,

Jet’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



198 The 608618088 Primer

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 = @CONVERTSTOSBINARY;

GO TO COMMONSPLACE:

ASCONVERSIONSROUTINE = @CONVERTSTOSOCTAL;

GO TO COMMONSPLACE;

ASCONVERSIONSROUTINE = @CONVERTSTOSHEXADECIMAL;

GO TO COMMONSPLACE;

ASCONVERSIONSROUTINE = @CONVERTSTOSROMANSNUMERALS;

GO TO COMMONSPLACE:

COMMONSPLACE:

CALL ASCONVERSION$ROUTINE (50);

At various places throughout this program, we assign the location of some

conversion routine to ASCONVERSIONSROUTINE. Then, when we get 10

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-86 are as follows:

Procedure declaration

Simple-DO block

DO-WHILE block

Iterative-DO block

DO-CASE blockwaune
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We have already seen that objects can be declared at the beginning of a procedure

declaration. They may also be declared at the beginning of any simple-DO block.

Now we can define the scope of an object. 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 resiriction 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

objects, we have to say what we mean by “‘the declaration of a label.” A label is

‘considered to 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.

DECLARE x BYTE:

Xa XHt; /* of course this is within the scope of X */

END:

Example 2: Scope includes nested blocks as well.

00;
DECLARE X BYTE;

bo;

DECLARE Y BYTE;

X= YH; /* this is 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= XH; J* 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;

ys ? /* and this is within the scope of
scaler X */

END;

Example 4: Scope does not include outer block

bo;
Do;

DECLARE X BYTE;

END;

X= Xt; /* error since this is outside the scope of X */

END;
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Example 5: Objects must be declared before being used.

00;

A

PROCEDURE;

Rex, J* error since X not yet declared */

END A;
DECLARE X BYTE;

END;

Example 6: Labels can be forward referenced

0;

/sdectaration of L considered as being here */

GO TOL; /* OK since L already declared */

bu /* this is not the deciaration */
END;

Example 7; Label scope includes inner blocks as well

Do;
/* declaration of L considered here */

bo;

GO TOL;

END;
u /* this is not the dectaration*/

END;

Example &: Reentrant procedures can be called before being declared

Do

PROCEDURE REENTRANT;

CALL B;

END A;

PROCEDURE REENTRANT:

CALL A

ENO 8;

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 explains

why REENTRANT procedures are exceptions to the “declare before using” rule,

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

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(§) as

fn operand in an expression, and a byte of data can be written to any output port j

by using OUTPUT() on the left side of an assignment statement. Furthermore, a

word of data can be read from or written to a port by using INWORD() or

OUTWORD(). 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 is as

follows

INSONESPORTSANDSOUTSTHESOTHER

7 DECLARE | BYTE
DOI = 01099;

OUTWORD(|) = INWORD())

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

bo;

statement;

statement

statement;

END NAME;

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 outermost level to 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 too 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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modules 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 THISSHERESTHING WORD:

lets the compiler know that when it encounters

THISSHERESTHING =

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 THISSHERESTHING is in some other module,

the compiler is stymied when it sees the assignment statement involving

THISSHERESTHING. It could possibly do without the location of

THISSHERESTHING 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 THISSHERESTHING 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 type of

THISSHERE$THING 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

THISSHERESTHING. 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

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$HERESTHING 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

information,

M

bo, /* first module */
DECLARE COUNT BYTE PUBLIC; /* here's a deciaration */

SUCCESSOR:

PROCEDURE (X) BYTE PUBLIC; /* here's another */

DECLARE X BYTE;

RETURN X+1;

END SUCCESSOR;

END M1;

Me:

Do; /* second module */
DECLARE ARG BYTE; /* this is a declaration */

DECLARE COUNT BYTE EXTERNAL; J this is not */

SUCCESSOR:

PROCEDURE (X) BYTE EXTERNAL; /* nor is this */

DECLARE X BYTE;

END SUCCESSOR;

ARG = 3;

COUNT ~ SUCCESSORIARG);

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 write 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

‘ross 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



204 The 8086/8088 Primer

assume that the individual bulbs in the light are wired up so they correspond to

the bits in location 1000 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

1 Green bulb on cross street

0(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); _i* 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 0H‘;

DECLARE CROSSSRED LITERALLY ‘08H';

DECLARE CROSS$YELLOW LITERALLY ‘04H;

DECLARE CROSSSGREEN LITERALLY ‘02H':,

DECLARE CROSS$LEFTSTURN LITERALLY '01H';

DELAY:

PROCEDURE (X); /* causes an X second delay

DECLARE X BYTE;

END DELAY;

START:

LIGHTS = MAINSGREEN +CROSSSRED; /* normal setting */

IF CARSCOUNT>5 THEN /* too many cars waiting */

Do; /* let them go through */
LIGHTS = MAINSYELLOW +CROSSSRED; /* stop highway */

CALL DELAY(3);

DO WHILE CARSCOUNT>O: ./* start cross street */
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LIGHTS = MAINSRED

CALL DELAY(1);

LIGHTS ~ MAINSRED +CROSSSYELLOW;

CALL DELAY (1);

END:

END;

GO TO START; J 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

firehouse 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 0s (false) otherwise. And we'll include the following procedure

declaration in our program

FIRESALARM:

PROCEDURE INTERRUPT 10;

DECLARE SAVEDSLIGHTS BYTE:

DECLARE ALLSCLEAR LITERALLY "INPUT(51)':

SAVEDSLIGHTS = LIGHTS; we need to restore these later */

DO WHILE NOT ALLSCLEAR; —_/* blinking red */

LIGHTS = 0;

CALL DELAY (1);

LIGHTS = MAINSRED +CROSSSRED;

CALL DELAY (1);

END;

LIGHTS = SAVEDSLIGHT!

END FIRESALARM;

[t restore old settings */

We'll stop the design here. But you might want to try modifying the

program 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 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 Intel PL/M-86 Programming 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 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 outermost 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 (like 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 features.

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-86, 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 deserip-

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 is

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, is 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 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

X= 0

while X< = 100 do X := X+3
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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 into 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.

1. Reserve a byte in memory for X.

2. Move a zero into that byte for X.

3. Add three to X.

4. Compare the value in X to 100,

5. 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 8086.

x DB 2

2 Mov x0

3. REPEAT ADD X3
4, MP. X,100
5. JNA REPEAT
6 HLT

Now that you've seen the different levels of programming of the 8086, its

up to you to make a choice. If you still believe in low-level programming excli-

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 microcompute

hobbyists, because of its simplicity and its interactive nature; BASIC progra

are often executed directly without first being compiled into machine-langu

instructions

Pascal is a language that was originally intended to be used for tead

purposes. It has been gaining in popularity recently for uses other than tead

and may supplant PL/M-86 as the language of choice for programming the

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. var

5, Sum: Integer

6 Next: Integer

7. begin {add inputs divided by scale factor until total exceeds 100}

8 Sum := 0;

9. while Sum= = 100 do

40. begin

11, Read(Next);

42, Sum ;= Sum+(Next div Scale)

19, 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 program is

‘Adder. Line 2 must mean that we are going to define some constants and, in

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

seems to 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 itis that this program hopes to accomplish

So 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 it

ends with a period. The remainder of the program seems to be divided between

description of the items (primarily data) used by the program (such as Sum: Integer)

‘and the actions performed by the program on this data [such as Sum := Sum-+ (Next

diy 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 {welll learn about labels later)
label-declaration, label-declaration, ..., label-declaration;

const

constant-definition

constant-definition;
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constant-definition

type (we'll also learn about types later)
type-definition;

type-definition;

type-detinition;

var

variable-deciaration:

variable-deciaration;

variable declaration:

procedure-or-function-deciaration; (be patient, ..)

procedure-or-function-declaration; {... we'll leam about these too}

procedure-or-function-deciaration;

begin

statement;

statement,

statement

end.

‘The programs presented here all display a consistent indentation pattem.

Such indentation is not part of the program structure. It is purely optional as far

asa Pascal compilers concerned but is 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 m0)

additional difficulty to any Pascal compiler (in faet, it would compile faster) but

would be much less comprehensible to us.

program Adder;const Scale ~2;var Sum:nteger/Next:Integer;begin

add inputs divides by scale factor until total exceeds 100} Sum: = 0;

while Sum~ = 100 do begin ReadiNex!);Sum: = Sum + (Next div Scale);end:Write(Sumjend,_

Tokens.

Before 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 comments. They

are sometimes called tokens

Identifiers Identifiers are names that you, the programmer, are free to

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,

Jacks

For the most part, identifiers in this chapter will be written like English proper

nouns (first letter in upper case, remaining letters in lower case) except where

interspersing upper and lower case letters helps to clarify the intended 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 key when typing your program—you probably won't find it and it’s not

necessary). A complete list of Pascal reserved words is 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 white
downto goto ot 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

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 allows for real constants, character constants, and Boolean

constants, 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

1 times 10 to the sixth power (110°) or one million, Examples of real constants

are 15.6, 138., —3.14, 7E3, and 1.32E -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

‘1. ‘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! anyhow. 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 ...).

Note 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

1i= 0; (I becomes zero}

would be absurd, comments like

1<= 0; {initialize 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 is

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

expressions) 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, 2.7ES, '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
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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

(4+), 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 + '$'. Arithmetic

operators can be applied to numeric (integer or real) operands only; they cannot

be applied to operands of any other sype such as Boolean operands or character

operands

From the preceding paragraph, it appears as though types are an important

concept, s0 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 into

atleast 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,

wwe 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 integer operand gives an integer result,

a real operand added to a real operand gives a real result,

\d 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 orang

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 to 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, But

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 to

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 7 is ~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 7s

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

BC),

The relational operators are equal (=), not-equal (<>), less-than (<),

greater-than (>), less-than-or-equal (<=), and greater-than-or-equal (>=). In

case you're puzzled 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, 6>S yields True; 1.5=2.1 yields

False; 'A'<>'a! yields True; and 7='7! is an invalid comparison (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

leger values is ordered (we assumed this when we wrote the expression 6>5

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 yields

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 is 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 is True

False and False is 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, PLIM 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 PLM 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 to

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 leam

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 statements,

‘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

‘ost: 0.,99; {a particular subrange of integers}

This declaration introduces an integer variable, gives it the name Cost, and siys

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 is

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 statements. 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

Ac 5B :=0;C:=7

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:

ion)

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 remainder 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 is 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 PLM, use

instead of the more cryptic “: =" to separate the variable 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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Match := 1=J

are much easier for us to understand than.

Match = 1=J {invalid in Pascal, valid in PUM}

‘The meaning of the first statement (and the intended meaning of the second

statement) is to assign the Boolean value of True to Match if the value of Lis

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 is

declared to be an integer, we can write

Count := 117

but we cannot write

Count := 6.5

‘One 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 Factorial

var

Fact: Integer:

Fact2: Integer

Facta: Integer

Fact4: Integer

begin {compute 1), 21, 31, and 4!)

Fact! := 1

Fact2 := 2*Fact 1;

Fact3 := 3*Fact2;

Fact := 4*Fact 3;

{you'll probably want to do something with the factorial results here)

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 statement—gives us this capability

The if statement has the form:

if expression then statement

‘An example of an if statement is

if Speed=55 then Fine -= 25
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The if statement tells what to do if the expression is true. A natural question to

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 := 6 Height else Clearance := 0

So another form of the if statement is

if expression then statement else statement

In either form, the expres

based on that result

Note that there is no semicolon after the statement that is sandwiched

between then and else. To include such a semicolon, as in

‘ion must return a Boolean result; the selection will be

I 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

wwe 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 := Exemptions ~ 1

Salary = Salary — 750.00*Exemptions;

Hf Salary< 1000.00 then Tax := .14*Salary

else Tax := 140,00 + .20*(Salary ~ 1000.00);

Write(Tax);

end.

Now here’s an e

statement

mple of when not to use an if statement. Although the

it Temperature<2.0 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'statement;..; value:statement end

An example of a ease statement is

case DayO!Christmas of

1: PartridgeInAPearTree :~ PartridgelnAPearTree + 1; {first day)

2: TurlleDoves := TurtleDoves +2; {second day}

3: FrenchHens := FrenchHens + 3 {third day}

4: CallingBirds := CalingBirds + 4 {fourth day)

5. GoldenRings := GoldenRings + 5 {fith day}

6: GeeseALaying :~ GeeseALaying + 6 {sixth day)

7: SwansASwimming := SwansASwimming +7: {seventh day}

8: MaidsAMiking := MaidsAMilking + 8; {eighth day)

9: DrummersDrumming := DrummersDrumming + 8: {ninth day)

10: PipersPiping := PipersPiping + 10; {tenth day)

11: LadiesDancing := LadiesDancing + 11 {eleventh day)

12: LordsALeaping := LordsALeaping + 12 itwelth day]

end

If, in the above example, the value of DayOfChristmas is 7, the only statement

that is executed is:

‘SwansASwimming := SwansASwimming +7

The above case statement is equivalent to the following collection of if

statements:

if DayOIChristmas= 1 then

PartridgelnAPearTree := PartridgelnAPearTree + 1

else if DayOIChristmas =2 then

TurtleDoves := TurtleDoves +2

else if DayOIChristmas =3 then

FrenchHens := FrenchHens +3

‘else if DayOtChristmas=4 then

CallingBirds := CallingBirds + 4

else if DayO!Christmas~5 then

Goldenfiings := GoldenRings + 5

else if DayO!Christmas = 6 then

GeoseALaying := GeeseALaying +6

else if DayOIChristmas ~7 then

SwansASwimming >= SwansASwimming +7

else if DayOIChristmas 8 then

MaidsAMiking := MaidsAMiking + 8

else if DayO!Christmas=9 then

DrummersDrumming := DrummersDrumming + 9

else if DayO!Christmas = 10 then

PipersPiping : = PipersPiping + 10

else if DayO\Christmas = 11 then

LadiesDancing := LadiesDancing + 11

else if DayOIChristmas = 12 then

LordsALeaping := 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 ease statement is appropriate,

it makes the program simpler.

A less seasonal example of a ease 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 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; statement; ...; 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

if MeanJudge then Fine :~ 100

else Fine :~ 25

Here we have two if and one else. The else is said to be dangling because it

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>55. If we meant for it

10 be otherwise, we probably would have written

it Spoed55 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 is

to associate it with the most-recent if that can accept it (if MeanJudge in our
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case). If we wanted the else to go the other way, we would have to “undangle”

it as in

if Speed>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 is

sastisfied (while statement), or until a given condition is satisfied (repeat-until

statement). Repetitions can also be accomplished using the more elementary goto

statement.

‘The goto statement has the form:

goto label

The label is an unsigned integer. The following example illustrates the use of the

goto statement

1492: America := True

goto 1492

A few words about gotos and labels are in order here. A label is a name, not a

number (it 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 |:=1 to 7 do Factorial := |*Factorial

The effect of the above example is to assign the values 1, 2. 3. 4, 5, 6, 7101

and after each assignment execute the statement

Factorial "Factorial
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iwhly equivalent to,

IF 1<=7 then

begin

Factorial := |*Factorial;

bat

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

is a subtle distinction between these two forms. In the second version, I gets

assigned a value of 8 the last time through the loop, whereas in the for statement

Inever gets assigned any value other than I 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 I in that order,

‘The following program illustrates how the for statement is used to compute

the number of leap years in the 21st century

program Leaps

var

Years: 2000..2099

LeapYears: 0.100

begin

LeapYears := 0:

for Years:= 2000 to 2099 do

it (Years mod 4) =0 then LeapYears := LeapYears

Write(LeapYears);

end.

The while statement has the form:

while expression do statement

An example is 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 is equivalent to:

20:

Hf 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 is 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 is

repeat

Minutes := Minutes +1;

if Minutes ~ 60 then begin Hours := Hours +1; Minutes := 0: end;

until Hours = 5

Note 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 a 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 statemen

time to learn about the descriptive sections (the definitions and de

the program. There can be up to five descriptive sections. These sections are:

—label declarations

—constant definitions

—type definitions

—variable declarations

—procedure and function declarations

Not 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 ordering,

Label Declarations Every 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;

trend;

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 lll variables used in our program must be de-

dared. 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 you 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, you 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 variable (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 variable and make

an assignment to it. Then we'd have hard time trying to 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 d irations is the followin

var

|J.K: Integer; {declaring three integer variables}

‘Speed,Acceleration: Real; (declaring two real variables)

Ch: Char; {declaring a character variable}

Found: Boolean; {declaring 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, J, 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 a

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 a name

for a constant. For example:

const

Pi = 3.141992653579893

Then we can use Pi later on in the program as a shorthand for 3.141592653579893,

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

ButferSize = 32;

and use BufferSize throughout the program. Now we need only make the change

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

if 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 types as in

var

X: Years;

Y: Dollars;

It is true that we could have declared both X and Y to be of type Integ

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 typ.

As we've already learned, a type specifies a collection of distinct values

that a variable of that type may take on. For example, a variable of type 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 i
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 (cnumerated types) as well as how to restrict 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,Red)

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

Lightt,Light2,Light®: (Green, Yellow,Red)

or we could define a name for the new type and use that name when declaring

variables

type
Setting = (Green,Yellow.Red);

var

Light1,Light2,Light3: Setting.
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The order in which we enumerate the

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:

identifiers is important. The ordering

if Light1 <Light2 then ... {trafic controlled by Light! 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, Suce( 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 (I 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 at first day of decade)

‘ThisDay := Tue; ThisYear “= 1980; ThisMonth := 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,)
‘Apt,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 MaxDato :~ 29) {Till leap year gives it twenty nine.)

end;

{increment date)

it ThisDate<>MaxDate then ThisDate := ThisDate +1

else (go on to next month}

begin

lf ThisMonth<>Dee then ThisMonth := Suco(ThisMonth)

else begin ThisMonth := Jan; ThisYear := ThisYear + 1; en

‘ThisDate := 1;

end;
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{increment day}

i ThisDay<Sun then ThisDay := Suco(ThisDay) else ThisDay :~ Mon;

{count weekdays)

if ThisDay-Sat 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 is

0.9

Since 0 and 9 are both integers, the above type consists of the integer values in

the range from 0) to 9. This is called a subrange of type Integer. We can declare

subrange variables by writing

var

X: 0.9;

or equivalently with

type

Digit = 0.9;

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 careful when assigning to a subrange variable. The

compiler will not prevent us from writing X := Y 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 0). 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 it 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

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

itand 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

Ch: tal.t2!

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 Overs0TheHardWay

var

Age'i,Age2, Ages, Ages, Age5,Age6,Age7, Age8,Age9,Age10: 0..150

Overd0: 0..10;

begin

(read in the ages)

Overd0 := 0; {initialize the count}

if Age1>40 then Overd0 := Overd0-+1;

if Age2>40 then Overa0 := Overd0 +1

if Age3>40 then Overs0 -= Overd0 +1;

if Age4>40 then Overa0 := Over40-+1;

if Age5>40 then Overd0 “= Over40 +1

if Age6>40 then Overd0 *= Overd0 + 1;

if Age7>40 then Overd0 “= Overd0 +1

if Age8>40 then Overd0 := Overd0 + 1;

lf Age9>40 then Overd0 := Overd0 +1

if Age10>40 then Over40 = Overdd-+1

{do something with the result)

end,

Obviously the variables Agel, Age2, ..., Age10 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 type. 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(1}, Age(2}, .... Age[10]. Now the

previous program can be rewritten as follows:
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program Overs0TheEasyWay:

var

‘Age: array[1..10] of 0..150.

Overd0: 0..10;

1:1..10;

begin

‘ead in the ages)

Over40 := 0; {initialize the count)

for |:=1 to 10 do if Agoll]>>40 then Overa0 := Over40.+ 1;

{do something with result)

end.

The elements and index of an array may be other than (subranges of)

integers as shown below

var

LotsOtints; arrayi'a!..'2"] of integer

LotsO'Reals: array(0. 5] of Real

LotsO{Characters: array| -50..50] of Char:

LotsO'Booleans: array|Char] of Boolean:

The following is an example of an array indexed by a subrange of characters:

program CountLetters

var

Ch: Char.

Count: array['a!..'2"} of 0.100
begin

for Ch:='a! to 'z! do Count{Ch] := 0; {clear the count}

repeat
Read(Ch): {read in the next letter)

Count{Ch] := Count{Ch] + 1; {increment 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

value of type Char (the previous array had elements 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 str

For another, we can't use a real type such as

Realindex: 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 most processors)
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Finally, we can have arrays like

Multindex: arraylt..10,1..100] of

This is called a two-dimensional array (arrays 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 Multilndes{5.30]

All of the above declarations of array variables defined their own arr

types. Alternatively. they could have equally well used a previously defined array

type as in

type

MyArray = array[t..10) of 0.150;

var

‘Age: MyArray,

This same comment applies to all other types as well so I won't bore you by

repeating this over and over again

Records A record (called a structure in P/M) is another method of

grouping related variables together. An example of a record is

RolatedThings:

record

ExactThing: Integer.

ApproximateThing: Real:

‘end {ot 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:

1, The components of an array are called elements; the components of a

record are called fields.

‘The elements of an array are all of the

record may be of differing types.

3. An element in an array is referred to 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 always known at

me type, while the fields of a

compile time).

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 simpli

matters by using a with statement as follows
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with RelatedThings do

begin {no need to mention RelatedThings on the lines below}
ExactThing := ExactThing +1

ApproximateThing := ApproximateThing +1

end

‘The fields of a record n

field being an array is as follows

‘ed not be simple types. An example of a record

type

Gender = (Male,Female);

Person

record

Name: 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.

It’s time for us to look at an example involving records, Consider a company
that keeps all its payroll information in a computer file. Every payday the company
funs its payroll program, which reads this file and prints the paycheck:
i's raise time, and the company wants to give everybody a 12% cost-of- ving
raise, So it executes the following program

Program Raises:

var

PayCheck:

array('..100] of

record

Name: array(1..15] of Char:

Salary: Reali

end

1: 4..100;

begin

{read in the payroll fle)

for |:=1 to 100 do (increase everyone's salary)

PayCheck{I} Salary := 1.12 * PayCheck{i] Salary;
{write out the updated file}

end.

'e need not have the same struc-
Alll the variables of a particular record tyy

ture. For example, consider the record

type

Gender = (MaleFemale);
Person =

record
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Name: 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}

en

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; {this 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 variant 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 ty

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 is value of some new type (they're certainly

not Fruit values) and that type is called set of Fruit. A set-of-Fruit type can be

defined by

type
FruitBow! = set of Fruit;

and some FruitBowl variables can be declared by

var

MyBowl, YourBowl : FruitBow!:

In this example, Fruit is the base type of the type FruitBowl. Of course the above

variable declarations could have been written without ever defining the type Fruit,
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type

FruitBow! = set of (Apple, Orange):

var

MyBow/, YourBow!: FruitBow!

or without ever defining the type FruitBowl,

type
Fruit = (Apple, Orange),

var

MyBowl, YourBow!: set of Fruit;

or without defining any types at all

var

MyBowl, YourBow!: set of (Apple, Orange)

As a more interesting example (sets of a base type containing only two

values are not very interesting). let’s look at sets of characters, An example of a

set of characters is ['a!.'e!,'i!.'o!.'u!]; this set consists of the five vowels. There

are obviously 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 [11!,'2!'34,141.!5! 16),

171,181.19"), But this can be written in a simpler form, namely (11!..19"]

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!,!u!

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

if (Ch='a!) or (Ch='e!) of (Ch='i!) or (Ch= 0!) 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 is of type set (set-of-characters in this case) and the

first operand is in the base type (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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al.!24)=('1!.19!) yields False
(set of letters and set of numbers are different)

Hal tel lito! tulj<=['al..'2!] yields True
(set of vowels is contained in the set of letters)

['g!I>=[ | yields True (every set contains the empty set)

(11! 19}<>[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 symbols 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 symbols 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 :~ ['al.!2'}
Vowels := {'a!.to! li! "ol tu
Digits := {'0'..'g!

Consonants := Letters ~ Vowels; {difference of two sets)

AlphaNumerics := Letters + Digits {union of two sets)

ExtendedVowels := Vowels + {'y!) {another union}

Shared := Consonants * ExtendedVowels: {intersection 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, AlphaNumerics

would consist ofall the lower-case letters together with the digits, ExtendedVowels

would consist of the five vowels along with the “sometimes-vowel” 'y', and Shared

would consist of the only character that is both in ExtendedVowels and Conso-

nants—namely 'y!

Before leaving the topic of sets, let’s contrast them with arrays. The com-

ponents of both are called elements and, in both cases, the elements must al be

of the same type. But that’s where the similarity ends. The value of an array is

completely specified by specifying a value (in the underlying type) for each position

in the array; the value of a set is completely specified by specifying 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, Alll 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, oF

2 in this case)



8086 High-Level-Language Programming (Pascal) 237

2, yy can have the same value; each element ineveral elements in an ar

a set is unique

3. An individual element in an array can be accessed (by sp.

index), The individual elements in a set are never accessed.

fying its

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

1. 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 specifying

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 nine

elements).

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, « magnetic tape can be accessed

only sequentially and you can always put another element onto the tape (the end

ofthe 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

Read{|Infile,|,J,K); Write(Outfile,|+ JK)

‘The statements on the above line will read the next three elements from the file

Infile; store their values in the variables I, 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) is used.

The default file for Read is named Input and the one for Write is named Output

This is exactly how Read and Write were used in our sample program

Now if we are always reading or writing into the ‘“nextTM 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 to 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 Rewrite

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 each succeeding Write that we

execute. When we Reset a file, we start at the beginning of an existing file 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 always 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 Eof(Infile) then

where Eof is an abbreviation for end-of-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;

Sutfix: 0000,.9999;

end;

Nearby,Faraway: file of Number

begin

{prepare to write to files}

Rewrite(Nearby); 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 therm out}

while not Eof(Nearby) do

begin Read(Nearby, Number); Write(Number): end;

{read back the remaining numbers and print them out)

while not Eof(Faraway) do

begin Reag(Faraway, Number); Write(Number); end;

end.

Certain files might exist before our program starts to 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). The

stitute an external environment for our program. We've already 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 you are executing your program on, Input

might be a card reader, a paper-tape reader, the console keyboard, or some other

input 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

e files con-

Program MyProg(input, 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 is 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

Rewrite(Nearby, 'name1'); Rewrite(Faraway, ‘name2!):
Reset(Nearby, !namet'); Resel(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 X>Y 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. S

we wanted to write a program that simulates the traffic flow at some inter

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 variables in our program (pethaps to represent the people in the

intersection) 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 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 variable 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. So 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 anything. Thus, nil is a good value to use for initializing pointer

variables.

A pointer variable can be declared by writing

var

Nextint: “Integer; {read this as "pointer to integer")

This dectares 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(Nextint)

and we can refer to the created variable by writing Nextint” as in the following:

Nextint” := §; X := Nextint

Everything looks fine—we've seen how to create variables without having

to declare them, and we learned how to 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 variable 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 variable

point to the variable that was created just before it. Consider the following type

definition for our created variables:

type Car

record

Speed: Real

{other fields relating to the particular car} .

PreviousCar: “Car;

end;

Our pointer variable would be declared with

var

LastCar: “Car,

We would initialize LastCar by writing the statement

LastCar := nit

and each 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}

New(LastCar); {create a new car and store its identity in LastCar)

LastCarPreviousCar := TempCar; {last car created now points to car created before it)

Now suppose we wanted to do something to every car we created, such as double

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 := TempCar’PreviousCar; (go to the next car)

Procedures and Functions

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
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Considerthe program without having to repeat the code at each of these pla

for example, the problem of making change for a dollar.

program MakingChange:

const

LastCoin = 8:

Coins: arrayl"..LastCoin] of 1.80;{this is the result)

‘Change: 0..99; {number to be converted}

|:1..LastCoin; (index into Coins array}

begin

Change := 100 -...; (write the cost here}

I= 1; {initialize the index)

while Change ~ 50 do {half dollars)

begin

Coins|!} = 50

ett

Change := Change ~50;

end;

while Change = 25 do {quarters}

begin

Coinsfl} = 25

Tee +t

Change “= Change ~ 25,

end;

while Change = 10 do {mes}

begin

Coins{l] = 10;

tie +t

Change := Change~10;

end;

while Change ~5 do {nickels}

begin

Coins{l] -= 5;

toast

Change : = Change ~5:

end;

while Change = 1 do {pennies}

begin

Coins{t] = 1;

bie le

Change := Change~1

end;

while I< = LastCoin do (zero out rest of coins:

begin

Coins{t] := 0:

bea let;

end;

end.

Note that the sequence of code

Coins{l) := x:

beat

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 MakingChangewithProcedures;

const

LastCoin = 8}

var

Coins: array(1 .LastCoin] of 1..50: {this is the result)

Change: 0..99; {number to be converted}

1:1..LastCoin:; {index into Coins array)

procedure NexiCoin(X:1..50); (this is a procedure declaration)

begin

Coins[l} := X; (X is specified when procedure is called upon)

tat

Change := Change~X;

end; (of NextCoin}

begin

Change :~ 100-..; {write the cost here)

I= 15 {initialize the index)

while Change = 50 do NextCoin(50); {halt dollars)

while Change ~25 do NextCoin(25): {quarters}

while Change ~ 10 do NextCoin( 0) (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 execution (invoked)

from other parts of the program siniply 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

implest 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 variable

is used every time the procedure is called and the procedure knows to look in

that variable for its information. The procedure can return resultsin such variables
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as well. Such variables are known as global variables. An example of transferring.

information through a global variable is the followi

Procedure Declaration Procedure Invocation

procedure UpCount; UpCount:

begin

Count := Count +1;

end;

In this example, Count is a global variable used both for sending information to

the procedure and for receiving information from the procedure.

Another method of sending information to a procedure is by specifying the

information every time the procedure is called. Information passed in this manner

called a parameter. An example of a parameter is the 50 in

NextCoin(50)

Within the body of the procedure, there is a variable corresponding to each

parameter; the names of these variables are designated in the procedure heading

as, for example, X in

procedure NexiCoin(X:1..50);

‘An example using parameters is shown below:

Procedure Declaration Procedure Invocation

procedure CheckSize(I.J:Integer); var Max,Min; Integer;

begin

if [<J then Count := Count +1;

end; CheckSize(Max.Min);

In this example, the values (not the locations) of Max and Min are passed to

CheekSize and become the initial values of I and J (I and J are called value

parameters). CheckSize does not know where Max and Min are located and

therefore cannot change their values.

Ifa 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 is called a variable parameter (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 ik

Justrates the use of variable parameters.

Procedure Declaration Procedure Invocation

procedure Switch(var I.J:Integer); var First,Last: Integer;

var

Temp: Integer;

begin

Temp := I Switch(First,Last);
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Is J;

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 is 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. L

look at the following example

Function Declaration

function PhoneBil(Units:0., 1000): Real:

begin

PhoneBill -= 5.00-+.05*Units:

end;

Function Invocation

Expenses := PhoneBili(78) + ElectricBill113) +

Functions are distinguished from procedures in two ways. First, each function

must contain at least one assignment statement that assigns a value to its 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 variables global variables

value 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

program that uses a recursive function to calculate factorials. One way to

calculate 7! (pronounced “seven factorial”) would be to calculate 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) to calculate the Factorial of

X~1 and then multiply that result by X. But if we're not careful, this may never

end. So to make sure the sequence of function calls terminates, the factorial

function will return the result 1 (without calling any other functions) when asked

for the factorial of 1. The Pascal program that calculates 7! is shown here:

program Fact7;

var X-Integer

function Factorial1..7): Integer

begin

if = 1 then Factorial := 1

else Factorial = |*Factorial(!~ 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, types. 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 is 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,

so we can have blocks within blocks, Such inner blocks are said to be nested

within the outer blocks.

Now we can de

following equation:

ne the scope of an item. The scope is specified by the

scope = block in which item is introduced

all nested blocks

~ those 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 != X+1; {of course this is within the scope of X!

ent

Example 2: Scope includes nested blocks as well

var X: Integer;

procedure P;

var Y: Integer;

begin

{this is also within the scope of X}

Example 3: Scope does not include nested blocks in which name is reintroduced.

var X: Integer:

procedure P.

var X: array(1..10) of Integer

begin

X := X41; ferror 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

xX:

enc

X-+1; and this is within the scope of integer X}

Example 4: Scope does not include outer block

var Y: Integer;

procedure P;

var X: Integer;

begin

end;

begin

X '= X+1; {error since this is outside the scope of X)

end;

Example 5: Items must be introduced before being used

TYPE

A = array(1..10] of B; {error since B not yet introduced}

B = arrayl1..5] of Integer; {sorry, too late)

(It should be noted that some 8086 Pascal compilers, notably Intel’

allow you to use an item before it is introduced.)

. do

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}

ens

Example 7: What about two (or more) procedures that call each other?

procedure A(C:Char); Forward: (introduces A and C without deciaring A}

procedure Bi\Integer);

begin

(1x); (ok since A has been introduced though not declared}
end;

procedure A; (here's the declaration for A but without reintroducing C}

begin

(5); {ok since B has been deciared)

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 is 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 yel}

end

Person

record

Age: 0.150;

Vehicle: “Car; {ok even if we hadn't introduced Car yet)

en

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 in particular) that we

could not have referred to otherwise; it just makes it a little easier to refer to
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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 P;

var B: Boolean;

begin

with Ado

begin

B = True; no good, we can no longer reference Boolean B)

B:= 'x!; {but we can reference character B in record A directly}

Input and Output

No discussion of @ 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 if

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),

orwe can read the next five integers with Read(IntFile,I.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 fine). Such files are called text 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 MyTeat 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, Readin and Writeln,

for this purpose. The parameters to these procedures are the same as the param-

eters to Read and Write. 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;

Readin, 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

CCh:Char; {variable in which to store characters being transferred}

SourceFle,DestFile: Text; (declaring the two files}

begin

Reset(Sourcefile,'fle'); {external name of source file is filet)
Rewiite(DestFile, file2"); {external name of destination file is fle2}

while not Eof(SourceFiie} do (transfer all characters in the source file)
begin

while not Eoin(SourceFile) do {transfer all characters on next line}

begin

Read(SourceFile,Ch); {read in next character from source file.)

Write(DestFile,Ch); {.. and write it to destination file}

end;

Readin(SourceFile); {read past the end-ot-ine marker}

Writein(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!, '9!, 18!,

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 string of characters to a text file as in

Write(!helio!)

True, this is no different from

Write(th!,te!,"11,114,to!)

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 5! but the program doesn’t bother testing for them),

program Looping:

var

Ch: Char:

begin

repeat

'Writein('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

to “standardize” the Pascal language. That work is still in progress, but draft

proposals have been published by the International Standards Organization (DP7185

Specification for the Computer Programming Language Pascal, ISO/TC 97/SC 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 ISO draft

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. Iti 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 you will use is not up to you; it’s determined

by whichever compiler is available to you

First Method The following example illustrates one method of perform-

ing separate compilations

program Siave:

var

Count: integer;

function Successor(X:Integer): Integer:

begin

Successor := X+1;

end;

begin
end.

Program Master;

var

Count: Integer;

funetion Successor(X:Integer): Integer:

Exter:

begin

Count := 3;

Count := Suecessor(Gount)

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 is only 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 it was in

when it expected to find the body in Master and found an Extern instead.

At this time it would be worthwhile to contrast the form

Procedure X; Forward: {see section on Block Structure and Scope}

with

procedure Y; Extem

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. Thisis the form recognized by Intel’s Pascal

compiler

module Slave

public Slave;

function Successor(X:Integer): Integer:

private Slave;

function Successor(X:Integer): Integer;

begin

Successor := X41

end;

module Master;

public Slave:

function Successor(X:Integer): Integer,

program Master;

var

Count: Integer;

begin

Count := 3:

Count := Suecessor(Gount);

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 is

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 module 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 (nonmain 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 main 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 se 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 is not known 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 Suc

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 is missing in Master, its heading

(with all its parameter information) is still 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 variable parameters. And this is 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 missing

routine and the program containing the body of that routine 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

(like reading the contents of a particular location in memory).

sssor is
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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 (Fig. 4.16). Now we can write a Pascal program

for the 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 assume that

the individual bulbs in the light are wired up so they 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

1 Green bulb on cross street

(rightmost bit) 0 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 is 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 8086 timing characteristies (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 = 64;

MainGreen = 32;

MainLeftTurn = 16:

CrossRed = 8

CrossYellow = 4

CrossGreen = 2

CrossLeftTun = 1;

type

Byte = 0..255; {an eight-bit quantity)

MemoryAddress = record {an address in 8086 memory space}

SegmentLo,SegmentHi: Byte;

OffsetLo,OfsetHi: Byte

end;

JOAddress = record (an 8086 IO port number}

Offsetlo,OftsetHi: Byte

end;

var

Lights: MemoryAddress; {memory-mapped output)

CarCount: |OAddress: {input port)

{external assembly-language routines}

procedure Delay(X:Byte); Extemn; (causes an X second delay}

procedure MemoryWrite(Addr’MemoryAddress; X:Byte); Extern

function IORead(Addr:lO Address): Byte; Extern;

begin

Lights.SegmentHi := 0; Lights.SegmentLo : = 0; {memory address of ..)

Lights.OffsetHi :— 16; Lights.OffsetLo := 0; {..Lights is 1000H}

CarCount = 50; {port number of GarCount)

repeat

MemoryWrite(Lights,MainGreen + CrossRed); {normal setting)

if |ORead(CarCount)>5 then {too many cars waiting}

begin (let them through}

MemoryWrite(Lights, MainYellow ~ CrossRed); (stop highway}

Delay(3);

while |ORead(GarCount)>0 do (start cross street}

begin

MemoryWrite(Lights MainRted),

Delay(1);

MemoryWrite(Lights MainRted + 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

you 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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peyaazse reseszie reseazi0 reseazi0

egiser:memory item pany (C00 010.6 «

[aa ae)

oat

|e]

metrioe | aatreah]

ei um]

Segment rapsteinamery [19 T188 [nod bop vim]

PUSH Pun:

agsterimemory Tee Ta]

ror op

haps neery (Tamera Tmo 0m

OHO -cxenage

hegiterimener wih mover (TEOO TLL [av

faster win accomsstr [recto]

MAT Tara byte 6 AL

LAL EA vg

Ustc2é po

SIF Store AH te as

srs gs

oer Poe aes



Appendix A 261

saarTaweric

00 a

tag money ning wor [SOOT Sw Two TG me]

tmmecae ie epsteinenoyy (19000 ew [non 00

ac =a with carry

Fag memory wit ei

rea rg memory

1G Inara

agit ne0ty

agste:

|MkASC act fo 36

{aM Deinl as ase feoreery

SUB Subic:

eg imeary an eit 1 tar

Ieee 0 ves meoy

pereieew

Toeotsw aa Wawa

308 Sutra wi Drom

Feg.rmemory ana eit mie

rmecate om 1egsterimemory

recite Yam accumslae

roc 00 sw

ooott tw

GC tereman rosaaeio rasarzio resaszio
feos may Tere fad Ot]

(OME Gampare:

gtr emoty ao ester

as Asei gust sabnact

1s, decimal as for strat

MUL uy ansne

MUL ape muti inet

1M AS sj for moti

vie nse

0

‘ASC aos ose

AW Convert yt 10 mor

EMO Covet wore 0 dete wad

pores me

» tte gn)

Loste

aT vet

SRSA St opis

8 St og nak

8 gthene gt

aL hot et

Aon ott vot

eL-Ao.ae tgh cary Ha et

Acn-otate mou ay ah

ined 101m



The 8086/8088 Primer

AKO a

fag ymacary ane regi to eter [OT O 08 w [mod_rep

innedaterarensteimencry [010000 Jas 0 6 =} cm mate]

TEST ~ An unton 9s, na ea

Feostermenary anc regs (08007 Ow [ed eg_im

Inmet data aa ester memary [C1 101 w [mae 6 6 Gate

Ineate data and scuruiter [TO TOT OO) ere

Oh oe

uy Jeory an eg 1 eter

meter apse memery ey

nate 9 acevo

OR - Exc

a emory a este to ter 7911008 « [mod req vm

Inmates cegnterimeneey [0.0000 [medi t Dum

ToroTo®

‘STRING MARIPULATION

eta

Move yan

scones

{008-0 ALIA

105-o bya a ALIA

cONTHOL TRANsres

cm ct resaatte

Atv seo i)

ie hein

IMP —uncndten! Juep

‘vet witun segment

rae o

Te

Tio

Torre

Direc tie saymeot stet

eset wit sega rm

Inset ners



Appendix A

ET etre trom CAL:

Ter reo

ian [ an)itn seg aig est SP

eta

Interesting mediate 1

EAR Jn an equa et0

‘aan el en

satan Ioan es oF ct

Ju a8 orion

sumo 089

Nap 09 next 20

Ut ang eat esate

mi 2 FE ots ga

resaeio resaazia

{JNA Jug on Del above

nme /2hng on 9 ow oF

nan Se 0 204088
M0 Jong 00 0 ave

mS Jomo on von

{0 Lop Cx ms

or2 100 ooo ie zero eaua

Utara 5 wn nt

0X ing on De 0

INT nae

yor sored

Woe

InTOsexeat oo overton

MET tot en Treority

‘PROCESSOR CONTROL

(ue char amy

mC: Compement cay Tirana.

Ste Set cay Treat

510 Set exer tatey

CU Oeste Tote

sn Setiteoup ToT
fn nee

wair wat Turret
SC fecape io eter (ERE EEICCOERCS)

WK see re [ooo]



The 8086/8088 Primer

Footnotes

AL = bt accumulator

AX = 16-bit accumulator

OX - Count reoster

1S = Data seamen,

ES Extra seoment

‘Above below reters to unsigned value

Greater - more positive

Less = less positive (more negative) signed values

iF 1 then "0" ne; =O hen “tor

it = ten wae ntaction f= O ten byt astuction

it mod - 11 then r/m is treated as a REG fle

it moe - 00 then DISP = 0°, isp-ow and disp-high ae absent

it mod - 01 then DISP = disp-low sign-extended to 16-bit, dsp-high is absent

if moc = 10 then OISP = dsp-high: dsp-low

it s/m » 000 then EA = (BX) + (Si) = ISP

it t/m = 001 then EA = (BX) » (0H « DISP

it im = 010 then EA = (BP) + (Sh) + DSP

ff]m = O1 then EA = (BP) » (0) - ISP

if rim = 100 then EA ~ (Si) = DISP

it rim = 101 then EA « (DW = DISP

it ¢/m = 110 then EA = (BP) ~ ISP*

it s/m = 111 then EA = (BX) + DISP

DISP follows 2nd byte of instruction (oelore cata required)

“except if mod ~ 00 and rim = 110 then EA = disp-igh’ 6isp-low

1s; =01 then 16 bits of immediate data form the overana

if sw=11 then an immediate data bytes sign extended to

form the 16-bit operand

v=0 then “count "= 1: y= then “count” im (CL)

x= don't care

215 used tor string primtives for comparison with ZF FLAG

‘SEGMENT OVERRIDE PREFIX

REG is assigned according tothe following table
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Instuetions which reference the flag register fleas a 16-it object use the symbol FLAGS 10

represent the file
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Opcode Space

Most 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 is contained in

the first byte is called the primary opcode, and the portion that spills over (if any)

is called the secondary opcode. This appendix shows how the 8086 instructions

are laid out in a matrix called the opcode space.

The matrix entries correspond to the instruction opcodes. Each entry con

tains the mnemonic of the instruction having that opcode as well as the settings of

any fields 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

entry 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 is used for specifying

the arguments:

1. 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

5. if a register name is given explicitly, that register is one of the argu-

ments

6. if 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 that

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/m fields

and place the result back into the operand specified by the mod and r/m 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 th

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 rim. So the instruction will negate the word specified by the

mod and r/m fields.

whatever the instruction

2. Secondary Opcode Space (opcode in second byte)
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ASCII Codes

1. Non Printable ASCII Characters

hex abrev intent hex abrey intent

ull or ime ft) ala ine escape

Slart of heading ‘device control 1 (ON)

start of text device control 2 (TAPE)

fend of text 3. device contral 3 (X-OFF)
fend of transmission ‘evice control 4 (TAPE)
enguiry negative acknowledge

‘acknowledge ‘Synchronous idle
bel fend of transmission blocks
backspace cancel
hor zontal tabulation fend of medium

ine feed B substitute

vertical tabulation escape

form teed ‘She separato

carriage return {group separator

shit out record separator
shit in Sunt separato

2. Printable ASCH characters

hex charphex char | hex char] hex char] hex char] hex char

=ronmoows®

268



Inde:

AAA, AAD, AM, AAS instructions,

58-62

Above, 81

ACCUMULATOR register. See Registers

Activation record, 33

ADC, ADD instructions, 48-49

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, $8

Addition operator. See Arithmetic operators

Address

bus, 99-102, 121-1

decoding, 106, 128

latching, 102-103, 104, 124-125, 126

‘of a memory location, 3, 13, 139

modes, 12, 23-33, 165-167

ofa 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

AND instruction, 63-64, 150

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-86, 177-179

Array, 30-31, 187-188, 230-232, 233, 236-237

ASCH, 6-7, 58,69, 71, 148, 168-169, 176,

215, 268

3

56

269

x

ASM-86, 141-170, 172, 208

Assembler, 140

Assembly language, 140-141, 170-173,

254, 255

Assignment statements

in Pascal, 217-218

in PLM, 180-181

ASSUME statement, 142-143, 144, 158-161

At character, See Commercial-at character

AUXILIARY CARRY flag. See Flags

AX register, See Registers

Backwords, 14, 26,29

BASE POINTER register. See Registers

BASE register. See Registers

Base registers, 24

Based variable, 31, 190-191, 195

BCD, See Decimal arithmetic

Below, 81

BH register. See Registers

BHE pin, 109, 110

Bidirectional amplification, 103, 125

Binary-coded decimal. See Decimal arithmetic

Binding. See Linking

BL register. See Registers

Block, 182-185, 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-86, 178
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CALL

instruction, 74-79, 162-163

statement, 194

Carot-character. See Up-arrow cl

CARRY flag. See Flags

CASE statement

in Pascal, 219-221

in PL/M-86, 182-183, 198

CBW instruction, $4

CF flag. See Flags

Character constant, 212

See also String constant

Character representation, 6-7

CHARACTER type, 214

CH register. See Registers

Chip. 8

Chips

2142 RAM, 106, 128

2716 ROM, 105-106, 127-128

8086 processor, 12-120

8088 processor, 12-98, 121-138

259A interrupt controller, 117-119,

136-137

8282 latch, 102-103, 104, 112, 124-125,

126, 130,

8284, clock generator, 104, 120, 126, 138

8286 transceiver, 103, 125

8288 bus controler, 120, 138

CL register. See Registers

CLC, CLD, CLI instructions, 90

Clock generator and clock pulses, 104, 120,

126, 138

CMC instruction, 90

CMP instruction, 49-51, 79

CMPS instruction, 70-71, 168

Code segment, 8,15, 21-22, 76-77

CODE SEGMENT register. See Registers

Codes

ASCH, 268,

BCD, 55

Gray, 73-74, 168

two-out-of-five, 40

‘Comment

in ASM-86, 148, 152

in Pascal, 213

in PL)M-86, 176-177

‘Commercial-at character, 189

Compiler, 140

Complementing, 64

Compound statements

in Pascal, 221-222, 224

in PL/M-86, See Simple DO block

Conditional jumps, $1, 72, 79-82

Constant

in ASM-86, 147-148

in Pascal, 212-213

in PL)M-86, 176, 178, 189

Constant definition

in Pascal, 226

in PL/M, See LITERALLY

Contents of a memory location, 3, 139

Control

flags. See Flags

signals, 99-102, 121-124

COUNT register. See Registers

CS register. See Registers

WD instruction, $4

CX register. See Registers

dfeld, 28

DAA, DAS instructions, 57-58

Dangling ELSE, 221-222

Data

amplification, 102-103, 124-125

area,2

bus, 99-102, 121-124

definition statements, 152-155

formats, 3-7

segment, 8, 15, 21-22, 24, 67

DATA register. See Registers

DATA SEGMENT register. See Registers

DB, DD statements, 152

Debugger, 87-89,98

DEC instruction, 49-50, 93

Decimal arithmetic

‘on packed numbers, 54-57

setting of flags, 97

‘on unpacked numbers, 57-62, 64, 169

Declaration, 216, 224-226

Declarative statements, 174, 180, 185-192, 202

DECLARE statement, 174

Definition, 216, 224, 226-227

Delimiter

in ASM-86, 147

in Pascal, 212

in PL/M-86, 175-176

DEN pin, 103, 120, 125, 138

DESTINATION INDEX register.

See Registers

DF flag. See Flags

DH register. See Registers

Di register. See Registers

Direct memory-addressing mode, 27, 165,

DIRECTION flag. See Flags

Directive statements, 151-163,

DISABLE statement, 185
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Displacement, 24

DIV instruction, 52-53

DIV operator, 214

Division, See Multiplication and division

Division operator. See Arithmetic operators

DL rexister. See Registers

DO blocks, 182-185, 198-200

DO statement, 174, 182-198,

Dollar-sign character, 175,

Doubleword, 152

DOWNTO. See FOR statement

DS register. See Registers

DIR pin, 103, 120, 125, 138

DW statement, 152

DWORD type, 155

DX register. See Registers

Element

array, 187-188, 230,

file, 237

set, 236-237

Ellipsis character, 229

ELSE

‘dangling, 221-222

statement, See IF 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 also DO blocks

ENDP statement, 162-163

ENDS statement, 145, 158, 163

Enumerated types, 227-229

FOF function, 238

FOLN funetion, 250

FQ operator, 150

EQU statement, 152

Equal operator

in Pascal, 215

in PL/M-86, 179

ES register. See Registers

ESC instruetion, 91-92

Executable statements, 174, 180-185

Expression

in ASM-86, 148-151

in Pascal, 213-216

in PL/M-86, 177-179

External environment, 239

EXTERN(AL) specification

on

in Pascal, 202

in PL)M-86, 203

Extra segment, 15, 21-22, 69

EXTRA SEGMENT register. See Registers

FAR type, 155, 157, 162

Field of record, 232

See also Member of a structure

Files, 237-239

Flags, 3, 2-23, 42-45, 83, 86,89, 95-98

AUXILIARY CARRY (AB), 56-57

CARRY (CF), 46, 48, 56-57, 65-66, 90

connotation of, 46-47

DIRECTION (DF), 69.71.90

INTERRUPT ENABLE (IF), 83-84, 87

89,90, 116, 135

OVERFLOW (OF), 46, 85

with respect to conditional jumps, 49-51,

64, 79-82

TRAP (TF), 87-88

ZERO (ZF), 0-71.73

Floating point, 91-92

Floating-point constant, 176, 178

‘See also Real constant

FOR statement, 222.

See algo Iterative DO-statement

FORWARD specification, 248

FUNCTION declaration, 226

Functions, 245

See also Typed procedure

F operator, 150,

General registers, 18-20

See also Registers

Generations of computers, 89

Global variable, 243-244, 245

GOTO statement

in Pascal, 222

in PL/M-86, 183-184

Gray code, 73-74, 168

Greater than, 81

Greater-than{ -or-equal ) operator

in Pascal, 215

in PL/M-86, 179

GT operator, 150

HALT statement, 185

Halving, 64-66

Header

of function)procedure, 243

of program, 239

Hexadecimal numbers, 4
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High-level language, 30-33, 140, 171-173,

207-208

HLT instruction, 86, 163

1C (integrated circuit), 8

Idemtifier

in ASM-86, 147

in Pascal, 211

in PL/M-86, 175

IDIV instruction, 52-5

IF flag, See Flags

IF statement

in Pascal, 218-219

in PL/M-86, 181-182, 183,

Immediate operand, 29, 165,

IMUL instruction, 52-53

IN

instruction, 39-40

‘operator, 235

INC instruction, 49

Index of an array, 230

Index registers, 20-21, 24, 31, 67-74

See also Registers

Indirect memory-addressing mode, 24,

166-167

Initial value, 153

Inputjoutput, 1, 18, 39, 112, 120, 130-134,

138, 200-201, 249-251

INPUT system file, 237-238, 239, 250

Instruction

formats, 3

mnemonics, 141, 150, 164, 260-268

statements, 151, 164-170

INSTRUCTION POINTER register,

‘See Registers

INT instruction, 86-87

INTA pin, 116, 120, 135, 138

Integer constant, 212

See also Whole-number constant

INTEGER type, 178, 214

Integrated circuit, 8

Interrupt

controller, 117-119, 136-137

routine, 83, 86, 89, 196

type, 83

INTERRUPT ENABLE flag. See Flags

Interrupts, 82-90, 94, 98, 116-119, 135:

154,197

Intersegment, 75-78, 153, 155, 158, 162-163,

INTO instruction, 85-86

INTR pin, 83-84, 89, 116, 135, 205

Intrasegment, 75-78, 153, 155, 158, 162-163

Invocation, See Procedure-invocation

statement

1O/M pin, 130, 138

IP register, See Registers

IRET instruction, 86, 89

Iterative-DO statement, 184, 198

See also FOR statement

Jump instructions

SCXZ, 12-73

IMP, 74-79

Jal other jump instructions), 80-82

Label, 151, 164, 199-200, 224-225

LABEL declaration

in Pascal, 224-225

in PL/M-86, 199

LAHF instruction, 44-45

Latch, 102-103, 104, 112, 124-125, 126, 130

LDS instruction, 41-43

LE operator, 150

LEA instruction, 41-43

LENGTH operator, 156

LES instruction, 41-43

Less than, 81

Less-than (-or-equal) operator

in Pascal, 215

in PL/M-86, 179

Lexicographical ordering, 71

Linking, 140

in Pascal, 254

in PL/M-86, 203,

LITERALLY, 191-192

Lock

pin, 93,94, 120, 138

prefix. See Prefixes

LODS instruction, 70-71, 168

Logical, 62-66, 97-98

Logical operators

in ASM-86, 149-150

in Pascal, 215-216

in PL/M-86, 179

LOOP, LOOPE, LOOPNE, LOOPNZ,

LOOPZ instructions, 72-73

LT operator, 150

M/IO pin, 112, 120

Machine language, 139

Macro, 192

Main program, 201-253

Masking, 64

Maximum mode system, 120, 138
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Member of a structure, 188

‘See also Field of a record

Memory, 3, 13-14, 100, 105-112, 122, 127-130

accessing, 14, 15, 08-111, 130, 161-162

“mapped input/output, 112, 120, 130, 138,

189, 255

segmentation, 8, 14-18, 21, 24-25, 27, 42-43,

142, 158-162

utilization, 8

Memory locations

in ASM-86, 154-159

in PL/M-86, 189-191

Memory-address operand, 148-149, 151, 155,

155-187

Microprocessor and microcomputer, 8,99

Minimum mode system, 120, 138.

MN/MX pin, 120, 138

Mod field, 24

MOD operator

in ASM-86, 149

in Pascal, 215

in PL/M-86, 178

Module

in Pascal, 253

in PL/M-86, 201-203

MOV instruction, 35-36, 89-90

MOS instruction, 68, 70, 167-168

MUL instruction, 5

Multi-dimensional array, 232

‘Multiple precision, 47-48, $7, 95,

Multiplication and division

of binary numbers, 1-54, 64-66

operators, 149, 177, 214

of packed decimal numbers, 57

setting of flags, 97

‘of unpacked decimal numbers, 59-62, 64

by zero (division), 84

Multiplication operator

See Arithmetic operators

Multiprocessing, 92-93, 94

NE operator, 150

NEAR type, 155, 162-163

NEG instruction, 49-50

Negative numbers, 46, 148, 177

Nested blocks, 199, 246

NIL

mnemonic. 164

value, 240

NMI pin, 83-84, 116, 135,

NOP mnemonic. 164

NOT instruction, 63, 150
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NOT operator

in ASM-86, 149-150

in Pascal, 215-216

in PL/M-86, 179

Not-equal operator

in Pascal, 215

in PL/M-86, 179

Number systems, 344

Numeric operand, 148

Object code, 139-141

OF flag, See Flags

Offset address, 15-18, 24, 27, 42, 67-74, 149

OFFSET operator, 155, 168

Opeode, 23

Operand-addressing modes, 12, 23-33,

165-167

Operands

in ASM-86, 148-149,

destination, 27-28

multiple, 27-30

in Pascal, 213-214

in PL/M-86, 177

single, 23-27

souree, 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-86, 149-150

in Pascal, 215216

in PL/M-86, 179

ORD function, 214

ORG statement, 162

OUT instruetion, 39-40

Output. See Input/output

OUTPUT system file, 237-238, 239, 250

OVERFLOW flag. See Flags

Overlapped move, 68-69, 169

Parameter, 32, 42, 78-79, 194-195, 244-245

PARITY flag. See Flags

Pascal, 173, 207-257

Period character, 209

PF flag. See Flags

Pins on 8086

ALE, 102, 104, 108, 120, 124,126, 130, 138

BHE, 109-110

DEN, 103, 120, 125, 138

DIR, 103, 120, 125, 138

INTA, 116, 120, 135, 138



274 Index

INTR, 83:84, 89, 116, 135, 205

TO/M, 130, 138

LOCK. 93, 94, 120, 138

M/IO, 112, 120

MN/MX, 120, 138

NMI, 83-84, 116, 135

RD, 108, 120, 130, 138

S0-S2, 120, 138

TEST, 92

WR, 108-109, 112, 120, 130, 134, 138

PL/M-86, 141, 172-206, 216

Pointer, 1,42

Pointer registers, 20-21

See Registers

POINTER type

{in Pascal, 239-241

In PL/M-86, 190

Polling, 83,

POP instruction, 36, 38

POPF instruction, 45

Popping. See Stack

Port, 3,18, 39, 112, 130-134

See also Input/output

Position-independent code, 76-

Power failure, 83,

PRED function, 228

Prefixes, 94.95, 165

LOCK prefix, 93-94, 206

repeat prefix, 67-71

segment-override prefix, 22, 27, 144

158-161

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,

192-198

Procedure-invocation statement

in Pascal, 243

in PL/M-86, 194

Procedures, 7,75

in ASM-86, 162-163

in Pascal, 241-246

in PL/M-86, 192-198

reentrant) recursive, 32, 196-197, 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 specification, 202-203, 253

PURGE statement, 152

PUSH instruction, 36, 38

79

Question-mark character, 153

s/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

READIN procedure, 250

Real constant, 214

See also Floating-point constant

REAL type, 178, 214

Record, 31-32, 232-234

See also Structure

Recursion, 197, 245-246

Reentrant, 32, 196-197, 199-200

Reference-location constant, 189

Reg field, 23

Register operand-addressing mode, 28, 165

Registers, 3, 18-22, 141-142

ACCUMULATOR (AX, AL, AH), 18-19,

38-40, 51, 3-54, 57, 9-60, 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,

75-18, 83-87, 89, 158-161

COUNT (CX, CL, CH), 18-20, 66, 67-74

DATA (DX, DL, DH), 19-20, 39, 51, 54

DATA SEGMENT (DS), 15, 21-22, 42,

158-161

DESTINATION INDEX (DD), 20-21, 24

31,67-74

EXTRA SEGMENT (ES), 15, 21-22, 42,

158-161

INSTRUCTION POINTER (IP), 18, 22,

36, 75-78, 83-87, 89, 94-95

SOURCE INDEX (SI), 20-21, 24,31,

67-74

STACK POINTER (SP), 20-21, 36, 89

STACK SEGMENT (SS), 15, 21-22, 89.90,

138-161

Relational operators

in ASM-86, 150-151

in Pascal, 215

in PL/M-86, 179

Relative offsets, 22-73, 76-78

Repeat prefix. See Prefixes

REPEAT statement, 224

Repetitive statements

In Pascal, 222-224

in PL/M-86, 183-185



Reserved words

in ASM-86, 147

in Pascal, 211

In PL/M-86, 175-176

RESET procedure, 237-238

Resource sharing, 92-93,

RET instruction, 74-79, 162-163

RETURN statement, 195-196

REWRITE procedure, 257-238

ROL instruction, 65-66

ROM memory, 3,29, 105-106, 110,112

127-128

ROR instruction, 65-66

Rotating, 66,98, 206

s field, 29

'80-S2 pin, 120, 138

SAHF instruction, 44-55

SAL, SAR instructions, 65-66

SBB instruction, 49-50

Scalar declaration, 185-186

Scanning, 69-70

SCAS instruction, 70, 168

Scope

in Pascal, 246-289

in PL/M-86, 199-200

Seg field, 35

SEG operator, 155, 168

SEGMENT statement, 145, 158, 163

Segment

“definition statements, 158-162

override prefix, 22, 27, 144, 158-61

rogisters, 15, 21-22, 158-161

start address, 15, 42,69, 142, 144, 149,

161-162

‘See also Prefixes, Registers

Segments, 8, 14-18, 21-22, 24-25, 27, 42-43,

142, 158-162

Selective statements

in Pascal, 218-221

in PL/M-86, 181-183,

Semicolon character, 148, 174, 217

Separate compilations

in Pascal, 251-254

in PL/M-86, 201-203,

Set operators, 214, 234-237

Sets, 234-297

SEX instruction, 54

SF flag. See Flags

Shifting, 64-66, 98, 206

SHL, SHR instructions, 65-66

Sl register. See Registers

Sign extending, 6,54

215

SIGN flag. See Flags

Sign magnitude, 5-6

Signed and unsigned numbers, 4-6, 46-47,

48, 49, 52. 54, 64-66, 72, 76-77, 81,

84-85, 97

Simple DO block, 182, 198

Simple types, 227-230

Simple variable, 30

Single stepping, 87-88. 98

SIZE operator, 156

Source code, 139-141

SOURCE INDEX register. See Registers

SP register. See Registers

SS register. See Registers

Sack, 7-8, 33, 36-37, 44-45, 78, 83,86, 89

STACK POINTER register, See Registers

Stack segment, 8, 15, 21-22, 25

STACK SEGMENT register, See Registers

Statements

in ASM-86, 151-168

in Pascal, 217-224

in PL/M-86, 179-192

Status flags, 46-47, 49-51, 64, 79-82

See also Flags

STC, STD, STI instructions, 90

STOS instruction, 70-71, 168

String constant

in ASM-86, 148

in Pascal, 212,251

in PL/M-86, 176, 178

String operations, 20, 21, 66-74, 89, 94, 154,

167-170, 206

Structure, 188-189

See also Record

Structured types, 227, 230-289

SUB instruction, 49-50

Subordinate 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 funetion, 228

Superset operator, 235-236

‘Symbol-definition statements, 152

‘Symbolic names, 141-143

Synchronization, 91-93

Synthetic operators, 151, 156-187

Table, 153-154

See also Array

“Termination statements, 163-164
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TEST

instruction, 63-64

pin, 92

Text files, 249-251

TF flag. See Flags

THEN, See IF statement

THIS operator, 139

‘Timing, 104-105, 126-127

Tokens

in ASM-86, 145-148

in Pascal, 210-213

in PL/M-86, 175-177

‘Trafficlight example, 9, 112-113, 130-135,

203-205, 255-257

‘Transceiver, 103, 125

Translator, 140

TRAP flag. See Flags

Two-out-ol-five code, 40

‘Two's complement, See Signed and unsigned

numbers

TYPE

definition, 226-227

operator, 155

‘Typed procedure, 196

See also FUNCTION declaration

‘Types

in ASM-86, 154-155

in Pascal, 214, 218, 226-241

in PL/M-86, 178-179, 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

Vfeld, 66

Value parameter, 244

Variable

in ASM-86, 152

parameter, 244

in Pascal, 225-226

in PL/M-86, 177

‘Variable definition

in Pascal, 224-225

in PL/M-86. See DECLARE statement

wield, 24

WALT instruction, 91-92, 95

WHILE statement

in Pascal, 223

in PL/M-86, 185, 198

Whole-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, 13-14

WORD type

in ASM-86, 154-155

in PL/M-86, 178,

WR pin, 108-109, 112, 120, 130, 134,138

WRITE procedure, 237, 249

WRITELN procedure, 250

field, 91

XCHG instruction, 38-39

XLAT instruction, 39-41, 154, 168

XOR instruction, 63, 150

XOR operator

in ASM-86, 149-150

in PL/M-86, 179, 216

field, 91

“field, 70

ZERO flag. See Flags

ZF flag. See Flags


