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1) Chapter One

Basic Assembly L anguage Programming Concepts

This chapter reviews some of the key concepts that must be mastered prior to learning to program a
computer in assembly language. These concepts include the use of the binary and hexadecimal number
systems; boolean logic; how memory is addressed as bytes of data; how characters are represented as ASCI |
codes; binary-coded decimal (BCD) number systems, and more. The meaning of these termsis explained in
this chapter. Also discussed is the use of an assembler, which is a program used to write machine-language
programs, and programming techniques like selection, loops, and subr outines.

Since the primary purpose of this book is to introduce you to programming the 65816 and the other members of
the 65x family, this single chapter can only be a survey of thisinformation rather than a complete guide.

Binary Numbers

In its normal, everyday work, most of the world uses the decimal, or base ten, number system, and
everyone takes for granted that this system is the “natura” (or even the only) way to express the concept of
numbers. Each place in adecimal number stands for a power of ten: ten to the O power is 1, ten to the 1% power
is ten, ten to the 2™ power is 100, and so on. Thus, starting from a whole number’s right-most digit and
working your way left, the first digit is multiplied by the zero power of ten, the second by the first power of ten,
and so on. The right-most digits are called the low-order or least significant digits in a positional notation
system such as this, because they contribute least to the total magnitude of the number; conversely, the leftmost
digits are called the high-order or most significant digits, because they add the most weight to the value of the
number. Such asystem is called a positional notation system because the position of a digit within a string of
numbers determines its value.

Presumably, it was convenient and natural for early humans to count in multiples of ten because they
had ten fingers to count with. But it is rather inconvenient for digital computers to count in decimal; they have
the equivalent of only one finger, since the representation of numbers in a computer is simply the reflection of
electrical charges, which are either on or off in a given circuit. The all or nothing nature of digita circuitry
lends itself to the use of the binary, or base two, system of numbers, with one represented by “on” and zero
represented by “off”. A oneor azero in binary arithmetic is called a binary digit, or a bit for short.

Like base ten digits, base two digits can be strung together to represent numbers larger than a single
digit can represent, using the same technique of positional notation described for base ten numbers above. In
this case, each binary digit is such a base two number represents a power of two, with a whole number’s right-
most bit representing two to the zero power (ones), the next bit representing two to the first power (twos), the
next representing two to the second power (fours), and so on (Figure 1-1 Binary Representation)
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Grouping Bitsinto Bytes

As explained, if the value of abinary digit, or bit, isaone, it is stored in a computer’ s memory by
switching to an “on” or charged state, in which case the bit is described as being set; if the value of agiven bit is
azero, it is marked in memory by switching to an “off” state, and the bit is said to be reset.

While memory may be filled with thousands or even millions of bits, a microprocessor must be able to
deal with them in aworkable size.

§ 8 8 8 & & o g
%0 __U) __U) __U)

~ g a © __U) __U) __U) __U)
— ™ — [e] < N —
0 1 1 0 0 1 1 0

32

102

Figure 1-1 Binary Representation

The smallest memory location that can be individually referenced, or addressed, is usually, and always
in the case of the 65x processors, a group of eight bits. This basic eight-bit unit of memory is known as a byte.
Different types of processors can operate on different numbers of bits a any given time, with most
microprocessors handling one, two, or four bytes of memory in a single operation. The 6502 and 65C02
processors can handle only eight bits at atime. The 65816 and 65802 can process either eight or sixteen bits at
atime.

Memory is organized as adjacent, non-overlapping bytes, each of which has its own specific address.
An address is the unique, sequential identifying number used to reference the byte at a particular location.
Addresses start at zero and continue in ascending numeric order up to the highest addressable location.

As stated, the 65802 and 65816 can optionally manipulate two adjacent bytes at the same time; a
sixteen-bit data item stored in two contiguous bytes is called a double byte in this book. A more common but
misleading usage is to describe a sixteen-bit value as a word; the term word is more properly used to describe
the number of bits a processor fetches in a single operation, which may be eight, sixteen, thirty-two, or some
other number of bits depending on the type of processor.

It turns out that bytes — multiples of eight bits — are conveniently sized storage units for programming
microprocessors. For example, a single byte can readily store enough information to uniquely represent all of
the characters in the norma computer character set. An eight-bit binary value can be easily converted to two
hexadecimal (base sixteen) digits; this fact provides a useful intermediate notation between the binary and
decimal number systems. A double byte can represent the entire range of memory addressable by the 6502,
65C02, and 65802, and one complete bank — 64K bytes — on the 65816. Once you' ve adjusted to it, you'll find
that there is a consistent logic behind the organization of a computer’s memory into eight-bit bytes.

Since the byte is one of the standard units of a computer system, a good question to ask at this point
would be just how large a decimal number can you store in eight bits? The answer is 255. The largest binary
number you can store in a given number of bitsis the number represented by that many one-bits. In the case of

13



The Western Design Center

the byte, thisis 11111111, or 255 decimal (or 2° - 1). Larger numbers are formed by storing longer bit-strings
in consecutive bytes.

The size of a computer’s memory istypically expressed in bytes, which makes sense because the byteis
the smallest addressable unit. And since a byte is required to store the representation of a single a phanumeric
character, you can get an easy visualization of about how much storage 64K of memory is by thinking of that
many characters. The K stands for one thousand (from the Greek kilo meaning thousand, as in kilogram or
kilometer); however, since powers of two are always much more relevant when discussing computer memories,
the symbol K in this context actually stands for 1024 bytes, the nearest power-of-two approximation of 1000, so
64K is 65,536 bytes, 128K is 131,072 bytes, and so on. Within a given byte (or double byte) it is often
necessary to refer to specific bits within the word. Bits are referred to by number. The low-order, or right-most
bit, is called bit zero; this corresponds to the one’s place. The next-higher-order bit is bit one, and so on. The
high-order bit of a byte is therefore bit seven; of a double byte, bit fifteen. The convention of calling the lower-
order bit the “right-most” is consistent with the convention used in decimal positional notation; normal decimal
numbers are read from left to right, from high-order to low-order. Figure 1.2 illustrates the bit numbers for
bytes and double bytes, as well as the relative weights of each bit position.

A
— I
Double-Byte AL
r Byte N
51413121110} 9 (8| 7| 6 | 5(4|3]|]2]|1|O0
High-Order Low-Order

Figure 1-2 Bit Numbers
Hexadecimal Representation of Binary

While binary is a convenient number system for computers to use, it is somewhat difficult to trandate a
series of ones and zeros into a number that is meaningful. Any number that can be represented by eight binary
bits can also be represented by two hexadecimal (or hex for short) digits. Hexadecimal numbers are base
sixteen numbers. Since base two uses the digits zero through one, and base ten the digits zero through nine,
clearly base sixteen must use digits standing for the numbers zero through fifteen. Table 1.1 is a chart of the
sixteen possible four-bit numbers, with their respective decimal and hexadecimal representations.

14



The Western Design Center

Binary Decimal Hexadecimal
0000 0 0
0001 1 1
0010 2 2
0011 3 3
0100 4 4
0101 5 5
0110 6 6
0111 7 7
1000 8 8
1001 9 9
1010 10 A
1011 11 B
1100 12 C
1101 13 D
1110 14 E
1111 15 F

Table 1-1 Decimal and Hex Numbers

Because the positional notation convention reserves only asingle place for each multiplier of the power of that base, the
numbers ten through fifteen must be represented by a single base-sixteen digit. Rather than create entirely new symbols for
digits, the first six letters of the alphabet were chosen to represent the numbers ten through fifteen. Each of the sixteen hex
digits corresponds to one of the possible combinations of four binary digits.

Binary numbers larger than 1111 are converted to hexadecimal by first separating the bits into groups of
fur, starting from the right-most digit and moving left. Each group of four bits is converted into its
corresponding hex equivalent. It is generally easier to work with a hexadecimal number like FO93B than its
binary counterpart 111100100111011. Hexadecima numbers are often used by machine language
programming tools such as assemblers, monitors, and debuggers to represent memory addresses and their
contents. The value of hexadecimal numbers is the ease with which they can be converted to and from their
binary equivalents once the table has been memorized.

While a hexadecimal 3 and a decimal 3 stand for the same number, a hexadecimal 23 represents two
decimal sixteen’s plus 3, or 35 decimal. To distinguish a multiple-digit hex number from a decimal one, either
the word hexadecimal should precede or follow it, or a‘$ should prefix it, asin $23 for decimal 35, or $FF to
represent 255. A number without any indication of base is presumed to be decimal. An aternative notation for
hexadecimal numbers is to use the letter H as a suffix to the number (for example, FFH); however, the dollar-
sign prefix is generally used by assemblers for the 65x processors.

The ASCI|I

Characters — letters, numbers, and punctuation — are stored in the computer as number values, and
trandated to and from readable form on input or output by hardware such as keyboards, printers, and CRTSs.
There are 26 English-language lower-case letters, another 26 upper-case ones, and a score or so of special
characters, plus the ten numeric digits, any of which might be typed from a keyboard or displayed on a screen or
printer, as well as stored or manipulated internally. Further, additional codes may be needed to tell aterminal or
printer to perform a given function, such as cursor or print head positioning. These control codes including
carriage return, which returns the cursor or print head to the beginning of a line; line feed, which moves the
cursor or print head down aline; bell, which rings a bell; and back space, which moves the cursor or print head
back one character.

The American Standard Code for Information Interchange abbreviated ASCI| and pronounced AS
key, was designed to provide a common representation of characters for all computers. An ASCII code is
stored in the low-order seven bits of a byte; the most significant bit is conventionally a zero, although a system
can be designed either to expect it to be set or to ignore it. Seven bits allow the ASCII set to provide 128
different character codes, one for each English letter and number, most punctuation marks, the most commonly
use mathematical symbols, and 32 control codes.
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The use of different bit values, or numbers, to store character codes, is entirely analogous to the
“decoder ring” type of cipher: theletter ‘A’ isone, ‘B’ istwo, and so on; but in the case of the ASCII character
set, the numbers assigned to the letters of the alphabet are different, and there are different codes for upper- and
lower-case |etters.

There is an ASCII chart in Appendix F of this book. Notice that since the decimal digits O through 9
are represented by $30 to $39, they can be easily converted between their binary representations and their actual
values by the addition or subtraction of $30. The letters are arranged in aphabetical order, the capital letters
from A through Z represented by $41 through $5A and the lower-case letters from a through z represented by
$61 through $7A. This dlows letters to be placed in aphabetical order by numerically sorting their ASCII
values, and characters to be converted between upper- and lower-case by the addition or subtraction of $20.
Finally, notice that the control characters from Ctrl-@ and Ctrl-A through Ctrl-Z and on to Ctrl-_ run from zero
to $1F and alow easy conversion between the control characters and the equivalent printing characters by the
addition or subtraction of $40.

To print a character on an output device, you must send it the ASCII value of the character: to print an
‘A’, you must send $41 to the screen, not $A, which isthe ASCII code for aline feed; and to print an’8’, you
must send $38, not $8, which isthe ASCII code for a backspace. The space character, too, has and ASCI| code:
$20.

Since any memory value — take $41 for example — could represent either an ASCII code (for ‘A’ in this
case) or a number (decimal 65), the interpretation of the data is defined by the code of the program itself and
how it treats each piece of data it uses within a give context.

Boolean Logic

Logical operations interpret the binary on/off states of a computer's memory as the values true and
false rather than the numbers one and zero. Since the computer handles data one or two bytes at a time, each
logical operation actually manipulates a set of bits, each with its own position.

Logica operations manipulate binary “flags’. There are three logical operations that are supported by
65x microprocessor instructions, each combining two operands to yield a logical (true or false) result: and, or,
and exclusive or.

Logical And

The AND operator yields true only if both of the operands are themselves true; otherwise, it yields
false. Remember, trueis equivalent to one, and false equivalent to zero. Within the 65x processors, two strings
of eight, or in the case of the 65816, eight or sixteen, individual logical values may be ANDed, generating a
third string of bits; each bit in the third set is the result of ANDing the respective bit in each of the first two
operands. Asaresult, the operation is called bitwise.

When considering bitwise logical operations, it is norma to use binary representation. When
considered as a numeric operation on two binary numbers, the result given in Figure 1.3 makes little sense. By
examining each bit of the result, however, you will see that each has been determined by ANDing the two
corresponding operand bits.

11011010 $DA
AND 01000110 $45
equals 01000010 $42

Figure 1-3 ANDing Bits
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A truth table can be drawn for two-operand logical operations. Y ou find the result of ANDing two bits
by finding the setting of one bit on the left and following across until you're under the setting of the other hit.
Table 1.2 shows the truth table for AND.

Second Operand
0 1
First Operand
0 0 0
1 0 1
Table1-2 Truth Tablefor AND
Logical Or

The OR operator yields a one or true value if either (or both) of the operandsistrue. Taking the same
values as before, examine the result of the logical OR operation in Figure 1.4. The truth table for the OR
function is shown in Table 1.3.

11011010 $DA
OR 01000110 $45
equals 11011110 $DE

Figure 1-4 ORing Bits
Logical Exclusive Or

The exclusive OR operator is similar to the previoudy-described OR operation; in this case, the result
is true only if one or the other of the operands is true, but not if both are true or (as with OR) neither is true.
That is, the result is true only if the operands are different, as Figure 1.5 illustrates using the same values as
before. Thetruth table for exclusive OR is s