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The one, central problem we have all faced with computers is how to make our
electronic serfs do significant work for us. This question causes difficulties for
everyone from the casual user to the serious apprentice or professional programmer.

Those that intend to solve the problem by writing their own programs set off
on a quest for ‘““how-to’’ knowledge. The first leg of this search for the holy grail
is spent groping just to discover what subjects to study! Typically, computer in-
formation is artificially separated into such topics as assembly language, hardware,
graphics, structured programming, and so on, which are then discussed in their own
volumes. The circular reasoning involved requires that the student know the subject
to be able to study it! The sales of computer books prove that many people are
spending hundreds of dollars attempting to gain an integrated understanding of
computers; the number of computers being set aside shortly after purchase prove
that many people are failing in these attempts. Together, these statistics suggest
where the problem lies.

A single book has been needed to guide the computer user from first principles
to the ultimate goal of programming, the conversion of vague ideas for computer
tasks into specific and complete computer tasks. This view of programming is in-
terdisciplinary at heart and requires that such varied fields as software development,
computer resources (chips, speed, etc.), problem solving, and the arts be considered
in unison. Filling these complementary needs is the purpose of this book.

Each chapter explains concepts relevant to any computer language, including
BASIC, and applies these concepts to the Commodore 64 wherever possible. Much
of the computer-specific material is unavailable anywhere else, being gathered dur-
ing long discussions with practicing Commodore 64 programmers. Almost all the

ix



X Preface

information can improve your BASIC programming, but as we shall see shortly,
the greatest benefit will come from applying these concepts to assembly language
programming. For this reason assembly language will be taught and used through-
out, with occasional references to BASIC. Each chapter ends with a list of one or
two of the best books for deeper study in each subject covered.

One fact has had a major influence on this book: Software, even software
written by professional programmers on contract to outside customers, has histor-
ically had a dismal success record. Incredibly, only 2% of all programs that have
been contracted for have run correctly and have accurately performed the buyer’s
intended task as delivered! Professionals are supposed to have techniques beyond
those available to the home computerist. Some do, but far too many have continued
to use a ‘‘BASIC User’s Manual’’ approach to programming.

The most important reason for this 1s the exclusion in most computer tutorials
of the methods or even the need for the most basic programming activity, getting
a clear picture of an intended computer task before writing a program to perform
1it. Without a method for getting a clear picture of the task, there 1s no place for a
method that carries the clear picture through to a program. Thus most programs
have no direct connection with the 1nitial task they are attempting to perform.

The record shows the sorry result for pros and amateurs alike; programs that
either do not work at all, or perform the wrong task, or require repeated correcting
before they are ‘‘acceptable.’’ The latter can be roughly translated as ‘‘it’s not ex-
actly what I wanted, but I’'m tired of bothering with 1t.”’

We will unfold a single method that leads you to a thorough definition of your

intended task, then to an effective method for performing the task, and finally to
an assembly language program that fully executes the original task. Only the last

step 1S language specific; a program can be written 1n BASIC just as easily as 1n
assembly language from the results of the first two steps.

Once the means for turning a task idea into a program are understood, we
will present tools for self-expression. A great part of the satisfaction of program-
ming comes from using your entire creative ability, right and left brain, artistic and
analytical. Graphics, sound, words, and plot are the programmer’s main artistic
points of contact with his audience. Lessons from cinematography and music com-
position, with other artistic considerations, are discussed in the chapters on graphics
and music/sound programming techniques.

Similar power programming books are planned for each of the most popular
educational and home computers. A follow-on book entitled Beyond Power Pro-
gramming will provide a reference manual of methods to perform many of the most
important advanced programming tasks, including but not limited to; advanced
searching and sorting methods, gaming, 3D graphics, artificial intelligence, and pro-
gramming tools.

Why do we choose to program 1n assembly language? The answer 1s found 1r
benchmarks, or comparison tests, of programming languages. One benchmark was
conducted on a predecessor of the Commodore 64 and reported in Creative Com-
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puting magazine.* The task of filling up the TV screen with one character, then
filling it with another, and so on, until every character supported by the computer
has filled the screen once, was implemented in each language.

Here is the portion of the results dealing with the major languages we have
mentioned, adding results for a different high-level language, Pascal, for compar-
ison:

PARTIAL CHART OF LANGUAGE COMPARISONS

Time to Size Speed
Language run (sec) (bytes) ratio
PET BASIC 4368.7 302 1.0
Pascal 460.1 556 9.5
Assembly 6.1 105 716.2

The BASIC version of the program took less of author Gregory Yob’s time
to write and correct than did the other versions, but Mr. Yob attributed much of
that difference to his lack of familiarity with assembly language and Pascal. Indeed,
small programs like this often run correctly on the first try if written in Pascal. This
implies 0 correcting time. Pascal is the fastest and easiest language of the listed three
for programming and debugging /arge programs, and is the language of choice
wherever BASIC “‘will do.”’ (Pascal was originally written to teach good program-
ming, and it is worth learning for that reason alone; habits encouraged by BASIC
have been shown to make poor programmers.)

Although writing characters to a television screen is not a general test of lan-
guages, it does relate to a distinguishing feature of the Commodore 64, the graphics
character mode. This mode allows the creation of your own specialized sets of
graphics or other symbols for use in programs.

Note that while Pascal is much faster than BASIC, assembly is outrageously
faster than either. Your Commodore 64 has the ability in assembly language to
display graphics 700 times faster than BASIC allows. This opens up built-in graphics
capabilities that are completely unavailable to BASIC programs! For example, in
assembly language there is enough time to split the TV screen into horizontal pieces
and treat each piece as a separate screen. Each screen can have different features,
an option precluded by BASIC’s slowness. Assembly language even leaves enough
time for a program to do other work ‘‘between the cracks’’ as it controls the visual
display. There is more on such graphics techniques in Chapter 6.

A second comparison comes from Byte magazine.t This time the task is ‘“The

*Gregory Yob, ‘‘Personal Electronic Transactions,”” Creative Computing, November 1982, p.
294.

tJim Gilbreath and Gary Gilbreath, ‘‘Eratosthenes Revisited: Once More Through the Sieve,”
Byte, January 1983, p. 283.
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Sieve of Eratosthenes,”’ which finds all the prime numbers up to a given number
(in this case, 8191). All the multiples of 2, 3, and of the primes (as they are dis-
covered) are crossed off a number list. When the task is completed, only the primes
are left. This test addition (the multiplications are implemented as repeated addi-
tions), subtraction (number comparisons), and several other mathematically ori-
ented functions that are common in computer operation.

In this case the languages span several different computers, but each computer
mentioned contains the same ‘‘brain,’’ or microprocessor, as that used in the Com-
modore 64, running at the same speed. The results are as follows:

Language Time to run Speed ratio
Apple BASIC 1850 sec (31 min) 1.0
Apple Pascal 160 sec (6+ min) 11.7
Assembly (OSI Superboard) 13.9 sec (% min) 133.1

You could say that the BASIC version leaves time to finish a full-course dinner,
but assembly just barely lets you tie your shoelaces.

There is a place for BASIC programming, but that place does not include high-
speed computation, sophisticated graphics, or applications requiring flexible use of
the computer’s resources. Having been invented in 1965, a long time ago for any
computer language, BASIC should be spared harsh criticism. It is, and always was,
intended as an introduction to computers.

For all of the preceding reasons, assembly is the language we have chosen to
complement a powerful and proven method for accomplishing your computer goals.
This welds the lever of program-planning technique with the hammer of assembly
language into a force-multiplying tool for Power Programming.
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- PAST l} s PLASTIC

The London street light edges the window like a mute sunburst. Lying on oak, raggedly
stacked pages are swirled by a mantle’s glow, but their inner current of symbols and
mechanical drawings is diverted only by the occasional footnote ‘1842 REVISION.”’
The Prime Minister reaches to blacken a quill, then marks the final page ‘‘Rejected.’’
Mankind is denied the computer for another hundred years.

The rejected manuscript was the blueprint for a computer built of mechanical
parts. Its inventor, Englishman Charles Babbage (1792-1871), alienated fellow
scientists by criticizing the bureaucratic leaders of their scientific societies. In return,
those leaders lobbied the British government, which then withdrew its financial sup-
port for the development of Babbage’s computer. The completed blueprint lay
forgotten after the inventor’s death in 1871. Its rediscovery in 1937 and updated
development during World War II resulted in the first electronic digital computer,
ENIAC (Electronic Numerical Integrator and Calculator), in 1946.

The mechanical computer, which Babbage called the Analytical Engine, had
all but two of the basic attributes of modern computers. These attributes are easily
understood in the mechanical computer since the physical actions supporting them
are familiar to us from everyday life. We will present these basic attributes first in
mechanical terms, and then apply them to the electronic actions and circuitry of
your modern computer. The analogy is simple and direct. Even the roots of the two
basic modern-computer functions absent in Babbage’s invention can be traced to the
mechanical computer.



2 Past Its Plastic Envelope: The Computer’s Inner Machinery Chap. 1

THE “NUMBER MILL”

The heart of the computer was originally called the ‘‘mill.”” Babbage named it after
the grain mill, a machine that converts raw grain, or grist, into flour. In a grain mill,
grist is placed between two stone disks and one disk is turned, usually by a water-
wheel. The trapped grist is pulverized into flour. In both grain mills and computers
the raw material and end product are made of the same substance; only the form
changes. The substance milled by a computer is not, of course, grain. It is numbers.
Numbers entering the mill will be ‘‘mashed,”’ that is, added, subtracted, and other-
wise transformed, and number results of a different form exit.

Number transformation is the central activity of the computer. Outside the
mill portion of the computer is a miniature world centered around and supporting
the mill. This world has storage bins for the grist, a transportation system to move
grist between mill, storage, and consumers, and a communications system to coor-
dinate all these activities. ‘‘Consumers’’ are often devices that show human beings
the milling results.

All these milling support systems are present in modern computers. Two other
attributes common to both the Analytical Engine and today’s computers are grist
made of binary instead of decimal numbers, and a program, or sequence of instruc-
tions like a recipe, to direct the mill’s operations.

All mathematical machines prior to the Analytical Engine, including an earlier
calculator invented by Babbage, used the decimal or base 10 number system for
calculations. The decimal system, based on our two five-fingered hands for a total of
10 ““digits,”” complicates machinery by requiring machine representations for 10 dif-
ferent numbers from 0 to 9. Its rules for arithmetic are convoluted, as seen in the
rules for carrying or borrowing a 1. On the other hand, the binary system of two
digits, 0 and 1, has the very fewest number of digits that can convey a useful mean-
ing: With two digits one can both express numbers and modify them with simple
arithmetic operations.

Just two different mechanical or electronic digit representations are needed in
a binary-based machine. This not only simplifies computers, it also structures the
computer machinery more regularly. This structuring makes construction of com-
puters more practical.

The original concept of a program was at once radical and elementary. To
Babbage, a program was more than just a sequence of number transformations for
the mill to perform on grist; it implied the ability of the mill to look at the result of a
transformation and then choose a next transformation! This was the beginning of
the modern computer program.

For example, a program may direct the follov'v"mg mill actions in response to
these different results of a subtraction: If the result is negative, move a storage loca-
tion’s contents; if positive, do another subtraction; and if zero, ‘‘wave a (figurative)
flag’’ to alert the human being operating the computer. The ability to select among
alternative actions allows the mill to skip unnecessary commands, repeat parts of a
program, or pick one of many paths through the program.
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When the mill completes the commands in a nontrivial program, numbers
have been moved and transformed to complete a desired task. Turning statistical
facts into actuarial tables for the insurance industry was one such task envisioned by
Babbage.

Babbage insisted on another function in his computer: The Analytical Engine
had to be able to show the results of each command executed during the running of a
program. To do this, a means was developed to connect the mill to devices in the
outside world. In this case the outside device recorded the program results for
human inspection.

To tell the Babbage mill what transformations to perform, in what order, with
what options, and on what numbers, four types of punched cards were used:

Constant cards, holding the actual numbers to be operated on.

Variable cards, specifying the /locations of grist storage bins whose numerical
contents are to be operated on.

Operations cards, detailing the operations to be performed by the mill.

Directive cards, directing the movement of numbers within the Engine, and
directing the choice of the program command to be executed next, based on
the results of previous operations.

The same four categories of information for the mill are also found in
microcomputer programs. Constants and variables are grouped under the name
operands, because operations can obtain grist from either of them. Again, note this
difference: A constant is a number to be operated on; a variable is the address of a
storage bin holding a number to be operated on.

Except for constants, information on the Babbage cards was nonnumerical
and could not be stored in the mill’s internal and numerical storage. Thus the cards
were read by the mill as needed, and the program was said to be externally stored.
This limitation was largely responsible for the development of the two most recent
basic principles: codes and internal program storage.

A code is a meaning assigned to a number. The number 127 could be chosen to
represent the subtraction operation, for instance. Then if 127 enters the mill in a
special operation code context, the mill will interpret it to mean ‘‘perform a subtrac-
tion.”” If entering the mill during another context, 127 might be interpreted as a
variable (address of a storage bin) containing number grist. Or again, 127 might sim-
ply be taken for a constant to be used as grist. Numbers can now be used not only as
the internal grist to be operated on, but also as the representatives of operations and
variables.

This opens the door for the second advance: internal program storage. With
the entire program represented numerically, its parts could now reside in internal
storage bins. This allows the modern mill to use the normal transportation system to
retrieve ‘‘operators’’ (representing operations) and operands, and to accomplish
new goals that are impractical with an externally stored program.
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These attributes—a central math mill, binary-number grist, a supporting
world of storage and transportation, and an internal program represented by binary
numbers—are the bases of modern computer structure (including that ot microcom-
puters). We now know how the principles came about, and more important, why.
Each serves a need that develops when one begins designing a machine to pertorm
unrestricted tasks by transforming numbers. To use these attributes we must study
them 1n action.

Since binary numbers are central to both grist and program, we will start with
a broader view that allows for grist, program, and much more.

Exercise:

Answer the following question.
(a) What are the four bases of the modern computer?

INFORMATION

From the concept of codes, mentally step up one level of abstraction. You have
lighted upon the ‘‘super-concept’’ of information.

Webster’s defines information as ‘‘a logical quantity. . . .”’* A quantity 1s
something that is mathematically concrete and that 1s manipulable by mathematical
tools. Almost every aspect of human knowledge can be treated mathematically,

which 1s why mathematics 1s called ‘‘the universal language.’’
When information i1s assigned to numbers via a code, the result 1s called dazra.

Being numerical, data can be directly transformed through mathematics, whereas
information usually cannot be transformed so directly. Thus, information is
transformed by coding it as data, applying mathematical operations to the data, and
decoding the resulting data into new information. External devices such as key-
boards and video circuits often code and decode information, while the computer

1itself transforms the data.
An example of this cycle occurs with alphabetic input from a keyboard. A

human being types in a message, which the keyboard circuitry converts into coded
numbers or data and supplies to the computer. The computer transforms the data
under the direction of a program and supplies the results in numerical form to video
circuitry. The video circuitry converts the numbers 1nto a form that a television or
video monitor can display as characters readable by a human being. Since the
alphabet 1s sequential, the computer can transform an A into a B by adding 1 to the
data value representing the A, and so on up the alphabet.

With this broadening of our perspective the number mill becomes the informa-
tion mill, bringing words, pictures, sounds, and 1deas under the control of the pro-

*Webster’s Third New International Dictionary, G. & C. Merriam Company, Springfield, Mass.,
1971.
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grammer’s imagination. The pioneer who exploits codes creatively will be placing an
uncharted region into his domain.

But as quickly as we have entered that mystic realm, we must retreat to the
known colonies of existing codes. Their mastery is essential preparation for any fur-
ther sorties.

Three categories of codes warrant our attention: the numeric, the symbolic,
and the conceptual. The numeric codes are foundational and will require the most
effort to master. Your time with these codes will be repaid many times over in
Chapter 3 when we study their transformation with assembly language.

Numeric Codes

The numeric codes assign number meanings to the numbers used within the com-
puter. Numerically coded numbers can be used in counting and all other
mathematical activities. They can also indirectly represent anything that
mathematics can manipulate; that is, they can indirectly represent any information.
So numerically coded numbers can represent the number of shopping days left until
Christmas, the number of times the computer must perform a particular set of ac-
tions, and so on. This is analogous to the role of numbers in equations. Numbers are
treated by equations as pure values, but may and often do represent physical or con-
ceptual quantities to the human being utilizing the equations.

The most general codes are numeric. Since these codes can indirectly repre-
sent any information, there may seem to be little need for other types of codes.
However, the remaining code types restrict and predefine the assignment of infor-
mation to numbers in certain special cases to simplify and enlighten the program-
mer’s job.

We will examine three numeric codes: the binary code, the hexadecimal code,
and the binary-coded decimal (BCD) code. Be sure that you understand each code as
it is discussed before moving along; the explanation is graduated and depends on
your grasping all earlier material.

Binary code. The binary code, also called the binary number system,
represents arbitrarily large or small numbers with combinations of the digits 0 and 1.
Binary number representation is similar to that of the decimal system, but simpler.

Imagine a row of light switches on a wall. Each switch has the standard Off
and On positions. Let’s say that these represent the binary digits 0 and 1, respec-
tively (Fig. 1.1). Using the rightmost switch alone allows for only two number
values, 0 and 1 (Off and On). Using the two rightmost switches allows for four
number values; two for the Off and On positions of the rightmost switch while the
next-left switch is Off, producing 00 and 01, and two for the same positions of the
rightmost switch while the next-left switch is On, producing 10 and 11.

Each added switch doubles the total number of combinations, since all
previous combinations are allowable in combination with each of the two positions
of the new switch. Saying this with numbers, we have 2 (or 2!) possible position com-
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Switches
. ‘ON’ (1)
& ‘OFF’ ('0")
S7 S6 S5 sS4 S3 S2 S1 SO
Figure 1.1

binations with one switch, 4 (two times 2 or 22) combinations with two switches, 8
(two times 4 or 23) combinations with three, and in general, 2" combinations with n
switches. The i/ notation means ‘‘multiply / by itself j times,”” asin2? = 2 x 2 x 2
= 8. In the base 10 or decimal system, the rule would be 107 combinations with n
10-position switches.

Each two-position switch in the wall plate corresponds to one column or bit,
short for ‘“‘Blnary digiT,”’ in a binary number. Bits are grouped together, like the
switches above, to express more numbers than would be possible with a single bit.
Early computers actually used On/Off switches like those above for entering data.

All data expressed as a sequence of On-Off bits are called digital data, due to
the grouping of digits. Eight-bit numbers are the norm in microcomputers like the
Commodore 64, and are called bytes. We now know that an 8-bit byte allows 28 =
256 different bit combinations.

In our discussions of binary numbers we shall use and assume byte groupings
of bits. Four-bit nibbles and 16-bit numbers are also common. Any bit grouping,
regardless of the number of bits involved, is generically called a word. The entire
switch/bit analogy can be demonstrated visually as shown in Fig. 1.2. This analogy
is especially close since bits are represented in the microcomputer by tiny switches.
These on/off devices are familiar to you as transistors. They provide a physical way
to represent numbers. The remainder of our discussion of binary numbers will con-
centrate on binary math and how special types of numbers can be represented in the
binary code.

Binary counting begins with the number zero, which is represented by a binary
word containing only 0-bits. We say that all the bits have been reset, since ‘‘setting”’
a bit means making it a 1. Thus the byte value 0000 0000 equals the number zero.
The digits are grouped in fours to make reading them easier.

Beginning as in the decimal code, the rightmost column of a 0-byte increments
to 1. Then, since there are only two possible digits per column, a succeeding incre-

Switches Corresponding byte

FEBEBRBRL. oo

Figure 1.2
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ment returns the rightmost bit to 0, and a carry is made to the next bit to the left. So
it goes, incrementing and carrying, as shown in Table 1.1.

Thus a 1 value in the rightmost binary column and 0’s in all others represents a
decimal value of 1. A 1 in the column left of rightmost and 0’s elsewhere represents
the decimal value 2. Moving over one more column, a lone 1 digit represents decimal
4. Following this pattern, the weight or multiplier for a 1-bit in each column is a
power of 2. 20 2! and 2? are the weights for the three rightmost columns just
discussed. Put a little more formally, the columns in a byte are numbered from Oto 7
and are labeled d7 d6 d5 d4 d3 d2 dl dO. The dO or rightmost bit has a weight of
2%, and the d7 or leftmost bit has a weight of 27.

The first 16 powers of 2 are used quite frequently. They are listed in Table 1.2.
Note that the d7 bit of an 8-bit number has a weight of 27 or 128, while a byte as a
whole can represent 2% or 256 possible numbers. This is because the number resulting
from setting the d7 bit is the binary value 1000 0000, or decimal 128, while a byte as
a whole can represent 256 different numbers from 0000 0000 to 1111 1111.

One last point about the table of powers: 2! has a special place in binary ter-
minology. Its decimal equivalent, 1024, is close to a convenient power of 10, the
number 1000. In electronics and other fields, the number 1000 is often abbreviated
“K’’. Because of its kinship to the number system we know and love, we tend to
speak of large binary numbers in terms of K. So 2! = 26 x 210 = (26)K = 64K, and
SO on.

Binary-to-Decimal Conversion. To find the decimal equivalent for a binary
number, just add the weights of all columns containing 1’s. If you like, you can also
add in the columns containing 0’s as place-markers.

TABLE 1.1 BINARY-DECIMAL EQUIVALENTS TABLE 1.2 POWERS OF 2

Binary value Decimal value Power of 2 Decimal value

0000 0000 0 0 1

0000 0001 1 1 2

0000 0010 2 2 4

0000 0011 3 3 8

0000 0100 4 4 16

0000 0101 5 S 32

0000 0110 6 6 64

0000 0111 7 7 128

0000 1000 8 8 256

9 512

10 1,024

. . 11 2,048

1111 1111 255 12 4,096

13 8,192

14 16,384

15 32,768

—
[=,)
(=)
wn
wn
W
[=,)
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Example:

Convert the binary number 0110 1011 to its decimal equivalent.

OX 2N+ 1 XY+ 1 X @) +0x2HY + 1 x 2H +0x (25 +
1 x 2H) + 1 x (29

=0+64+32+0+8+0+ 2+ 1

= 107 decimal.

Exercise:

Try the following conversions. The answers are given in Appendix A.

(b) 1001 0000 =
(c) 0010 1111 =
(d) 1101 0111 =

Decimal-to-Binary Conversion. To find the binary value of a decimal
number, reverse the conversion process of the preceding section. First divide the
decimal number by the largest power of 2 that still leaves a remainder. Then divide
the remainder by the next-lowest power. Continue dividing and isolating a re-
mainder until you have made the last division, a division by 20 (= 1).

Example:

Reverse the preceding example and calculate the binary equivalent of 107 decimal.
107 decimal can be divided by 2° (64) but not by 2’ (128). So

107/27 = 0 remainder 107
107/2° = 1 remainder 43
43/2° = 1 remainder 11
11/24 = 0 remainder 11
11/23 = 1 remainder 3
3/2° = 0 remainder 3
3/2! = 1 remainder 1
1/2%9 = 1 remainder O

The binary result by weighted column appears as follows:

d7 d6 d5 d4 d3 d2 d1 dO
0O 1 1 01 0 1 1

as before.

Exercise:

Here are a few decimal-to-binary conversions with which to practice.
(e) 253 =

() 52 =
(8) 147 =

You are already close to having a working knowledge of binary numbers. To
complete your understanding, we must tidy up the details of binary addition, sub-
traction, multiplication, division, and the shift and logical operations.
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Addition.

addition.

+
o|loco

9
The following four operations are all that are needed for binary
1 (e.g., a carry)
0 1 + 1
+ 1 + 1 + 1
1 10 H1
(0 carry 1) (1 carry 1)

Each column in a binary addition of two numbers will contain one of these

four operations.

Example:

Adding the byte values 1011 1101 and 1001 1100 demonstrates all the addition opera-
tions in one problem. Each column addition is visually separated on different levels as it
is performed below.

1101
1100
1
+0

1

101111
+100111

+
OIOO

+ +
.—-Ioo»—- + +
olo—w ++
e e e+t
N IS
ol

1
+ 1
10
10

1011001
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Both addends in the preceding example were 8-bit bytes, but the sum was 9 bits
long, or 1 bit larger. In a byte-wide computer such as the Commodore 64, this extra
bit is called the carry bit or carry flag. 1t is outside the storage location for the result
byte, but its value is stored elsewhere so it can be checked by the program.

Exercise:
Practice the binary operations with the following addition problems.
(h) 01111111

+01111111

@

—_— O

1010
1111

1 1
+ 1 1

{0)] 1
‘ + 1

1
1

[ =]

0
0

—

01
10

[«

Subtraction. True binary subtraction is a rarity because the binary code
makes it easier to convert a subtraction problem into an addition problem and solve
the addition than to solve a subtraction problem as is. So, given a number X, a
number Y, and the subtraction problem X — Y, the normal solution approach is to
find the negative of Y and to solve the equivalent problem X + (— Y).

This approach requires that the binary code be modified to allow for negative
numbers. One way to express a negative number in binary is to set aside the d7 bit of
a byte as the sign bit. If d7 is equal to 0, the value of the other 7 bits is interpreted
as positive. If d7 equals 1, the value of the other 7 bits is negative. Thus
1000 0001 = —1 decimal, and 0000 0001 = 1 decimal. This coding format is
called signed binary. Signed binary is a variation of the binary code that is simple to
understand and that has a specific application of importance that will be discussed
shortly. In general, though, signed binary numbers are less well suited to subtraction
than another scheme, which we discuss next.

A value called the arithmetic negative can be calculated with little effort from
any binary number. Arithmetic negatives are important because their use allows
numbers to be added and subtracted by one set of mill circuits. This aids the twin
goals of keeping the computer and its arithmetic as simple as possible.

There are two ways to obtain the arithmetic negative of a binary number. One
is easily understood but lengthy in use, and the other is a shortcut. Let’s walk
through the long way once to help us to understand how the shortcut works.

Recall that the number — Yis equivalentto 0 — Y. In the long method we will
start by subtracting the binary number to be negated from the number 0.

Since the computer uses only 8 bits to represent numbers, it treats a byte of 8
0-bits as a zero, regardless of whether or not there is a ninth (carried) 1-bit. We use
this fact to help set up the subtraction. Let’s attach a ninth 1-bit, a d8, to the 8 0-bits
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from which we are subtracting. The computer does not care, and it gives us a bit to
borrow from. Thus the subtraction will be of the form

1 0000 0000 — Y

As in addition, there are four possible column operations. Each column sub-
traction looks like one of the following:

1 1 0 10 (thisisa 0 — 1 after
-1 -0 -0 — 1 borrowing from the

— - — — ninth 1-bit)

0 1 0 1

We will illustrate the initial 0 — Y subtraction of the long method in an exam-
ple problem containing all four subtraction operations.

Example:

Negate Y, for Y = 0110 1110.
As we have just said, the negative of a number can be found by subtracting it
from 0. With the ninth bit set to provide a source to borrow from, this problem appears

as follows:
100000000 Stage 1 (0 — Y; restate this problem with the
-01101110 carry bit borrowed down the byte)
111111100 Stage 2 (the carry bit has been borrowed down
-011011 10 to the last negative-result column)

100100 10 Stage3 (= Y)
so the arithmetic negative of —01101110 is 10010010.

A full subtraction problem using this means of negation can be expressed as
X —Y =X+ (1 0000 0000 — Y)
With the additional fact that
1 0000 0000 = 1111 1111 + 1
we say
X —Y =X+ (10000 0000 — Y) =X + ([1111 1111 — Y] + 1)
The term in brackets, 1111 1111 — Y, holds the key to the shortcut.

Example:

Observe the results of the operation 1111 1111 — Y = Z on a few values for Y:

|
} (@)

—_——
—
—_—

1111
1010

—

1
-0
10010100 V4
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G) 11111111
-11001101
00110010 z

Gi) 11111111
-00110101 Y
11001010 z

Each bit in each result Z is reversed from the corresponding bit in Y. Thus, instead
of subtracting Y from 1111 1111, each bit in Y can simply be reversed. The reverse
of Yis called the logical NOT of Y, since when it is complete every bit in Y is NOT
the same as in the original.

Thus the shortcut reduces to the equation

X—-Y=X+(NOT Y] + 1)

In words, this equation says ‘“To subtract Y from X, reverse every bit in Y and add
1. Then add the result to X.”” The subtraction has been converted to an addition,
and the promised simplicity has at last arrived.

Example:
Calculate X — Y for X = 1100 1011 and Y = 1001 0110.
First, reverse each bit in Y:
(NOT Y) = 01101001
Next, add 1:
01101001 = (NOT Y)
+ 1
01101010 = (NOTY + 1)
Finally, add (NOT Y + 1) and X:
11001011 X
+01101010 (NOTY+ 1
0)) 00110101 = X — Y (wediscard the ninth bit

) since it is not used)
As a double-check, convert X, Y, and our value for X — Y into decimal:

X =128 +64 + 8+ 2 +1= 203
Y =128+16+ 4 + 2 = 150
| X—-Y= 32+16+4+1 = 53

It checks.

Of course, the foregoing method also works with longer data words, as in the
following example.
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Example:

Solve X — Y for 16-bit words where X = 10010111 11101101 and Y = 00010101

01101001.
Following the shortcut, we find that

(NOT Y) = 11101010 10010110
and
(NOT Y) + 1 = 11101010 10010111
SO
X + [(NOT Y) + 1] = 10010111 11101101
+ 11101010 10010111

1 10000010 10000100

The carry, or seventeenth (d16) bit, is discarded, so the result is
X — Y = 10000010 10000100
Exercise:

Hone your subtraction skills by solving the following problems. Do (k) as a long sub-
traction, and (1) and (m) as additions using the conversion process described above.

(k)

- o
— o
- o
—_—
- o

1
1
)

|
—_—o | o -
O -
- O
—_ O
(=) (=
—_——

(m)

—_—
o -
-0 |o -
- o
co|o~
o -
—_—
—_O

Another term for NOT Y is the one’s complement of Y, due to its origin by
subtraction from a number consisting of all 1’s. This is usually abbreviated 1C(Y).
NOT Y + 1 is an even more important value called the two’s complement of Y. It is
abbreviated 2C(Y).

As in signed binary, the top bit in two’s-complement numbers equals 0 for
positive numbers and 1 for negatives. Practically speaking, this means that 8 bits will
not count to +256 in two’s-complement notation. Instead, an 8-bit 2C number
represents the integers from 0 to 127 and from —1 to —128. With 16-bit words the
representation is of all integers from 0 to 32,767 and from —1 to —32,768, with d15
being the sign bit.

If two large positive 2C numbers are added together, the sign (top) bit of the
result can be set to 1. The sum will then erroneously be interpreted as being negative.
Similarly, the sum of two large negative numbers can misleadingly appear positive
when the top bit is reset to 0. Both conditions are known as overflow. Overflows can
be avoided by switching to larger words (e.g., from 8 bits to 16 bits).

Minute Numbers. This is a good time to show how minute numbers, or frac-
tions, can be represented. Recall that each column has a weight or power of 2
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associated with it. The rightmost column has the weight 20, and the power 1ncreases
incrementally as one goes column by column to the left.

We did not mention what would happen if we were to move to the right start-
ing at the 2° column. Bit columns can be placed in these positions with the power of
their weight decrementing for each position moved rightward. A ‘‘binary point’’ 1s
placed immediately to the right of the 2° column, just as a decimal point 1s placed to
the right of the 10° column in base 10. By weights, the columns on both sides of the
binary point would appear as

N Ll B - Ry Ll Ll O B e B Al i Al NP

where the minus sign on the power means ‘1 over.’”’ Thus the multipliers for the first
two bit columns right of the binary point are

2-1 = 1/@2) = 1/2 and 2-2= 1/(2) = 1/4

In this system the number 00010101.01 converts to 16 + 4 + 1 + 1/4 = 21.25
decimal.

Two’s-complement arithmetic with digits to the right of the binary point is
simple to perform. Again, given the problem X — Y, we must convert to the prob-
lem X + (—Y). Instead of having

—Y = (NOTY) + 1
however, we have
—Y=(NOTY)+ .00...1

The 1 farthest to the right of the binary point in the .00 . . . 1 term is placed in

the same column as the rightmost bit of NOT Y; otherwise, its addition would not
affect all NOT Y biats.

Example:

Solve the following subtraction problem:

000 .1

] minuend X
0011.0

010
110 subtrahend Y

] ]
-0 ]
First, solve for NOT Y:

NOT 0110 0011.01 = 1001 1100.10
Then find the 2C of Y-

10011100.10 NOT Y
+ .01 01 = 1 0000 0000.00 —
1111 1111.11
10011100.11 —-Y = (NOT Y) + .0l
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Finally, add the minuend to the 2C version of the subtrahend.

10101000.11
+10011100.11 X+ —v

(1) 01000101.10 (drop the ninth bit)
A decimal check confirms the result: 168.75 — 99.25 = 69.5.

Exercise:
Solve the following problems using any method you like.

\
(n) 10011001.011
-01110011.101

(o) Convert the 2C binary number 1011.1101 into decimal form.

Multiplication. To multiply two decimal numbers together, we first obtain
the partial products due to multiplication by each digit in the multiplier, and then
sum them.

Example:
Multiply the decimal numbers 243 and 768.

243
X 768

1944
1458 partial products
1701

186624 product

Similarly, to multiply two binary numbers, we obtain the partial products due
to each digit in the multiplier and sum them. Binary column multiplication, like
binary column addition and subtraction, is based on four operations. They are

X
cloo
X
ol —o
X
olo~—
X
—_

The rules for binary-point placement in binary multiplication are the same as
those for decimal-point placement in decimal multiplication. An example of binary
multiplication that incorporates all four types of column multiplications with frac-
tional binary numbers is given below. It illustrates the foregoing principles and com-
pletes our discussion of multiplication for now. This subject will be taken up again
in greater detail when we study assembly language in Chapter 3.
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Example:
Multiply the binary numbers 101101.01 and 1.01.

1 101101.01
| X 1.01

i 10110101
\ 00000000
‘ 10110101

111000.1001

Division. Binary division requires subtracting the largest possible multiple of
the divisor from the dividend, doing the same to the remainder from the first sub-
traction, and so on, until there is an exact result or a satisfactory approximation of
the exact result is attained. You might stop with the latter if the exact result contains
an infinite number of digits, for example.

Example:
Divide 10011.01 by 11.1.

101.1
divisor 11.1 10011.01 dividend
— 111

101.01
~ 000

101.01
- 11.1

1.11
- 1.11

0.00

Division will be discussed again in Chapter 3.
f; Exercise:
1 Practice binary multiplication and division with the following problems.

@ 1101.01
1 Xx1101.11
| i

(@100.1 [111011.101

There is another mathematical operation that is unfamiliar to many people,
but that aids in the programming of multiplication and division while having many
other uses of its own. It is called the shift.

Shifts. A shift operation moves every bit of a number to the lett or right one
column-place for a ‘‘shift left’” or a ‘‘shift right,”’ respectively. Since column
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weights double going left, and halve going right, moving a digit one column either
doubles or halves its multiplier. The whole number is the sum of these digits times
their weights, so shifting the number left multiplies it by 2, and shifting it right
divides it by 2.

This allows us to perform a nice trick for decimal-to-binary conversion. If we
divide a decimal whole number by 2, we are in effect shifting it as a binary number
to the right. A remainder of 0 means that the value 0/2 passed the decimal point and
the equivalent binary point into the first fractional column. A remainder of 1 means
that 1/2 ended up in the first fractional column. The value remaining to the left of
the decimal point is the same as if the original number’s binary equivalent had been
shifted right one place.

If we collect those remainders until nothing remains left of the decimal point,
we will have obtained the entire binary equivalent. The best way to convey this proc-
ess is with an example.

Example:

Convert the decimal number 55 to its binary equivalent.
Divide the number 55 by the number 2 until the results are completely fractional:

55/2 = 27 remainder 1

27/2 = 13 remainder 1
13/2 = 6 remainder 1
6/2 = 3 remainder 0
3/2 = 1 remainder 1
1/2 = 0 remainder 1 done, since the next division 0/2 shows

nothing remaining left of the binary
point in the binary equivalent

Thus the binary equivalent of 55 is 111011.

This trick works equally well for converting fractional decimal numbers to
their binary equivalents. However, fractional numbers are multiplied rather than
divided by 2 to shift the binary equivalent’s digits left of the binary point. As each
digit crosses the decimal point it is collected and removed from the fractional part to
be multiplied in the next step.

, Example:

| Convert the decimal number .671875 to its binary equivalent.
Multiply the number .671875 by 2 until the results are completely nonfractional.

2 x 671875 = 1.34375

2 x .34375 = 0.6875

2 x .6875 = 1.375

2 x .375 = 0.75

2 x .75 = 1.5

2 x .5 = 1.0 done, since 0 remains right of the

decimal (and binary) point
Thus the binary equivalent of .671875 is .101011.




18

Past Its Plastic Envelope: The Computer’s Inner Machinery Chap. 1

Decimal numbers containing both whole and fractional parts can be converted
by treating the parts separately.

A variation of this trick makes converting from rational (whole-number) frac-
tions even easier than converting from decimal-point fractional numbers. Again we
multiply by 2, shifting the equivalent’s bits to the left of the binary point.

Example:

Convert the rational fraction 1/3 to its binary equivalent.
As before, multiply by 2 until a nonfractional result 1s obtained:

2 X 173 =40 273

2 X /3 =1 173
2 x 1/3 =0 2/3
2 X ii3=11/3
elc.

Since no nonfractional result will ever be obtained, and since the multiplication results
form a pattern, the binary equivalent has an infinite repeating pattern:

1/3 decimal = .010101 . . . binary

Most conversions are only approximate, and must be limited to avoid infinitely long
binary results.

Exercise

Try the following problems to ensure that you will remember the conversion trick.

(r) Convert 72 decimal (s) Convert .78519 to (t) Convert 5/6 to
to binary. an eight-place an eight-place
approximate approximate
binary number. binary number.

Logical Operations. The shift 1s sometimes loosely grouped with the /ogical
operations, another development of the nineteenth century. In 1859, George Boole
(1815-1864), an Englishman like Babbage, originated the theory and operations of
mechanized logic. This new form of mathematics came to be called Boolean
Algebra. Boole’s work had a warmer reception than Babbage’s, but its implications
to automated computation were unrecognized until 1938.

There are four major logical operations. We already know about one of them,

the NOT operation, from our earlier discussion of subtraction. Recall that the
NOT operation reverses, or complements, every bit In a number. So NOT
1000 1000 = 0111 0111, and so on.
Next 1s the OR operation. Like the other binary operations we have studied, it
takes two 1nput values and produces a single result. In logic theory, the 0’s and 1’s
that we have been using are equated with another duality, that of False and True,
respectively. Logic, like philosophy, revolves around finding truth, so if one term
OR the other 1s true, the result i1s True. In fact, any OR operation containing a True
argument has a True result. A truth table of the OR function, showing it in terms of
False and True, or 0’s and 1’s, illustrate these relationships (see Table 1.3).
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TABLE 1.3 OR TRUTH TABLE

OR (Logical) OR (Binary)
Inputs Inputs
A B Result A B Result
False False False 0 0 0
False True True 0 1 1
True False True 1 0 1
True True True 1 1 1

To OR two bytes or words together, OR their corresponding columns one at a

time (i.e., bitwise).

Example:
Logically OR the values 0010 0001 and 1000 1101.
00100001
OR 10001101
10101101

A common use of the OR operation is to apply a ‘‘conditioning byte’’ to set
certain bits in a target byte to 1. For instance, the conditioning byte 1000 0000,
ORed with any other byte, will ensure that the other byte’s d7 bit equals a 1.

Third is the AND function. It requires a True AND a True to produce a True.
The truth table appears in Table 1.4.

Binary bytes or words are ANDed together bitwise.

‘ Example:
Logically AND the values 0010 0001 and 1000 1101.
00100001
i AND 10001101
00000001

TABLE 1.4 AND TRUTH TABLE

AND (Logical) AND (Binary)
Inputs Inputs
A B Result A B Result
False False False 0 0 0
False True False 0 1 0
True False False 1 0 0
True True True 1 1 1
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A 1-bit in an AND operation is like a gate; it passes whatever value is in the
corresponding bit of the other value. That is,

Gate Operation Target Target result
1 AND 0 = 0
1 AND 1 = 1

On the other hand, a 0-bit in an AND operation ‘‘masks’’ out the other bit,
regardless of its value, and gives a 0 result. That is,

Gate Operation Target Target result
0 AND 0 = 0
0 AND 1 = 0

One use of the AND function is in testing the contents of bits in a byte or
word. To discover if bit dS of a target byte holds a 1, AND the byte with a condition-
ing byte of 0010 0000. The operation zeroes all bits but d5, gates d5, and produces a

directly testable nonzero-result if d5 originally contained a 1.
The last logical operation, XOR or Exclusive OR, produces a True result from

two inputs when EXCLUSIVELY one OR the other, but not both, is True (see Table

1.5).
The XOR operation can be used to set a byte equal to 0. Simply XOR the byte

with itself.

Example:
Logically XOR the value 1001 1011 with itself.
10011011
XOR 10011011
00000000

Another use comes from the property that a 0 XORed with any bit produces
the original value of the bit, but a 1 XORed with any bit produces the reverse of the
original bit value. Thus selected bits in a byte can be complemented.

TABLE 1.5 XOR TRUTH TABLE

XOR (Logical) XOR (Binary)
Inputs Inputs
A B Result A B Result
False False False 0 0 0
False True True 0 1 1
True False True 1 0 1
True True False 1 1 0
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The symbols for NOT, OR, AND, and XOR are the overbar (7), plus (+), dot
(»), and circled plus { @), respectively.

Exercise:

Perform the following logical operations.
) 10110011
OR 00101110

W
AND

—_
—_ O
—

0
1

——

0
0

—_—O O -
o O oo

I
W

o -
——
o -
_—
—_—
o -

XOR

Hexadecimal code. Hexadecimal code, often simply called hex, is a nu-
meric code used as a shorthand method for notating binary numbers; it is a pro-
grammer’s tool. Nevertheless, it is also a legitimate number system in the same sense
as the binary code. We will consider hex from both of these perspectives: as a binary
shorthand and as an independent number system.

Code Conversions. When discussing the binary code, we visually divided
binary numbers into 4-bit groups for readability (e.g., 1011 1001). Four bits allow
for 24 or 16 different values. It follows that a number system allowing for 16 possible
digit values in each column could replace every binary 4-bit group with a single digit.
This would further increase readability. The hexadecimal system fits this definition.
Its root words, meaning ‘‘six’’ and ‘‘ten,”’ reflect its number base of 16.

The 16 hexadecimal digit values are 0 through 9, as in the decimal system, and
A through F for the remaining six values, 10 through 15 in the decimal system.

Example:
Convert several 4-bit binary numbers to their hexadecimal equivalents.
(i) 0011 binary = 3 hex

| (i) 1001 binary = 9 hex
| (iii) 1101 binary = D hex

We already know that a binary number can be expanded by multiplying each
bit value times the weight for its column position, and adding the results.
Equivalently, each 4-bit group in the binary number can be assigned a single weight,
the value of each group can be multiplied times its group weight, and the resulting
values can be added together. The weights for each 4-bit group are of course ex-
pressible in powers of 2. However, they are also expressible in powers of 16.
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Example:

Expand a 16-bit binary number to show the weights applied to each 4-bit group 1n
powers of 2 and powers of 16.

0110 1111 1011 OOI11
= (0110 x 212) + (1111 x 2%) + (1011 x 2%) + (OO11 x 29)
= (0110 x 16%) + (1111 x 16%) + (1011 x 16') + (0011 x 16Y)

Since 4-bit groups can be expressed as hexadecimal numbers having base 16

welghts, we can immediately express any binary number as a number 1n the hexa-
decimal system.

Example:

Convert the binary number of the preceding example into hexadecimal and then
decimal notation.

0110 1111 1011 OO11 binary

= 6FB3 hex
6 x 16%) + (F x 16%) + (B x 16') + (3 x 16Y)
(6 X 4096) + (15 x 256) + (11 x 16) + 3 x 1)
28,595 decimal

So a two-column hex number can represent an eight-column binary number,

and a four-column hex number can represent a 16-column binary number. Clearly,
hex notation is inherently easier to read than binary, once 1t 1s familiar. The largest
number the Commodore 64 can handle in one operation 1s 1111 1111 1111 1111
binary, or 65,535 decimal, which 1n hex appears as FFFF. Table 1.2 showed all
powers of 2 through this number plus 1. The power-of-16 table given as Table 1.6
shows all the powers of 16 through 65,536 decimal.
An abbreviation commonly used with numbers of different bases 1s to follow
the number with the first initial of its number system. So a decimal number will be
followed by a d, a hex number by an h, and a binary number by a b. If a suffix 1s
omitted, the number i1s assumed to be decimal.

Example:

Show several decimal, hex, and binary numbers 1n their abbreviated form.

(1) 2017d = 2017 decimal
(1) A7h = A7 hex
(m1) 101b = 101 binary
(iv) 101 = 101 decimal

Exercise:

Try these hexadecimal-code number conversions.

(x) 1010 1110b to hex
(y) BD7Fh to binary




Information 23

TABLE 1.6 POWERS OF 16

Power of 16 Decimal value Hexadecimal value
0 1 1
1 16 10
2 256 100
3 4096 1000
4 65,536 10000

Arithmetic. Because of the similarities between the hex and binary codes, we
will discuss only hex addition and subtraction here. The other arithmetic and logical
operations are similar extensions of their binary counterparts.

To perform totally hexadecimal addition you would have to memorize all the
possible column additions. That is, you would have to immediately know that B hex
+ B hex = 18 hex, and so on. For most people it is easier to convert the hex digits
mentally into their decimal equivalents for each column addition, and convert the
column result back into hex. If the result is greater than 15d, you have to subtract
16d from it to obtain the carry for the next column.

Example:
Add the hex numbers A7BOh and 98ACh. Show all carry digits in parentheses.

A7BOh
+ 98A0h

+
>

Collapsed, the problem reads

A7BOh
+ 98A0h

o
i 4050h
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The leftmost carry in an addition result will often be discarded. If so, the
numbers are said to wrap around, so that the first number higher than FFFFh is
0000h.

Hex subtraction is similar to the long method of binary subtraction that we
discussed earlier. The two’s complement of a hex number is found by subtracting the
number from a zero value having a 1 ‘‘borrow digit’’ in the column left of its highest
column.

Example:
Find the 2C negative of BC7Fh.
1000 Oh
— BC7Fh
FFF 10 (the carry is borrowed down to
- BC7 F the last column needing it)
438 1h
or 4381h.
i Exercise:
‘ Solve the following subtraction problem by converting the subtrahend into a 2C value
1 and adding it to the minuend. Don’t forget to discard the carry from the result.
(z) DBS8A minuend
3 — 7E C C  subtrahend

BCD code. Binary-coded decimal or BCD code is a hybrid, as its name im-
plies. Like the hexadecimal code, it divides a byte into two 4-bit groups. However,
each group represents a decimal digit rather than a hexadecimal digit, and the weight
of each group is a power of 10 rather than a power of 16. This implies that the values
0 through 9 are the only legal contents of a group, with the six values A through F a
‘“‘no-man’s land’’ that is never to be trespassed. BCD code, in short, is a binary way
of expressing decimal numbers.

| Example:
! Show the BCD form of several decimal numbers.
(1) 27d = 0010 0111 bed
(i) 95d 1001 0101 bed
(iii) 34d = 0011 0100 bed

Il

In BCD code a byte’s two groups of 4 bits can represent two decimal digits.
Hence the largest legal value of a BCD byte is 99d. 100lb = 9d, so 99d appears as
1001 1001.

Imagine adding the two legal 4-bit nibbles 7 and 8. F, the sum, is clearly in the
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no-man’s land, so what do we do? There are six digits in no-man’s land, so we add a
6 (0110b) to theresult to ‘‘leapfrog’’ the forbidden territory. This addition generates
a carry bit that must be added with the next-highest nibble addition, or that becomes
the final leftmost digit if there are no further additions to perform.

The ‘““no-man’s land’’ correction is mentioned here only so that you will
understand BCD arithmetic. You need not perform the addition or corresponding
subtraction corrections, since your computer has special BCD operations that per-
form them automatically.

Example:
Add the two BCD numbers 0111 and 1000.

0111 bed (7d)
+ 1000 bced (8d)

1111 in no-man’s land
+ 0110

(000)1 010! bed = 1 5 (15) decimal

BCD is used wherever the direct conversion of a number from its computer
representation to a human-readable form is desired, or wherever each decimal digit
must correspond to a single nibble, or most important, where precision to the right
of the decimal point is required, as in accounting. Since many decimal fractions re-
quire an infinite number of binary fractional digits to express them, BCD is needed
to produce an exact duplicate of the decimal number in machine form.

{ Exercise:

M Add the BCD numbers 1001 1000 and 0101 0110.
H

H aa) 10011000

| +01010110

Some types of information must be coded and grouped. For instance, a force
must be described with numbers for each coordinate direction in space. However,
other types of information are of a simpler underlying structure and can be directly
coded in imaginative ways. Although only the most obvious examples of these types
of information have been coded, direct coding opens up some elegant and direct
ways to handle all such information. Our last two categories of codes exploit this
potential.

Symbolic Codes

Webster’s defines a symbol as “‘an arbitrary or conventional sign ... used in
writing or printing relating to a particular field (as mathematics, physics, chemistry,
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music, or phonetics) to represent operations, quantities, spatial position, valence,
direction, elements, relations, qualities, sounds, or other 1deas or qualities.”’*

Symbolic codes are any codes that assign symbols to numbers. Anything that
can be symbolized is potentially open for computer manipulation through coding.
Commonly coded symbols include those for computer operations, letters, numbers,
punctuations, graphic characters, and mathematical operations.

One can easily imagine codes for phonemes (1.e., the smallest distinguishing
unit of speech), for the notes and i1nstructions of traditional music, and for the par-
ticulars of other fields of human knowledge. The symbols i1n a symbolic code deserve
careful organization according to their natural internal relationships to allow for the
most natural mathematical transformations of their coded numbers. It would not
make sense, for example, to design an alphabetic code assigning sequential letters to
out-of-sequence numbers.

The basic computer principle of internal program storage, discussed earlier,
originally relied on the development of a mill operations code. This was the first
symbolic code developed, and the foundation of assembly language. It will be
discussed at length in Chapter 3. The form of the operations code varies for dif-
ferent types of microprocessors.

The closest thing to a universally accepted symbolic code 1s a character code
used 1n printers, terminals, telephone communications devices, and just about every
large or small computer. Called the American Standard Code for Information Inter-
change or ASCII, 1t can be used in the Commodore 64 as well. To send an alpha-
numeric character to most non-Commodore printers or other devices, you send its
ASCII number. Most devices you might attach to a computer have the built-in abil-
1ty to 1nterpret an ASCII number as the correct symbol. Commodore devices,
however, use a variant of ASCII code, which 1s described below.

ASCII code uses only the lower 7 bits of a byte, with the d7 bit typically reset
to 0. The d7 bit 1s sometimes used to indicate the number of 1°s 1n the lower 7 bits.
This added information is called parity. There are two types of parity, even and odd.
Even, odd, or no parity is selected before data are sent. In even parity the d7
bit 1s given a value that will make the total number of 1-bits in the byte even. For 1n-
stance, 1f there are three 1°s in the lower 7 bits and the parity 1s even, bit d7 will be set
to 1 to make the total number of 1-bits four, an even number. In odd parity the d7
bit 1s used to make the total number of 1-bits in the byte odd. So if there are three 1’s
1n the lower 7 bits and the parity 1s odd, bit d7 will be reset to O to keep three 1-bits,
an odd number.

Parity 1s used when sending ASCII characters to a device to check if any
accidental bit changes (errors) have occurred 1n transmission. The receiving device
1S told the parity type before data are transmitted. If the receiving device receives a

byte with the wrong number of 1-bits, indicating that one or more bits were changed
during transmission, 1t asks the sending device to send the data again.

*Webster's Third New International Dictionary, G. & C. Merriam Company, Springfield, Mass.,
1971.
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The 7 bits of the ASCII code allow 128 possible meaning assignments. In addi-
tion to numbers and letters, punctuation marks and control characters are coded.
Control characters have noncharacter meanings such as ‘‘ring a bell,”” “‘this is the
end of the message,’’ and ‘‘back up a space.”’ The most common control characters
are the carriage return (0Dh), the line feed (0Ah), and the tab (09h). All ASCII con-
trol characters have number values between 0Oh and 1Fh.

The Commodore 64 extends ASCII for its internal use by defining the d7 bit of
standard characters as the value 0 and by adding new characters with the eighth bit
set to 1. It also substitutes its own graphic and control characters for the ASCII
characters between 60 hex and 7F hex, and substitutes its own interpretations to the
ASCII values Oh through 1Fh. We will call the Commodore ASCII code extended
ASCII or simply XASCII.

These new assignments are not recognized by most devices in the outside
world, so standard ASCII must still be used on occasion. A chart of the standard
and extended ASCII codes makes up Appendix C. It omits those ASCII control
codes that are of no use for normal programming purposes. Please glance through it
and hold your place there for reference during the following remarks.

The control values unique to XASCII include CLR HOME, RVS OFF, and so
on, as shown in Appendix C. These values duplicate the computer’s keyboard func-
tions and allow control of the TV screen directly from a program. Graphics
characters can be sent by the program to the TV screen or to the Commodore dot
matrix printer.

The Commodore 64 has several built-in ‘‘miniprograms,’’ making up what is
known as an operating system, to do frequently required chores. For instance, there
is a miniprogram for sending single data bytes to locations of your choice, including
the TV screen and the printer. If you provide this miniprogram with an XASCII
value to send to the TV, that character, or its effect if it is a control value, will show
up on the screen. Chapter 5 describes in detail the use of the operating system.

In Appendix C, note the relationship between the standard ASCII characters
““a”” and ““A”’. Their values, 0110 0001 and 0100 0001, respectively, differ only in
their d5 bits. This is true of all other standard ASCII upper- and lowercase letters.
To convert from uppercase to lowercase, just add 20h to the uppercase value, or
equivalently, set the d5 bit of the uppercase letter to 1.

There is a second Commodore code, called the screen display code, that
represents most of the characters found in XASCII code. However, the XASCII
control codes are omitted and extra graphics symbols are added.

These changes reflect the different usage of the screen display code. A pro-
gram places screen display character codes directly into the storage locations from
which the TV image data are obtained. With the Commodore 64’s display of 25 lines
of 40 characters each, a 1000-byte storage area holds the entire screen image. The
screen display code is listed in Appendix B.

Actually, the screen display code is two codes collapsed into one. Depending
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