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MICROPROCESSORS

INTRODUCTION

The Microprocessors course is designed to teach you the fundamentals
of the microprocessor unit (MPU), or as it is also known, the central
processor unit (CPU). This is the decision maker, or brain, of the com-
puter. Like the brain in your body, the MPU needs support from many
peripheral devices to maintain the system. Because of that interrelation-
ship, a course on microprocessors is not complete without a through
discussion of how the MPU interfaces to its support devices and the
outside world. To that end, we will show you how the MPU is struc-
tured, how you communicate with the MPU (its language), and how
the MPU communicates with you and the system under its control.

The course is arranged into two broad topics or sections: microproces-
sor theory and programming, and microprocessor interfacing. The first
topic is covered in the textbook set “Book 1” and “Book 2.” In addition
to the text material, these books contain related “programming experi-
ments” and an appendix with a description of the complete 6800/6808
microprocessor instruction set. The second topic is covered in the “Stu-
dent Workbook.” In addition to interfacing theory, this textbook con-
tains related “interfacing experiments” and an appendix with data
sheets for all of the more complex IC’s such as the 6800/6808 MPU.

Microprocessors communicate with numbers. They use the simplest
number system, binary, to process data. Then, depending on the com-
puter, they use the octal, decimal, or hexadecimal number systems,
and several of codes to communicate with man. The first unit in this
course will describe the most common number systems and codes used
by computers. Once you have built a foundation in number systems
(microprocessor/computer communication), we will introduce you to
the basic elements of a microprocessor in Unit 2. This is followed by
a unit on computer arithmetic, to show you how a microprocessor ma-
nipulates a number system. The fourth unit introduces you to program-
ming the computer. The last two units in the first section of the course
expand on the theory of microprocessors and relate it specifically to
the 6800 family of microprocessors.

The second section of the course contains two units on interfacing.
The first describes interfacing fundamentals; including 3-state logic,
all of the interface pins on the 6800 and 6808 microprocessor, and
instruction timing. It also describes memory and display interfacing.
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The second unit deals with interfacing with switches and the Peripheral
Interface Adapter. Keep in mind that after you interface either the 6800
or 6808 MPU you, still have to program its operation. Therefore, you
must complete the first section of the course on theory and program-
ming before you attempt to interface the MPU.

There are two trainers that can be used with this course. One has the
model number ET-3400, while the other has the model number
ET-3400A. You can think of them as first and second generation train-
ers. The older ET-3400 trainer uses the 6800 MPU and has up to 512
bytes of memory. The ET-3400A uses the 6808 MPU and has 1024
bytes of memory. Both trainers operate in essentially the same manner.
Any differences are fully explained in the experiments.

One final point about the 6800 MPU and the 6808 MPU. Both devices
are essentially the same. The 6800 MPU uses an external clock while
the 6808 MPU has an internal clock. Both microprocessors respond
to the same instruction set, and operate in essentially the same manner.
Any differences are hardware related and they are fully explained in
the interfacing section. If any of the terms used in this introduction
are unfamiliar, don’t worry, each will be described in detail in the
course.

A special programming card is included at the end of “Book 1.” It
has a perforated edge so that you can easily remove it from the textbook.
The card contains all of the data needed to program a 6800 or 6808
MPU. You will find the card very helpful when you begin writing pro-
grams.
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How to Use this Course

You will find two types of objectives in this course. Broad “Course
Objectives” are listed after this Introduction. They give a general over-
view of the goals of the course. More specific “Unit Objectives” are
listed near the front of each unit. They tell you exactly what you will
be able to do as a result of studying that unit. This lets you maintain
a constant check of your progress through the course.

Each unit is divided into sections. A “Self-Test Review” is included
at the end of each section. This gives you an opportunity to evaluate
your progress and pinpoint any areas that need review.

At the end of each unit, you will be directed to an experiment. The
“Programming Experiments” are located after Unit 6, in “Book 2,” while
the “Interfacing Experiments” are located after Unit 8, in the “Student
Workbook.”

The “Unit Examinations” for Units 1 through 6 are located after the
“Programming Experiments,” while those for Units 7 and 8 are located
after the “Interfacing Experiments.” Your instructor has the answers.
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COURSE OBJECTIVES

When you have completed this course, you will be able to:

1.

Program a representative microprocessor.

Interface a representative microprocessor with the “outside
world.”

Describe the internal register structure of the 6800 and 6808
microprocessors.

Develop a program flowchart to define a problem.

Input and output data through a Peripheral Interface Adapter
(PIA).
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NUMBER SYSTEMS AND CODES
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INTRODUCTION

The purpose of this first unit on microprocessors is to give you a firm
foundation in number systems and codes. Binary numbers and codes are
the basic language of all microprocessors. Octal and hexadecimal num-
bers allow easy manipulation of binary numbers and data. Thus, a good
foundation in numbers and codes is essential to understanding micro-
processors.

This unit will reacquaint you with the decimal number system, then
expand the basic concept of numbers to the binary, octal, and hexadeci-
mal systems. Understanding these systems fully will help you under-
stand the many digital codes used with microprocessors. Although this
unit can only give you a working knowledge of numbers and codes, you
will become more proficient with them as you proceed through the units
that follow.

A listing of number system tables has been provided at the end of
this unit.

Examine the Unit Objectives listed in the next section to see what you
will learn in this unit.



MICROPROCESSORS. Number Systems and Codes I 1'3

UNIT OBJECTIVES

When you complete this unit you will have the following knowledge and
capabilities:

1. Given any decimal number, you will be able to convert it into its
binary, octal, hexadecimal, and BCD equivalent.

2. Given any binary number, you will be able to convert it into its
decimal, octal, hexadecimal, and BCD equivalent.

3. Given any octal number, you will be able to convert it into its
decimal and binary equivalent.

4, Given any hexadecimal number, you will be able to convert it into
its decimal and binary equivalent.

5. Given any BCD code, you will be able to convert it into its decimal
and binary equivalent.

6. Given a list of popular digital codes, you will be able to read and
identify them including pure binary, natural 8421 BCD, Gray, AS-
CII, and BAUDOT.

7. You will be able to convert a letter or number into its ASCII binary
code, and convert an ASCII binary code into its letter or number
equivalent.

8. You will be able to define the following terms:

Radix BCD

Integer Gray Code

Decimal ASCII

Binary BAUDOT

Octal Most Significant Bit (MSB)
Hexadecimal Least Significant Bit (LSB)
Bit Most Significant Digit (MSD)

Parity Least Significant Digit (LSD)
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DECIMAL NUMBER SYSTEM

The number system we are all familiar with is the decimal number
system. This system was originally devised by Hindu mathematicians in
India about 400 A.D. The'Arabs began to use the system about 800 A.D.,
where it became known as the Arabic Number System. After it was
introduced to the European community about 1200 A.D., the system soon
acquired the title “‘decimal number system.”

A basic distinguishing feature of a number system is its base or radix. The
base indicates the number of characters or digits used to represent quan-
tities in that number system. The decimal number system has a base or
radix of 10 because we use the ten digits 0 through 9 to represent
quantities. When a number system is used where the base is not known, a
subscript is used to show the base. For example, the number 4603, is
derived from a number system with a base of 10.

Positional Notation The decimal number system is positional or
weighted. This means each digit position in a number carries a particular
weight which determines the magnitude of that number. Each position
has a weight determined by some power of the number system base, in
this case 10. The positional weights are 10° (units)*, 10' (tens), 102
(hundreds), etc. Refer to Figure 1-1 for a condensed listing of powers of
10.

10° =1

10 = 10

10% = 100

10® = 1,000
10* = 10,000
10° = 100,000

10% = 1,000,000

107 = 10,000,000
10® = 100,000,000
10* = 1,000,000,000

Figure 1-1
Condensed listing of powers of 10.

*Any number with an exponent of zero is equal to one.
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We evaluate the total quantity of a number by considering the specific
digits and the weights of their positions. For example, the decimal
number 4603 is written in the shorthand notation with which we are all
familiar. This number can also be expressed with positional notation.

(4 X 10% + (6 X 10%) + (0 x 10') + (3 X 10°) =
(4 X 1000) + {6 X 100) + (0 X 10) + (3 X 1) =
4000 + 600 + 0 + 3 = 4603,

To determine the value of a number, multiply each digit by the weight of
its position and add the results.

Fractional Numbers So far, only integer or whole numbers have been
discussed. An integer is any of the natural numbers, the negatives of these
numbers, or zero (that is, 0, 1, 4, 7, etc.). Thus, an integer represents a
whole or complete number. But, it is often necessary to express quantities
in terms of fractional parts of a whole number.

Decimal fractions are numbers whose positions have weights that are
1 1
i rs of ten such as 107! = — = 0.1, -2 = .-
negative powers o 10 0.1, 10 100

= 0.01, etc.

Figure 1-2 provides a condensed listing of negative powers of 10 (decimal
fractions).

1
1 -1 = =
0 10 0.1
1
1072 = = 0.01
100
1073 = 1 = 0.001
1000
104 = —— = 0.0001 Figure 1-2
10,000 Condensed listing of negative
powers of 10.
1
107 = ———— = 0.00001
0 100,000
1
107% = = 0.000001

1,000,000

1-5
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A radix point (decimal point for base 10 numbers) separates the integer
and fractional parts of a number. The integer or whole portion is to the
left of the decimal point and has positional weights of units, tens, hun-
dreds, etc. The fractional part of the number is to the right of the decimal
point and has positional weights of tenths, hundredths, thousandths, etc.
To illustrate this, the decimal number 278.94 can be written with posi-
tional notation as shown below.

(2 X 102) + (7 x 10%) + (8 X 10% + (9 x 107" + (4 X 107%) =
(2 X 100) + (7 x 10) + (8 X 1) + (9 X 1/10) + (4 X 1/100) =
200 + 70 + 8 + 0.9 + 0.04 = 278.94,

In this example, the left-most digit (2 x 10?%) is the most significant digit
or MSD because it carries the greatest weight in determining the value of
the number. Theright-most digit, called the least significant digit or LSD,
has the lowest weight in determining the value of the number. Therefore,
as the term implies, the MSD is the digit that will affect the greatest
change when its value is altered. The LSD has the smallest effect on the
complete number value.
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Self-Test Review

1. The _ indicates the number of characters or digits in a
number system.

2. In the decimal number system, the base or radix is
3. Write the following numbers using positional notation.
A. 4563,
B. 26.32,,
C. 536.9,,
4. In the decimal number system, the radix point is called the
5. Convert the following positional notations into their shorthand

decimal form.

A. (5 X 10" + (2 X 10° + (3 X 10°") + (8 X 107%)
B. (4 x 107 + (5 X 1072) + (2 X 1079)
C. (3 x10%) + (7 X 103 + (1 x 10") + (0 X 10%

6. The radix point separates the and parts of a
number.
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Answers
1. base or radix.
2. 10.

3. A. 4563,, = 4000 + 500 + 60 + 3.
= (4 X 10%) + (5 X 10%) + (6 x 10') + (3 X 109

B. (2 X 109 + (6 X 10% + (3 X 1071) + (2 X 107%)
C. (5% 103 + (3 x 10" + (6 X 10% + (9 X 107}
4, decimal point.

5. A. (5 X 10! + (2 X 10° + (3 x 107") + (8 X 107%) =
(5 X 10) + {2 X 1) + (3 X 1/10) + (8 X 1/100) =
50 + 2 + 0.3 + 0.08 = 52.38,,
B. 0.462,,
C. 3710,

6. integer or whole, fractional.
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BINARY NUMBER SYSTEM

The simplest number system that uses positional notation is the binary
number system. As the name implies, a binary system contains only two
elements or states. In a number system this is expressed as a base of 2,
using the digits 0 and 1. These two digits have the same basic value as 0
and 1 in the decimal number system.

Because of its simplicity, microprocessors use the binary number system
tomanipulate data. Binary data is represented by binary digits called bits.
The term bit is derived from the contraction of binary digit. Microproces-
sors operate on groups of bits which are referred to as words. The binary
number 11101101 contains eight bits.

Positional Notation

As with the decimal number system, each bit (digit) position of a binary
number carries a particular weight which determines the magnitude of
that number. The weight of each position is determined by some power of
the number system base (in this example 2). To evaluate the total quantity
of a number, consider the specific bits and the weights of their positions.
(Refer to Figure 1-3 for a condensed listing of powers of 2.) For example,
the binary number 110101 can be written with positional notation as
follows:

(1 X2% 4+ (1 X249+ (0X 2%+ (1xX2%)+(0X29)+(1X29

To determine the decimal value of the binary number 110101, multiply
each bit by its positional weight and add the results.

(1 X32) 4+ (1%X16) +(0x8)+(1x4)+(0x2)+(1x%X1)=
32+16+0+4+ 0+ 1=53,

20 = 1, 26 = 64,

21 =2, 27 = 128,

22 = 4,, 28 = 256,,

23 =8, 29 = 512,

24 = 16, 210 = 1024,,

25 =32, 211 = 2048,
Figure 1-3

Condensed listing of powers of 2.
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Fractional binary numbers are expressed as negative powers of 2. Figure
1-4 provides a condensed listing of negative powers of 2. In positional
notation, the binary number 0.1101 can be expressed as follows:

(1 X2 ) +{1 X2 +(0x23 +(1x279

To determine the decimal value of the binary number 0.1101, multiply
each bit by its positional weight and add the results.

(1 X 1/2) + (1 x 1/4) + (0 X 1/8) + (1 x 1/16) =
0.5 + 0.25 + 0 + 0.0625 = 0.8125,,

In the binary number system, the radix point is called the binary point.

1
2_1 = 2— = 0.5[0
1
2-2 = 4— = 0.2510
1
2_3 = —8— = 0125]0
2-t = L _ 0.0625,,
16
25 = L _ 0.03125,,
32
26 = _*_ _ 0.015625,,
64
2.7 = X = 00078125
128 10
2% = —_ — 000390625,
256
Figure 1-4

Condensed listing of negative

powers of 2.
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Converting Between the Binary and Decimal
Number Systems

In working with microprocessors, you will often need to determine the
decimal value of binary numbers. In addition, you will find it necessary
to convert a specific decimal number into its binary equivalent. The
following information shows how such conversions are accomplished.

Binary to Decimal To convert a binary number into its decimal equiva-
lent, add together the weights of the positions in the number where
binary 1’s occur. The weights of the integer and fractional positions are
indicated below.

INTEGER FRACTIONAL
g 27262524 f23]22f21] 20 21| 22] 23] }
3 J128]64]32]16 |8 Ja] 2] 1 5 |.25].125] §

Binary Point

As an example, convert the binary number 1010 into its decimal equiva-
lent. Since no binary point is shown, the number is assumed to be an
integer number, where the binary point is to the right of the number. The
right-most bit, called the least significant bit or LSB, has the lowest
integer weight of 2° = 1. The left-most bit is the most significant bit (MSB)
because it carries the greatest weight in determining the value of the
number. In this example, it has a weight of 22 = 8. To evaluate the
number, add together the weights of the positions where binary 1’s
appear. In this example, 1’s occur in the 2% and 2! positions. The decimal
equivalent is ten.

Binary Number 1 0 1 0
Position Weights ~ 2° 22 21 20
Decimal Equivalent
8 + 0 + 2 + 0 =104

To further illustrate this process, convert the binary number 101101.11
into its decimal equivalent.

Binary Number 1 0 1 1 0 10 —11 1_2
Position Weights 25 24 28 22 2! 2 2 2
Decimal Equivalent
32+ 0 +8 +4 +0 + 1 + .5+ .25 = 4575y
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Decimal to Binary A decimal integer number can be converted to a
different base or radix through successive divisions by the desired base.
To convert a decimal integer number to its binary equivalent, succes-
sively divide the number by 2 and note the remainders. When you divide
by 2, the remainder will always be 1 or 0.

The remainders form the equivalent binary number.

As an example, the decimal number 25 is converted into its binary
equivalent.

25 + 2 = 12 with remainder 1 -— LSB
12 -2 =6 0

6 +-2=3 0

~2=1 1
1+2=0 1 --— MSB

Divide the decimal number by 2 and note the remainder. Then divide the
quotient by 2 and again note the remainder. Then divide the quotient by 2
and again note the remainder. Continue this division process until 0
results. Then collect remainders beginning with the last or most signifi-
cant bit (MSB) and proceed to the first or least significant bit (LSB). The
number 11001, = 25,,. Notice that the remainders are collected in the
reverse order. That is, the first remainder becomes the least significant
bit, while the last remainder becomes the most significant bit.

NOTE: Do not attempt to use a calculator to perform this conversion. It
would only supply you with confusing results.

To further illustrate this, the decimal number 175 is converted into its
binary equivalent.

175 =+ 2 = 87 with remainder 1 -«— LSB
87 ~ 2 =43 1
43 + 2 = 21 1
21+ 2 =10 1
10 -2 =5 0
5+2=2 1
2+2=1 0
1+-2=20 1 --— MSB

The division process continues until 0 results. The remainders are col-
lected to produce the number 10101111, = 175,.
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To convert a decimal fraction to a different base or radix, multiply the
fraction successively by the desired base and record any integers pro-
duced by the multiplication as an overflow. For example, to convert the
decimal fraction 0.3125 into its binary equivalent, multiply repeatedly by
2,

0.3125 X 2 = 0.625 = 0.625 with overflow 0 -— MSB
0.6250 X 2 = 1.250 = 0.250 1
0.2500 x 2 = 0.500 = 0.500 0
0.5000 x 2 = 1.000 =0 1 -— LSB

These multiplications will result in numbers with a 1 or 0 in the units
position (the position to the left of the decimal point). By recording the
value of the units position, you can construct the equivalent binary
fraction. This units position value is called the “overflow.” Therefore,
when 0.3125 is multiplied by 2, the overflow is 0. This becomes the most
significant bit (MSB) of the binary equivalent fraction. Then 0.625 is
multiplied by 2. Since the product is 1.25, the overflow is 1. When there is
an overflow of 1, it is effectively subtracted from the product when the
value is recorded. Therefore, only 0.25 is multiplied by 2 in the next
multiplication process. This method continues until an overflow with no
fraction results. It is important to note that you can not always obtain 0
when you multiply by 2. Therefore, you should only continue the conver-
sion process to the accuracy or precision you desire. Collect the conver-
sion overflows beginning at the radix (binary) point with the MSB and
proceed to the LSB. This is the same order in which the overflows were
produced. The number 0.0101, = 0.3125,,,.

To further illustrate this process, the decimal fraction 0.90625 is con-
verted into its binary equivalent.

0.90625 X 2 = 1.8125 = 0.8125 with overflow 1 -— MSB

0.81250 x 2 = 1.6250 = 0.6250 1
0.62500 x 2 = 1.2500 = 0.2500 1
0.25000 X 2 = 0.5000 = 0.5000 0
0.50000 X 2 = 1.0000 = 0O 1 -— LSB

The multiplication process continues until either 0 or the desired preci-
sion is obtained. The overflows are then collected beginning with the
MSB at the binary (radix) point and proceeding to the LSB. The number
0.11101, = 0.90625,.
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If the decimal number contains both an integer and fraction, you must
separate the integer and fraction using the decimal point as the break
point. Then perform the appropriate conversion process on each number
portion. After you convert the binary integer and binary fraction, recom-
bine them. For example, the decimal number 14.375 is converted into its

binary equivalent.

14.375,, = 14, + 0.375,,

—MICROPROCESSORS

14 -2 =7 with remainder ¢ - LSB
7 =2 =3 1
3+-2=1 1
1+-2=0 1 -« MSB
14, = 1110,

0.375 x 2 = 0.75 = 0.75 with overflow
0.750 X 2 1.50 0.50
0.500 X 2 =1.00=0

[0.375,, = 0.011,}

Il

H

0 = MSB
1
1 = LSB

14.375,, = 14,, + 0.375,, = 1110, + 0.011, = 1110.011,.
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Self-Test Review

7.

10.

11.

12.

13.

The base or radix of the binary number system is

A binary digit is called a

Convert the following binary integers to decimal.

A. 101101
B. 1001
C. 1101100

Convert the following binary fractions to decimal.

A. 0.011
B. 0.01101
C. 0.1001

Convert the following decimal integers to binary.

A. 63
B. 12
C. 132

Convert the following decimal fractions to binary.

A. 04375
B. 0.96875
C. 0.625

Convert 13.125,, to binary.
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Answers
7. 2
8. bit

9. A. 101101, =
(1 X294+ (0xX2%+(1x2%+(1x2)+(0x2")+(1x2%=
32 +0+8+4+0+1=45,

B. 1001, = 9,,
C. 1101100, = 108,,
10. A. 0.011,=(0 X 27} + (1 X 272) + (1 X 279) =
1 1
0+ - + 5 = 0 +025+0125= 0375,

B. 0.01101, = 0.40625,,
C. 0.1001, = 0.5625,,

11. A. 63 +2 =31 with remainder 1 -— LSB
31 +2=15 1
15+-2=7 1

7+2=3 1
3+-2=1 1
1+-2=0 1 «— MSB

|63, = 111111,]

B. 12,, = 1100,
C. 132, = 10000100,
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12. A. 0.4375 X 2 = 0.875 = 0.875 with overflow 0 - MSB

0.8750 x 2 = 1.750 = 0.750 1
0.7500 x 2 = 1.500 = 0.500 1
0.5000 X 2 = 1.000 =0 1 <« LSB

0.4375,, = 0.0111,

B. 0.96875,, = 0.11111,
C. 0.62510 = 0.1012

13. 13.125,5 = 13, + 0.125,,

13 +2 =6  withremainder 1 = LSB
6+-2=3 0
3+2=1 1
1+2=0 1 = MSB
13,0 = 1101,

0.125 X 2 = 0.25 = 0.25 with overflow (0 - MSB
0.250 X 2 0.50 0.50 0
0500 Xx2=100=0 1 = LSB

fo.125,, = 0.001,}

13.125,, = 13, + 0.125,, = 1101, + 0.001, = 1101.001,

1-17
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OCTAL NUMBER SYSTEM

Octal is another number system that is often used with microprocessors.
It has a base (radix) of 8, and uses the digits 0 through 7. These eight digits
have the same basic value as the digits 0—7 in the decimal number
system.

As with the binary number system, each digit position of an octal number
carries a positional weight which determines the magnitude of that
number. The weight of each position is determined by some power of the
number system base ( in this example, 8). To evaluate the total quantity of
a number, consider the specific digits and the weights of their positions.
Refer to Figure 1-5 for a condensed listing of powers of 8. For example,
the octal number 372.01 can be written with positional notation as fol-
lows:

(3x8%) + (7 x8)+ (2x8%+(0x81+(1x87?

The decimal value of the octal number 372.01 is determined by multiply-
ing each digit by its positional weight and adding the results. As with
decimal and binary numbers, the radix (octal) point separates the integer
from the fractional part of the number.

(3 x64) + (7 X 8) + (2 X 1) + (0 X 0.125) + (1 X 0.015625)=
192 + 56 + 2 + 0 + 0.015625 = 250.015625,,

8¢ = ! = 0.000244140625,,
4096
1
-3 = = 0.001953125
8 512 10
82 = 614 = 0.015625,,
1
gl = 5 = 0.125,,
1, = 8°
64,0 = 8°
512,, = 8°
4096,, = 8*
32768,, = 8°

262144,, = 8°

Figure 1-5

Condensed listing of powers of 8.
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Conversion From Decimal to Octal

Decimal to octal conversion is accomplished in the same manner as
decimal to binary, with one exception; the base number is now 8 rather
than 2. As an example, the decimal number 194 is converted into its octal
equivalent.

194 + 8 = 24 with remainder 2 - LSD
24 - 8=3 0
3=-8=0 3 -« MSD

Divide the decimal number by 8 and note the remainder. (The remainder
can be any number from 0 to 7.)

Then divide the quotient by 8 and again note the remainder. Continue
dividing until 0 results. Finally, collect the remainders beginning with
the last or most significant digit (MSD) and proceed to the first or least
significant digit (LSD). The number 302, = 194, Figure 1-6 illustrates
the relationship between the first several decimal, octal, and binary
integers.

DECIMAL OCTAL BINARY
0 0 0
1 1 1
2 2 10
3 3 11
4 4 100
5 5 101
6 6 110
7 7 111
8 10 1000
9 11 1001 Figure 1-6
10 12 1010 Sample comparison of decimal,
11 13 1011 octal, and binary integers.
12 14 1100
13 15 1101
14 16 1110
15 17 1111
16 20 10000
17 21 10001
18 22 10010
19 23 10011
20 24 10100
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To further illustrate this process, the decimal number 175 is converted
into its octal equivalent.

175 + 8 = 21 with remainder 7 - LSD
21 +8=2 5
2+8=0 2 = MSD

The division process continues until a quotient of 0 results. The remain-
ders are collected, producing the number 257, = 175,,,.

To convert a decimal fraction to an octal fraction, multiply the fraction
successively by 8 (octal base). As an example, the decimal fraction
0.46875 is converted into its octal equivalent.

0.46875 x 8=3.75=0.75 with overflow 3 <= MSD
0.75000 X 8 =6.00 =0 6 - LSD

Multiply the decimal number by 8. If the product exceeds one, subtract
the integer (overflow) from the product. Then multiply the product
fraction by 8 and again note any ‘‘overflow.”” Continue multiplying until
an overflow, with 0 for a fraction, results. Remember, you can not always
obtain 0 when you multiply by 8. Therefore, you should only continue
this conversion process to the accuracy or precision you desire. Collect
the conversion overflows beginning at the radix (octal point) with the
MSD and proceed to the LSD. The number 0.36, = 0.46875,,. Figure 1-7
illustrates the relationship between decimal, octal, and binary fractions.

Now, the decimal fraction 0.136 will be converted into its octal equiva-
lent with four-place precision.

0.136 X 8 = 1.088 = 0.088 with overflow 1 -— MSD
0.088 X 8 = 0.704 = 0.704 0
0.704 X 8 = 5.632 = 0.632 5
0.632 X 8 = 5.056 = 0.056 5 - LSD

0.136,, = 0.10554

The number 0.1055; approximately equals 0.136,,. If you convert 0.10554
back to decimal (using positional notation), you will find 0.10554 =
0.135986328125,,. This example shows that extending the precision of
your conversion is of little value unless extreme accuracy is required.
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DECIMAL | OCTAL BINARY
0.015625 0.01 0.000001
0.03125 0.02 0.00001
0.046875 0.03 0.000011
0.0625 0.04 0.0001
0.078125 0.05 0.000101
0.09375 0.06 0.00011
0.109375 0.07 0.000111
0.125 0.1 0.001
0.140625 0.11 0.001001
0.15625 0.12 0.00101
0.171875 0.13 0.001011
0.1875 0.14 0.0011
0.203125 0.15 0.001101
0.21875 0.16 0.00111
0.234375 0.17 0.001111
0.25 0.2 0.01
0.265625 0.21 0.010001
0.28125 0.22 0.01001
0.296875 0.23 0.010011
0.3125 0.24 0.0101

Figure 1-7
Sample comparison of decimal.

octal, and binary fractions.

As with decimal to binary conversion of a number that contains both an
integer and fraction, decimal to octal conversion requires two operations.
You must separate the integer from the fraction, then perform the appro-
priate conversion on each number. After you convert them, you must
recombine the octal integer and octal fraction. For example, convert the
decimal number 124.78125 into its octal equivalent.

124.78125,, = 124, + 0.78125,,
with remainder 4

124 + 8 = 15
15+-8=1
1+-8=20
124,, = 1744

0.78125 X 8 = 6.25 = 0.25
0.25000 X 8= 2.00 =0

0.78125,, = 0.624

with overflow

e

ff—
i

LSD

MSD

MSD
LSD

124.78125,, = 124,, + 0.78125,, = 1745 + 0.62 = 174.624
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Converting Between the Octal and
Binary Number Systems

Microprocessors manipulate data using the binary number system. How-
ever, when larger quantities are involved, the binary number system can
become cumbersome. Therefore, other number systems are frequently
used as a form of binary shorthand to speed-up and simplify data entry
and display. The octal number system is one of the systems that is used in
this manner. It is similar to the decimal number system, which makes it
easier to understand numerical values. In addition, conversion between
binary and octal is readily accomplished because of the value structure of
octal. Figures 1-6 and 1-7 illustrate the relationship between octal and
binary integers and fractions.

As you know, three bits of a binary number exactly equal eight value
combinations. Therefore, you can represent a 3-bit binary number with a
1-digit octal number.

101, = (1 X 2) +(0x2) +(1x2%9=4+0+1= 5

Because of this relationship, converting binary to octal is simple and
straight forward. For example, binary number 101001 is converted into
its octal equivalent.

101001,
REWRITE AS
MSB LSB
Y01 007"
YIELDS
514

To convert a binary number to octal, first separate the number into groups
containing three bits, beginning with the least significant bit. Then
convert each 3-bit group into its octal equivalent. This gives you an octal
number equal in value to the binary number.
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Binary fractions can also be converted to their octal equivalents using the
same process, with one exception. The binary bits must be separated into
groups of three beginning with the most significant bit. For example, the
binary fraction 0.011101 is converted into its octal equivalent.

0.011101,
REWRITE AS
MSB LSB

0.011 101
YIELDS
0.354

Again, you must first separate the binary number into groups of three
beginning at the radix (binary) point. Then convert each 3-bit group into
its octal equivalent.

To separate binary numbers into 3-bit groups when the number does not
contain the necessary bits, add zeros to the number until the number can
be separated into 3-bit groups. For example, binary number
10010101.1011 is converted into its octal equivalent.

10010101.1011,
REWRITE AS
MSB LSB

010 010  101.101 100
YIELDS
225.544

As before, the integer part of the number is separated into 3-bit groups,
beginning at the radix (binary) point. Note that the third group contains
only two bits. However, a zero can be added to the group without chang-
ing the value of the binary number. Next, the fractional part of the number
is separated into 3-bit groups, beginning at the radix (binary) point. Note
that the second group contains only one bit. By adding two zeros to the
group, the group is complete with no change in the value of the binary
number.

NOTE: Whenever you add zeros to a binary integer, always place them to
the left of the most significant bit. When you add zeros to a binary
fraction, always place them to the right of the least significant bit.
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After you have formed the 3-bit groups, convert each group into its octal
equivalent. This gives you an octal number equal in value to the binary
number. Now convert binary number 1101110.01 into its octal equiva-
lent.

1101110.01,
REWRITE AS
MSB 1.SB

001 101 110.010
YIELDS
156.2,

Separate the integer and fraction into 3-bit groups, adding zeros as
necessary. Then convert each 3-bit group to octal. Never shift the radix
(binary) point in order to form 3-bit groups.

Converting octal to binary is just the opposite of the previous process.
You simply convert each octal number into its 3-bit binary equivalent.
For example, convert the octal number 75.3 into its binary equivalent.

75.34
YIELDS
MSB 1.SB

111 101.011

REWRITE AS
111101.011,

The above example is a simple conversion. Now a more complex octal
number (1752.714) will be converted to a binary number.

1752.714,
YIELDS
MSB LSB

001 111 101 010.111 001 100

REWRITE AS
1111101010.1110011,

Again, each octal digit is converted into its 3-bit binary equivalent.
However, in this example, there are two insignificant zeros in front of the
MSB and after the LSB. Since these zeros have no value, they should be
removed from the final result.
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Self-Test Review

14. The base or radix of the octal number system is

15.  Convert the following decimal integers to octal.

A. 156
B. 32
C. 1785

16.  Convert the following decimal fractions to octal. Do not use greater
than 4-place precision.

A. 0.1432
B. 0.8125
C. 0.6832

17.  Convert 735.984375,, to octal.
18. Convert the following binary numbers to octal.

A. 10000111.01101
B. 11101.0101
C. 1001101.000001

19.  Convert the following octal numbers to binary.
A. 37261

B. 11.001
C. 3251.034
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Answers

14. 8

15. A. 156+ 8 = 19 with remainder 4 = LSD

19 = 8 = 2 3
2+8=0 2 -=+— MSD
156,, = 234,
B. 32,0 = 404
C. 1785, = 33714
16. A. 0.1432 X 8 = 1.1456 = 0.1456 overflow 1 = MSD
0.1456 X 8 = 1.1648 = 0.1648 1
0.1648 X 8 = 1.3184 = 0.3184 1
0.3184 X 8 = 2.5472 = 0.5472 2 = LSD
0.1432,, = 0.11124
B. 0.8125,, = 0.644
C. 0.6832,, = 0.53564
17. 735.984375,, = 735, + 0.984375,,
=735 -~ 8 = 91 with remainder 7 == LSD
91 + 8 = 11 3
11 = 8 =1 3
1+8=0 1 = MSD
735, = 1337,
0.984375 X 8 = 7.875 = 0.875  overflow
7 - MSD
0.875000 X 8 = 7.00 = 0 7 = LSD

0.984375,, = 0.77,

735.984375,, = 735,, + 0.984375,, =1337, + 0.77, = 1337.77,

18. A. 10000111.01101, = 010 000 111.011 010,
= 207.32,
B. 11101.0101, = 35.24,

C. 1001101.000001, = 115.01,

19. A. 372.61, = 011 111 010.110 001, = 11111010.110001..
B. 11.001;, = 1001.000000001,
C. 3251.034, = 11010101001.0000111,
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HEXADECIMAL NUMBER SYSTEM

Hexadecimal is another number system that is often used with micro-
processors. It is similar in value structure to the octal number system, and
thus allows easy conversion with the binary number system. Because of
this feature and the fact that hexadecimal simplifies data entry and
display to a greater degree than octal, you will use hexadecimal more
often than any other number system in this course. As the name implies,
hexadecimal has a base (radix) of 16,,. It uses the digits 0 through 9 and
the letters A through F.

The letters are used because it is necessary to represent 16,, different
values with a single digit for each value. Therefore, the letters A through
F are used to represent the number values 10,, through 15,,. The follow-
ing discussion will compare the decimal number system with the
hexadecimal number system.

All of the numbers are of equal value between systems (0,5 = 06, 3,0 = 316,
9,0 = 946, etc.). For numbers greater than 9, this relationship exists: 10, =
A, 11,9 = Byg, 12,5 = Cy4, 1349 = Dyg, 14, = Ej, and 15,, = F4. Using
letters in counting may appear awkward until you become familiar with
the system. Figure 1-8 illustrates the relationship between decimal and
hexadecimal integers, while Figure 1-9 illustrates the relationship be-
tween decimal and hexadecimal fractions.
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DECIMAL HEXADECIMAL BINARY
0 0 0
1 1 1
2 2 10
3 3 11
4 4 100
5 5 101
6 6 110
7 7 111
8 8 1000
9 9 1001
10 A 1010
11 B 1011
12 C 1100
13 D 1101
14 E 1110
15 F 1111
16 10 10000
17 11 10001
18 12 10010
19 13 10011
20 14 10100
21 15 10101
22 16 10110
23 17 10111
24 18 11000
25 19 11001
26 1A 11010
27 1B 11011
28 1C 11100
29 1D 11101
30 1E 11110
31 1F 11111
32 20 100000
33 21 100001
34 22 100010
35 23 100011
Figure 1-8

Sample comparison of decimal,

hexadecimal, and binary integers.
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DECIMAL HEXADECIMAL BINARY
0.00390625 0.01 0.00000001
0.0078125 0.02 0.0000001
0.01171875 0.03 0.00000011
0.015625 0.04 0.000001
0.01953125 0.05 0.00000101
0.0234375 0.06 0.0000011
0.02734375 0.07 0.00000111
0.03125 0.08 0.00001
0.03515625 0.09 0.00001001
0.0390625 0.0A 0.0000101
0.04296875 0.0B 0.00001011
0.046875 0.0C 0.00011
0.05078125 0.0D 0.00001101
0.0546875 0.0E 0.0000111
0.05859375 0.0F 0.00001111
0.0625 0.1 0.0001
0.06640625 0.11 0.00010001
0.0703125 0.12 0.0001001
0.07421875 0.13 0.00010011
0.078125 0.14 0.000101
0.08203125 0.15 0.00010101
0.0859375 0.16 0.0001011
0.08984375 0.17 0.00010111
0.09375 0.18 0.00011
0.09765625 0.19 0.00011001
0.1015625 0.1A 0.0001101
0.10546875 0.1B 0.00011011
0.109375 0.1C 0.000111
0.11328125 0.1D 0.00011101
0.1171875 0.1E 0.0001111
0.12109375 0.1F 0.00011111
0.125 0.2 0.001

Figure 1-9

Sample comparison of decimal,
hexadecimal, and binary fractions.
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As with the previous number systems, each digit position of a hexadeci-
mal number carries a positional weight which determines the magnitude
of that number. The weight of each position is determined by some power
of the number system base (in this example, 16,,). The total quantity of a
number can be evaluated by considering the specific digits and the
weights of their positions. (Refer to Figure 1-10 for a condensed listing of
powers of 16,,.) For example, the hexadecimal number E5D7.A3 can be
written with positional notation as follows:

(E x 16%) + (5 x 16%) + (D X 16") + (7 X 16°) + (A X 1671) + (3 X 1672)

The decimal value of the hexadecimal number E5D7.A3 is determined by
multiplying each digit by its positional weight and adding the results. As
with the previous number systems, the radix (hexadecimal) point sepa-
rates the integer from the fractional part of the number.

(14 X 4096) + (5 X 256) + (13 X 16) + (7 X 1) + (10 X 1/16) + (3 x 1/256) =
57344 + 1280 + 208 + 7 + 0.625 + 0.01171875 =
58839.63671875,,

1
1674 = ———— = 0.0000152587890625,,
65536
1673 = — 1 = 0.000244140625,,
4096
1
—2 = ————— = 0.00390625
16 256 10
1
167! = ——iﬁ— = 0.062510
1,0 = 16°
16, = 16
256,, = 162
4096,, = 168
65536,, = 16*
1048576,, = 16°
16777216,, = 16°
Figure 1-10

Condensed listing of powers of 16.
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Conversion From Decimal to Hexadecimal

Decimal to hexadecimal conversion is accomplished in the same manner
as decimal to binary or octal, but with a base number of 16,,. As an
example, the decimal number 156 is converted into its hexadecimal
equivalent.

156 ~ 16 = 8 with remainder 12 = C =-— 1,SD
9+-16 =0 9=9 =<+ MSD

Divide the decimal number by 16,, and note the remainder. If the remain-
der exceeds 9, convert the 2-digit number to its hexadecimal equivalent
(124, = Cin this example). Then divide the quotient by 16 and again note
the remainder. Continue dividing until a quotient of 0 results. Then
collect the remainders beginning with the last or most significant digit
(MSD) and proceed to the first or least significant digit (LSD). The
number 9C,; = 156,,. NOTE: The letter H after a number is sometimes
used to indicate hexadecimal. However, this course will always use the
subscript 16.

To further illustrate this, the decimal number 47632 is converted into its
hexadecimal equivalent.

47632 +~ 16 = 2977 with remainder 0 =0 --— LSD

2977 + 16 = 186 1=1
186 +~ 16 = 11 10 = A
11 +-16 =10 11 =B - MSD

The division process continues until a quotient of 0 results. The remain-
ders are collected, producing the number BA10,; = 47632,,. Remember,
any remainder that exceeds the digit 9 must be converted to its letter
equivalent. (In this example, 10 = A, and 11 = B.)

To convert a decimal fraction to a hexadecimal fraction, multiply the
fraction successively by 16,, (hexadecimal base). As an example the
decimal fraction 0.78125 is converted into its hexadecimal equivalent.

0.78125 X 16
0.50000 X 16

12.5 = 0.5 with overflow 12 =C == MSD
8.0=0 8=8 - LSD
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Multiply the decimal by 16,,. If the product exceeds one, subtract the
integer (overflow) from the product. If the “overflow” exceeds 9, convert
the 2-digit number to its hexadecimal equivalent. Then multiply the
product fraction by 16,, and again note any overflow. Continue multi-
plying until an overflow, with 0 for a fraction, results. Remember, you can
not always obtain 0 when you multiply by 16. Therefore, you should only
continue the conversion to the accuracy or precision you desire. Collect
the conversion overflows beginning at the radix point with the MSD and
proceed to the LSD.The number 0.C8,, = 0.78125,,,

Now the decimal fraction 0.136 will be converted into its hexadecimal
equivalent with five-place precision.

0.136 X 16 = 2.176 = 0.176 overflow 2=2 = MSD

0.176 X 16 = 2.816 = 0.816 2 =2
0.816 X 16 = 13.056 = 0.056 13 =D
0.056 X 16 = 0.896 = 0.896 0=0
0.896 X 16 = 14.336 = 0.336 14 = E —= LSD

The number 0.22DOE,; approximately equals 0.136,,. If you convert
0.22DOE,; back to decimal (using positional notation), you will find
0.22DOE,; = 0.1359996795654296875,,. This example shows that ex-
tending the precision of your conversion is of little value unless extreme
accuracy is required.
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As shown in this section, conversion of an integer from decimal to
hexadecimal requires a different technique than for conversion of a
fraction. Therefore, when you convert a hexadecimal number composed
of an integer and a fraction, you must separate the integer and fraction,
then perform the appropriate operation on each. After you convert them,
you must recombine the integer and fraction. For example, the decimal
number 124.78125 is converted into its hexadecimal equivalent.

124.78125,, = 124,, + 0.78125,,
124 + 16 =7 with remainder 12 = C - LSD
0

7+ 16 = 7=7 -— MSD
12410 = 7C16
0.78125 X 16 = 12.5 = 0.5 overflow 12 =C - MSD
0.50000 X 16 = 8.0 =0 8=8 - LSD

0.78125,, = 0.C8,¢

124.7812510 = 12410 + 0.7812510 = 7C16 + 0.C816 = 7C.C816

First separate the decimal integer and fraction. Then convert the integer
and fraction to hexadecimal.

Finally, recombine the integer and fraction.
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Converting Between the Hexadecimal and
Binary Number Systems

Previously, the octal number system was described as an excellent short-
hand form to express large binary quantities. This method is very useful
with many microprocessors. The trainer used with this course uses the
hexadecimal number system to represent binary quantities. As a result,
frequent conversions from binary-to-hexadecimal are necessary. Figures

1-8 and 1-9 illustrate the relationship between hexadecimal and binary
integers and fractions.

As you know, four bits of a binary number exactly equal 16,, value
combinations. Therefore, you can represent a 4-bit binary number with a
1-digit hexadecimal number:

1101, = (1 X23) + (1 X 22) + (0 X 2) + (1X2)=8+4+0+1=13,) = Dy

Because of this relationship, converting binary to hexadecimal is simple
and straightforward. For example, binary number 10110110 is converted
into its hexadecimal equivalent.

10110110,
REWRITE AS

MSQ\ L.SB
/

1011 0110

YIELDS

To convert a binary number to hexadecimal, first separate the number
into groups containing four bits, beginning with the least significant bit.
Then convert each 4-bit group into its hexadecimal equivalent. Don’t
forget to use letter digits as required. This gives you a hexadecimal
number equal in value to the binary number.

Now convert a larger binary number (10101101101} into its hexadecimal
equivalent.

10101101101,
REWRITE AS
MSB 1.SB

0101 0110 1101
YIELDS
56D
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Again, the binary number is separated into 4-bit groups beginning with
the LSB. However, the third group contains only three bits. Since each
group must contain four bits, a zero must be added after the MSB. The
third group will then have four bits with no change in the value of the
binary number. Now each 4-bit group can be converted into its
hexadecimal equivalent. Whenever you add zeros to a binary integer,
always place them to the left of the most significant bit.

Binary fractions can also be converted to their hexadecimal equivalents
using the same process, with one exception; the binary bits are separated
into groups of four, beginning with the most significant bit (at the radix
point). For example, the binary fraction 0.01011011 is converted into its
hexadecimal equivalent.

0.01011011,
REWRITE AS
MS LSB

0.0101 1011
YIELDS
0.5B

Again, you must separate the binary number into groups of four, begin-
ning with theradix point. Then convert each 4-bit group into its hexadec-
imal equivalent. This gives you a hexadecimal number equal in value to
the binary number.

Now convert a larger binary fraction (0.1101001101) into its hexadecimal
equivalent.

0.1101001101,
REWRITE AS
MSB LSB

0.1101 0011 0100

YIELDS
0.D34,,

Separate the binary number into 4-bit groups, beginning at the radix
(binary) point (MSB). Note that the third group contains only two bits.
Since each group must contain four bits, two zeros must be added after
the LSB. The third group will then have four bits with no change in the
value of the binary number. Now, each 4-bit group can be converted into
its hexadecimal equivalent. Whenever you add zeros to a binary frac-
tion, always place them to the right of the least significant bit.

1-35
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Now, a binary number containing both an integer and a fraction
(110110101.01110111) will be converted into its hexadecimal equiva-
lent.

110110101.01110111,

REWRITE AS
MSB [.SB

0001 1011 0101.0111 0111

YIELDS
1B5.77 4

The integer part of the number is separated into groups of four, beginning
at the radix point. Note that three zeros were added to the third group to
complete the group. The fractional part of the number is separated into
groups of four, beginning at the radix point. (No zeros were needed to
complete the fractional groups.) The integer and fractional 4-bit groups
are then converted to hexadecimal. The number 110110101.01110111, =
1B5.77 4. Never shift the radix point in order to form 4-bit groups.

Converting hexadecimal to binary is just the opposite of the previous
process; simply convert each hexadecimal number into its 4-bit binary
equivalent. For example, convert the hexadecimal number 8F.41 into its
binary equivalent.

8F.41,
YIELDS
MSB LSB

1000 1111.0100 0001
REWRITE AS
10001111.01000001,

Convert each hexadecimal digit into a 4-bit binary number. Then con-
dense the 4-bit groups to form the binary value equal to the hexadecimal
value. The number 8F.41,, = 10001111.01000001,.
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Now, the hexadecimal number 175.4E will be converted into its binary
equivalent.

175.4E,q
YIELDS
MSB LSB

0001 0111 0101.0100 1110
REWRITE AS
101110101.0100111,

Again, each hexadecimal digit is converted into its 4-bit binary equiva-
lent. However, in this example there are three insignificant zeros in front
of the MSB and one after the LSB. Since these zeros have no value, they
should be removed from the final result.
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Self-Test Review

20.

21.

22.

23.

24.

25.

The base or radix of the hexadecimal number system is

Convert the following decimal integers to hexadecimal.

A. 783
B. 5372
C. 957

Convert the following decimal fractions to hexadecimal. Do not use
greater than four-place precision.

A. 0.653
B. 0.109375
C. 0.4567

Convert 1573.125,, to its hexadecimal equivalent.
Convert the following binary numbers to hexadecimal

A. 100001101.01011
B. 11111011001.01
C. 110001101.00010010101

Convert the following hexadecimal numbers to binary.

A. AE7.D2
B. 2C5.21F8
C. 1B6.64E
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Answers
20. 16,
21. A. 783 + 16 = 48 with remainder 15 = F - LSD
48 ~ 16 = 3 0=0
3+-16=0 3 =3 -— MSD
783, = 30F,,
B. 5372, = 14FC,q
C. 957,, = 3BDy,
22. A. 0.653 X 16 = 10.448 = 0.448 with overflow 10 = A =— MSD
0.448 X 16 = 7.168 = 0.168 7 =7
0.168 X 16 = 2.688 = 0.688 2 =2
0.688 X 16 = 11.008 = 0.008 11 =B =— LSD
0.653,, = 0.A72B,,
B. 0.109375,, = 0.1C,,
C. 0.4567,, = 0.74EA,,
23. A. 1573.125,, = 1573,, + 0.125,,
1573 + 16 = 98 withremainder 5 =5 =— LSD
98 + 16 = 6 2=2
6+ 16 =0 6 =6 -— MSD
1573, = 625,
0.125 X 16 = 2.00 = 0 with fl = 2 «—MSD
witn overtlow 2 ~~1SD
0.125,, = 0.2,
1573.125,5 = 1573,y + 0.125;, = 6255 + 0.2,4 = 625.2
24. A. 100001101.01011, = 0001 0000 1101.0101 1000,
= 10D.58
B. 11111011001.01, = 7D9.4,,
C. 110001101.00010010101, = 18D.12A,,
25. A. AE7.D2,, = 1010 1110 0111.1101 0010,
= 101011100111.1101001,
B. 2C5.21F8,, = 1011000101.0010000111111,
C. 1B6.64E,; = 110110110.01100100111,
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BINARY CODES

Converting a decimal number into its binary equivalent is called ‘‘cod-
ing.” A decimal number is expressed as a binary code or binary number.
The binary number system, as discussed, is known as the pure binary
code. This name distinguishes it from other types of binary codes. This
section will discuss some of the other types of binary codes used in
computers.

Binary Coded Decimal

The decimal number system is easy to use because it is so familiar. The
binary number system is less convenient to use because it is less familiar.
It is difficult to quickly glance at a binary number and recognize its
decimal equivalent. For example, the binary number 1010011 represents
the decimal number 83. It is difficult to tell immediately by looking at the
number what its decimal value is. However, within a few minutes, using
the procedures described earlier, you could readily calculate its decimal
value. The amount of time it takes to convert or recognize a binary
number quantity is a distinct disadvantage in working with this code
despite the numerous hardware advantages. Engineers recognized this
problem early and developed a special form of binary code that was more
compatible with the decimal system. Because so many digital devices,
instruments and equipment use decimal input and output, this special
code has become very widely used and accepted. This special com-
promise code is known as binary coded decimal (BCD). The BCD code
combines some of the characteristics of both the binary and decimal
number systems.

8421 BCD Code The BCD code is a system of representing the decimal
digits 0 through 9 with a four-bit binary code. This BCD code uses the
standard 8421 position weighting system of the pure binary code. The
standard 8421 BCD code and the decimal equivalents are shown in Figure
1-11, along with a special Gray code that will be described later. As with
the pure binary code, you can convert the BCD numbers into their deci-
mal equivalents by simply adding together the weights of the bit posi-
tions whereby the binary 1’s occur. Note, however, that there are only ten
possible valid 4-bit code arrangements. The 4-bit binary numbers repre-
senting the decimal numbers 10 through 15 are invalid in the BCD
system.
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DECIMAL] 8421 BCD | GRAY BINARY
0 0000 00060 0000
1 0001 0001 0001
2 0010 0011 0010
3 0011 0010 0011
4 0100 0110 0100
5 0101 0111 0101
6 0110 0101 0110
7 0111 0100 0111
8 1000 1100 1000
9 1001 1101 1001
10 0001 0000}F 1111 1010
11 0001 00011 1110 1011
12 0001 0010§ 1010 1100
13 0001 00111 1011 1101
14 0001 0100} 1001 1110
15 0001 0101] 1000 1111
Figure 1-11
Codes.

To represent a decimal number in BCD notation, substitute the appro-
priate 4-bit code for each decimal digit. For example, the decimal integer
834 in BCD would be 1000 0011 0100. Each decimal digit is represented
by its equivalent 8421 4-bit code. A space is left between each 4-bit group
to avoid confusing the BCD format with the pure binary code. This
method of representation also applies to decimal fractions. For example,
the decimal fraction 0.764 would be 0.0111 0110 0100 in BCD. Again,
each decimal digit isrepresented by its equivalent 8421 4-bit code, with a
space between each group.

An advantage of the BCD code is that the ten BCD code combinations are
easy to remember. Once you begin to work with binary numbers regu-
larly, the BCD numbers may come to you as quickly and automatically as
decimal numbers. For that reason, by simply glancing at the BCD rep-
resentation of a decimal number you can make the conversion almost as
quickly as if it were already in decimal form. As an example, convert a
BCD number into its decimal equivalent.

0110 0010 1000.1001 0101 0100 = 628.954,,
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The BCD code simplifies the man-machine interface but it is less efficient
than the pure binary code. It takes more bits to represent a given decimal
number in BCD than it does with pure binary notation. For example, the
decimal number 83 in pure binary form is 1010011. In BCD code the
decimal number 83 is written as 1000 0011. In the pure binary code, it
takes only seven bits to represent the number 83. In BCD form, it takes
eight bits. It is inefficient because, for each bit in a data word, there is
usually some digital circuitry associated with it. The extra circuitry
associated with the BCD code costs more, increases equipment complex-
ity, and consumes more power. Arithmetic operations with BCD numbers
are also more time consuming and complex than those with pure binary
numbers. With four bits of binary information, you can represent a total of
2* = 16 different states or the decimal number equivalents 0 through 15.
In the BCD system, six of these states (10-15), are wasted. When the BCD
number system is used, some efficiency is traded for the improved
communications between the digital equipment and the human operator.

Decimal-to-BCD conversion is simple and straightforward. However,
binary-to-BCD conversion is not direct. An intermediate conversion to
decimal must be performed first. For example, the binary number
1011.01 is converted into its BCD equivalent.

First the binary number is converted to decimal.

1011.01, = (1 X 23) + (0 X 22) + (1 X 21) + (1 x 29 + (0 X 27") + (1 X 27?)
=8+0+2+1+0+ 0.25
= 11.25,,

Then the decimal result is converted to BCD.

11.25,, = 0001 0001.0010 0101

To convert from BCD to binary, the previous operation is reversed. For

example, the BCD number 1001 0110.0110 0010 0101 is converted into its
binary equivalent.
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First, the BCD number is converted to decimal.
1001 0110.0110 0010 0101 = 96.625,,

Then the decimal result is converted to binary.
96.625,, = 96,, + 0.625,,

96 ~ 2 = 48 with remainder 0 -=— 1LSB

48 -2 = 24 0
24 +-2=12 0
12 +2 =686 0
6 -2 =3 0
J+2=1 1
1+-2=0 1 -=— MSB
96,, = 1100000,
0.625 X 2 = 1.25 = 0.25 with overflow 1 <— MSB
0.250 X 2 = 0.50 = 0.50 0
0500 X2 =1.00=0 1 «— LSB

0.625,, = 0.101,

96.625,, = 96,, + 0.625,, = 1100000, + 0.101, = 1100000.101,
Therefore:

1001 0110.0110 0010 0101 = 96.625,, = 1100000.101,

Because the intermediate decimal number contains both an integer and
fraction, each number portion is converted as described under “Binary

Number System.” The binary sum (integer plus fraction) 1100000.101 is
equivalent to the BCD number 1001 0110.0110 0010 0101.
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DECIMAL | '8421 BCD GRAY BINARY
0 0000 0000 0000
1 0001 0001 0001
2 0010 0011 0010
3 0011 0010 0011
4 0100 0110 0100
5 0101 0111 0101
6 0110 0101 0110
7 0111 0100 0111
8 1000 1100 1000
9 1001 1101 1001
10 0001 0000 1111 1010
11 0001 0001 1110 1011
12 0001 0010 1010 1100
13 0001 0011 1011 1101
14 0001 0100 1001 1110
15 0001 0101 1000 1111
Figure 1-11

Codes.
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Special Binary Codes

Besides the standard pure binary coded form, the BCD numbering system
is by far the most widely-used digital code. You will find one or the other
in most of the applications that you encounter. However, there are several
other codes that are used for special applications, such as the “Gray
Code.”

The Gray Code is a widely-used, non-weighted code system. Also known
as the cyclic, unit distance or reflective code, the Gray code can exist in
either the pure binary or BCD formats. The Gray code is shown in Figure
1-11. As with the pure binary code, the first ten codes are used in BCD
operations. Notice that there is a change in only one bit from one code
number to the next in sequence. You can get a better idea about the Gray
code sequence by comparing it to the standard 4-bit 8421 BCD code and
the pure binary code also shown in Figure 1-11. For example, consider
the change from 7 (0111) to 8 (1000) in the pure binary code. When this
change takes place, all bits change. Bits that were 1’s are changed to 0’s
and 0’s are changed to 1’s. Now notice the code change from 7 to 8 in the
Gray code. Here 7 (0100) changes to 8 (1100). Only the first bit changes.

The Gray code is generally known as an error minimizing code because it
greatly reduces confusion in the electronic circuitry when changing from
one state to the next. When binary codes are implemented with electronic
circuitry, it takes a finite period of time for bits to change from 0 to 1 or 1 to
0. These state changes can create timing and speed problems. This is
particularly true in the standard 8421 codes where many bits change from
one combination to the next. When the Gray code is used, however, the
timing and speed errors are greatly minimized because only one bit
changes at a time. This permits code circuitry to operate at higher speeds
with fewer errors.

The biggest disadvantage of the Gray code is that it is difficult to use in
arithmetic computations. Where numbers must be added, subtracted or
used in other computations, the Gray code is not applicable. In order to
perform arithmetic operations, the Gray code number must generally be
converted into pure binary form.
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Alphanumeric Codes

Several binary codes are called alphanumeric codes because they are

used to represent characters as well as numbers. The two most common
codes that will be discussed are ASCII and BAUDOT.

ASCII Code The American Standard Code for Information Interchange
commonly referred to as ASCII, is a special form of binary code that is
widely used in microprocessors and data communications equipment. A
new name for this code that is becoming more popular is the American
National Standard Code for Information Interchange (ANSCII). However,
this course will use the most recognized term, ASCIL. ASCII is a 6-bit
binary code that is used in transferring data between microprocessors
and their peripheral devices, and in communicating data by radio and
telephone. With six bits, a total of 26 = 64 different characters can be
represented. These characters comprise decimal numbers 0 through 9,
upper-case letters of the alphabet, plus other special characters used for
punctuation and data control. A 7-bit code called full ASCII, extended
ASCII, or USASCII can be represented by 27 = 128 different characters. In
addition to the characters and numbers generated by 6-bit ASCII, 7-bit
ASCII contains lower-case letters of the alphabet, and additional charac-
ters for punctuation and control. The 7-bit ASCII code is shown in Figure
1-12.

[ coomn | o®] 1@ 200 3 | 4 [ 5 [ | 719
Row | | 208 7650. oo | oot | o0 | o1 | 100 | 100 | 1o | m
o || 0(% NUL | DLE | SP | 0 @ P \ p
1 0001 SOH | DC1 | ! | A Q ' q
2 0010 STX | bC2 2 R b r
3 0011 ETX | DC3 | = 3 C S X s
4 0100 EOT | DC+ | $ 4 D T d (
5 0101 ENQ | NAK | % 5 3 U ¢ u
§ 0110 ACK | SYN | & 6 ¥ v f v
7 0111 BEL | ETB | 7 G W g w
8 1000 BS | CAN | ¢ 8 H X h x
9 1001 HT | EM ) 9 I Y i v
10 1010 LF | SUB | = : ] z ; ‘
" 1011 VI | ESC | + : K | k {
12 1100 FF FS \ < I \ | '
13 1101 CR | GS - = M | m }
14 110 SO | RS : > N ~" ~
15 111 Sl Us / > o | —® o | pEL
Figure 1-12

Table of 7-bit American Standard Code

for Information Interchange.
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NOTES:

(1)

(2)

(3)

NUL
SOH
STX
ETX
EOT
ENQ
ACK
BEL
BS
HT

LF
VT
FF
CR
SO
SI

SP

Depending on the machine using this code, the symbol may be a
circumflex, an up-arrow, or a horizontal parenthetical mark.

Depending on the machine using this code, the symbol may be an
underline, a back-arrow, or a heart.

Explanation of special control functions in columns 0, 1, 2, and 7.

Null DLE Data Link Escape

Start of Heading DC1 Device Control 1

Start of Text DC2 Device Control 2

End of Text DC3 Device Control 3

End of Transmission DC4 Device Control 4
Enquiry NAK Negative Acknowledge
Acknowledge SYN Synchronous Idle

Bell (audible signal) ETB End of Transmission Block
Backspace CAN Cancel

Horizontal Tabulation EM  End of Medium
(punched card skip) SUB  Substitute

Line Feed ESC Escape

Vertical Tabulation FS File Separator

Form Feed GS Group Separator
Carriage Return RS Record Separator

Shift Out us Unit Separator

Shift In DEL Delete

Space (blank)

Figure 1-12
(Continued.)
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The 7-bit ASCII code for each number, letter or control function is made
up of a 4-bit group and a 3-bit group. Figure 1-13 shows the arrangement
of these two groups and the numbering sequence. The 4-bit group is on
theright and bit 1 is the LSB. Note how these groups are arranged in rows
and columns in Figure 1-12.

4-BIT GROUP

— -

5 4 3 2 1

-
3-BIT GROUP

Figure 1-13
ASCII code word format.

To determine the ASCII code for a given number letter or control opera-
tion, locate that item in the table. Then use the 3- and 4-bit codes as-
sociated with the row and column in which the item is located. For
example, the ASCII code for the letter L is 1001100. It is located in column
4, row 12. The most significant 3-bit group is 100, while the least signifi-
cant 4-bit group is 1100. When 6-bit ASCII is used, the 3-bit group is
reduced to a 2-bit group as shown in Figure 1-14.

In 7-bit ASCII code, an eighth bit is often used as a parity or check bit to
determine if the data (character) has been transmitted correctly. The
value of this bit is determined by the type of parity desired. Even parity
means the sum of all the 1 bits, including the parity bit, is an even
number. For example, if G is the character transmitted, the ASCII code is
1000111. Since four 1’s are in the code, the parity bit is 0. The 8-bit code
would be written 01000111.

Odd Parity means the sum of all the 1 bits, including the parity bit, is an
odd number. If the ASCII code for G was transmitted with odd parity, the
binary representation would be 11000111.
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Lo | o [ 1+ | 2 [ 3 |
ROW o 65 D 0] n 00 01
o | [ oo SP®| 0 @ P
1 0001 ! 1 A Q
2 0010 » 9 R
3 0011 # 3 C S
4 0100 $ 4 D T
5 0101 % 5 E U
6 0110 & 6 ¥ v
7 o111 7 G W
8 1000 ( 8 H X
9 1001 ) 9 I Y
10 1010 * ] Z
n 101 + ; K |
12 1100 , < L \
13 101 - = M |
14 110 > N | AP
15 11 / > o | —®
NOTES:

Figure 1-14
Table of 6-bit American Standard Code
for Information Interchange.

(1) Depending on the machine using this code, the symbol may be a

circumflex, an up-arrow, or a horizontal parenthetical mark.

(2) Depending on the machine using this code, the symbol may be an

underline, a back-arrow, or a heart.

(3) SP — Space (blank) for machine control.
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BAUDOT Code While the ASCII code is used almost exclusively with
microprocessor peripheral devices (CRT display, keyboard terminal,
paper punch/reader, etc.), there are many older printer peripherals that
use the 5-bit BAUDOT code. With five data bits, this code can represent
only 2° = 32 different characters. To obtain a greater character capability,
26 of the 5-bit codes are used to represent two separate characters. As
shown in Figure 1-15, one set of 5-bit codes represents the 26 upper-case
alphabet letters. The same 5-bit codes also represent various figures and
the decimal number series 0 through 9.

The remaining six 5-bit codes are used for machine control and do not
have a secondary function. Two of these 5-bit codes determine which of
the 26 double (letter/figure) characters can be transmitted/received. Bit
number 11111 forces the printer to recognize all following 5-bit codes as
letters. Bit number 11011 forces figure recognition of all the following
5-bit codes. For example, to type 56 NORTH 10 STREET, the following
method is used.

Type — Figures 5 6 Space
Then — Letters N O R T H Space
Then — Figures 1 0 Space

Finally — Letters STREE T
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Bit Numbers

Letters Case

Figures Case

54321
00000 Blank Blank
00001 E 3
00010 Line Feed Line Feed
00011 A —
00100 Space Space
00101 S Bell
00110 | 8
00111 U 7
01000 Car. Ret. Car. Ret.
01001 D $
01010 R 4
01011 ] (Apos)’
01100 N (Comma),
01101 F !
01110 C :
01111 K (
10000 T 5
10001 Z "
10010 L )
10011 w 2
10100 H Stop
10101 Y 6
10110 P 0
10111 Q 1
11000 O 9
11001 B ?
11010 G &
11011 Figures Figures
11100 M .
11101 /
11110 \Y% ;
11111 Letters Letters
Figure 1-15

5-bit BAUDOT code table.

Number Systems and CodesJ 1'51
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Self-Test Review

26. The BCD code is more convenient to use than the binary code
because:

A. it uses less bits.

B. it is more compatible with the decimal number system.
C. it is more adaptable to arithmetic computations.

D. there are more different coding schemes available.

27. Convert the following decimal numbers to 8421 BCD code.

A. 1049
B. 267
C. 835

28. Convert the following 8421 BCD code numbers to decimal.

1001 0110 0010
0111 0001 0100 0011
1010 1001 1000
1000 0000 0101

So=mp

29. Convert the following binary numbers to 8421 BCD code.

A. 101110.01
B. 1001.0101
C. 11011011.0001
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30. Convert the following 8421 BCD codes to binary.

0001 1000 0010.0101
0010 1001 0000.0010 0101
1101 0110 0011.0101
0110 1000.0001 0010 0101

SOw»

31. Which code is best for error minimizing?

A. 8421 BCD
B. pure binary
C. Gray

32. The ASCII and BAUDOT codes are a form of
codes.

33. To determine if the correct ASCII character has been transmitted, a
bit is often added to the code.

34. Which type of parity is used when the 8-bit ASCII character
01000111 is transmitted?

A. odd

B. even

35. Referto Figure 1-12 and convert the following characters into their
ASCII 7-bit binary code.

OO W
»n W X

36. Refer to Figure 1-12 and convert the following ASCII 7-bit binary
codes to their character equivalents.

A. 0110010
B. 1010110
C. 1011010
D. 1001110
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Answers

26. B. More compatible with the decimal system.

27. A. 0001 0000 0100 1001
B. 0010 0110 0111
C. 1000 0011 0101
28. A. 962
B. 7143
C. Invalid (1010 represents a decimal digit greater than 9)
D. 805
29. A. 101110.01, = (1 X 2%) + (0 X 24) + (1 X 23) + (1 X 22) + (1 X 21

+(0X294+{(0x2)+(1x277
=32+0+8+4+2+0+0+ 0.25
= 46.25,,
46.25,, = 0100 0110.0010 0101
101110.01, = 0100 0110.0010 0101
B. 1001.0101, = 1001.0011 0001 0010 0101
C. 11011011.0001, = 0010 0001 1001.0000 0110 0010 0101
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30. A. 0001 1000 0010.0101 = 182.5,,

31.

32.

33.

34.

35.

36.

o0 W

oow»

182.5,0 = 182, + 0.5,
182 + 2 =91 with remainder 0 -— LSB
91 =+ 2 = 45 1
45 = 2 = 22 1
22 -2 =11 0
11 +2=5 1
5+2=2 1
2+=2=1 0
1+-2=0 1 --— MSB
182,, = 10110110,
MSB
05X2=100=0  overflow , M
LSB
0.5, = 0.1,

182.5,, = 182, + 0.5, = 10110110, + 0.1, = 10110110.1,

0001 1000 0010.0101

10110110.1,

0010 1001 0000.0010 0101 = 100100010.01,

invalid (1101 represents a decimal digit greater than 9)
0110 1000.0001 0010 0101 = 1000100.001,

Gray

Alpha numeric
Parity

Even

1000010
1011000
0110011
1010011

Z N <N
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UNIT 1 SUMMARY

1. A basic distinguishing feature of a number system is its base or
radix. The binary number system has a radix of 2, octal 8, decimal
10, and hexadecimal 16.

2. A number system is positional or weighted. That is, each digit
position carries a particular weight which determines the mag-
nitude of that number. Each position has a weight determined
by the power of the number system. In the decimal number sys-
tem the positional weights are 10° (units), 10! (tens), 10? (hun-
dreds), 107! (tenths), 102 (hundredths), etc.

3. In a number, such as decimal 247429, the left-most digit (2) is
called the most significant digit or MSD, while the right-most
digit (9) is called the least significant digit or LSD. These terms
apply to all number systems.

4. The simplest number system is the binary number system. It is
called binary because it has a base or radix of 2. The numbers
used in the binary number system are 0 and 1.

5. Binary data is represented by binary digits called bits. The left-
most bit is generally called the most significant bit (MSB) rather
than MSD. By the same token, the right-most bit is called the
least significant bit (LSB) rather than LSD.

6. Microprocessors operate on groups of bits which are called words.

7. Positional weight in the binary number system is a positive or
negative power of two.

8. To convert a binary number into its decimal equivalent, add to-
gether the weights of the positions in the number where the bi-
nary ones occur.

9. To convert a decimal whole number into its binary equivalent,
successively divide the number by two and note the remainders.
When you divide by two, the remainder will always be one or
zero. The first remainder is always the LSB, while the last remain-
der is always the MSB.
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10. ‘To convert a decimal fraction into its binary equivalent, succes-
sively multiply the fraction by the number two and record the
integers produced by the multiplication. The integer produced
by the multiplication will always be one or zero. The first integer
is the MSB. The MSB is located at the radix (binary) point of
the fraction.

11. The octal number system uses the digits 0 through 7.

12. The positional weight in the octal number system is a positive
or negative power of eight.

13. To convert an octal number into its decimal equivalent, add to-
gether the weights of the number positions.

14. To convert a decimal whole number into its octal equivalent,
successively divide the number by eight and note the remainders.
These will be some value between zero and seven. The first re-
mainder will always be the MSD.

15. To convert a decimal fraction into its octal equivalent, succes-
sively multiply the fraction by the number eight and record the
integers produced by the multiplication. The integer produced
by the multiplication will always be some number between zero
and seven. The first integer is the MSD. The MSD is located at
the radix (octal) point of the fraction.

16. Three bits of a binary number exactly equal eight value combina-
tions. Therefore, you can represent a 3-bit binary number with
a 1-digit octal number.

17. To convert a binary number into octal, first separate the number
into groups containing three bits, beginning with the LSB. Then
convert each 3-bit group into its octal equivalent. This applies
to both integers and fractions.

18. To convert an octal number into binary, simply convert each octal
digit into its 3-bit binary equivalent.

19. The hexadecimal number system uses the digits 0 through 9 and
the letters A through F.

20. The positional weight in the hexadecimal number system is a
positive or negative power of sixteen.
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21.

22,

23.

24.

25.

26.

27.

28.
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To convert a hexadecimal number into its decimal equivalent,
add together the weights of the number positions.

To convert a decimal whole number into its hexadecimal equiva-
lent, successively divide the number by sixteen and note the re-
mainders. These will be some value between zero and fifteen.
The first remainder will always be the MSD. Any remainder great-
er than nine must be converted into its hexadecimal letter equiva-
lent.

To convert a decimal fraction into its hexadecimal equivalent,
successively multiply the fraction by the number sixteen and re-
cord the integers produced by the multiplication. The integer pro-
duced by the multiplication will always be some number between
zero and fifteen. The first integer is the MSD. The MSD is located
at the radix (octal) point of the fraction. Any remainder greater
than nine must be converted into its hexadecimal letter equiva-
lent.

Four bits of a binary number exactly equal sixteen value combina-
tions. Therefore, you can represent a 4-bit binary number with
a 1-digit hexadecimal number.

To convert a binary number into hexadecimal, first separate the
number into groups containing four bits, beginning with the LSB.
Then convert each 4-bit group into its hexadecimal equivalent.
This applies to both integers and fractions.

To convert a hexadecimal number into binary, simply convert
each hex digit into its 4-bit binary equivalent.

Converting a decimal number into its binary equivalent is called
coding.

Binary coded decimal (BCD) code combines some of the charac-
teristics of both the binary and decimal number systems. The
BCD code is a system of representing the decimal digits zero
through nine with a 4-bit binary code. The code uses the 8421
position weighting system of pure binary code. However, there
are only ten valid 4-bit code arrangements.
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29. The BCD code simplifies the man-machine interface but it is less
efficient than the pure binary code. It takes more bits to represent
a given decimal number in BCD than it does to represent a given
decimal number in pure binary.

30. You cannot make direct conversion between BCD and binary.
You must first convert the BCD code to decimal digits, then con-
vert the decimal digits to binary.

31. Gray code is a widely-used, non-weighted code system. It is also
known as the cyclic, unit distance, error minimizing, or reflective
code.

32. When Gray code is incremented, only one bit changes state. While
this permits code circuitry to operate at higher speeds with fewer
errors, it is difficult to use in arithmetic computations.

33. American Standard Code for Information Interchange (ASCII)
code is a special form of binary code that is widely used in micro-
processors and data communications equipment.

34. While ASCII can be used as a 6-bit code, it is generally used
in its 7- bit form. The seven code bits are used through a transla-
tion table to identify 128 different printable and non-printable
characters. The printable characters are the upper-and lower-case
alphabet, the numbers zero through nine, and punctuation sym-
bols. The non-printable characters are used to control various
“machine” operations such as carriage return, line feed, etc.

35. In 7-bit ASCII code, an eighth bit is often used as a parity or
check bit. You use the value of the parity bit to control the parity
of the 8-bit word.

36. Older printer peripherals use BAUDOT code for data transmis-
sion. It is a 5-bit code that can represent 32 different characters.
These characters include the upper-case alphabet, the numbers
zero through nine, punctuation symbols, and a number of
machine control characters.
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I Perform Experiments 1 and 2 at the end of Book 2. I
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POSITIVE POWERS OF 2

s WN = O

O wow~NO®

11

13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32

2048
4096
8192
16384
32768

65536
13107
26214
52428
10485

20971
41943
83886
16777
33554

67108
13421
26843
53687
10737

21474
42949

@® H N

52
04
08
216
432

864
7728
5456
0912
41824

83648
67296
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NEGATIVE POWERS OF 2

-

W

N o

10
11

12
13
14

15
16
17

18
19
20

21
22
23

24
25
26

27
28
29

30
31
32

2—"

1.0
0.5
0.25

0.125
0.0625
0.03125

0.01562
0.00781
0.00390

0.00195
0.00097
0.00048

0.00024
0.00012
0.00006

0.00003
0.00001
0.00000

0.00000
0.00000
0.00000

0.00000
0.00000
0.00000

0.00000
0.00000
0.00000

0.00000
0.00000
0.00000

0.00000
0.00000
0.00000
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25
625

3125
65625
82812

41406
20703
10351

05175
52587
76293

38146
19073
09536

04768
02384
01192

00596
00298
00149

00074
00037
00018

00009
00004
00002

25
125
5625

78125
89062
94531

97265
48632
74316

37158
18579
09289

04644
02322
01161

50580
25290
62645

31322
65661
32830

25

625
8125
40625

20312
10156
55078

77539
38769
19384

59692
29846
14923

57461
28730
64365

25
125

0625
53125
76562

38281
19140
09570

54785
77392
38696

5

25
625
3125

15625
57812 5
28906 25
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POSITIVE POWERS OF 8

8"

=

1
8

64

512

409 6

327 68

262 144
209 715 2
167 772 16

ONOOOAd WN +O

POSITIVE POWERS OF 16

16"

>

1

16

256

409 6

655 36

104 857 6

167 772 16
268 435 456
429 496 729 6

O N A WN=-O

NEGATIVE POWERS OF 16

n 16 "

0 1.0

1 0062 5

2 0.003 906 25

3 0.000 244 140 625

4 0.000 015 258 789 062 5
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