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1. INTRODUCTION

Digital computers have brought about the information age that we live in today. Computers
are important tools for mankind in that they can locate and process enormous amounts of
information very quickly and efficiently. They allow us to utilize our mathematical disciplines to
the fullest. In one second, a computer can perform calculations that would take a person
several days to do by hand. However, computers are not creative and will only do what we tell
them. The list of instructions that tells the computer what to do is called a computer program.

System reliability, fast performance, and efficient information storage and retrieval are
major factors in the acceptance and use of digital computer systems. The high reliability of
computer systems is due largely to the fact that all data is in a digital format. Computers are
designed such that digital formatted data can be processed quickly and efficiently.

1.1. Digital Loqgic States

A computer is made up of many digital circuit modules that pass information between
themselves in the form of digital signals. These signals may represent either instructions or
data to be processed. Digital signals are logic variables that have only one of two possible
values at any moment in time. These values are called logic states. Figure 1.1 describes the
common notation for logic states.

Figure 1.1: Common Notation for Logic States
True On 1 Close Yes
False Off 0 Open No

Two possible logic states are represented by either opening or closing a switch. When a
logic condition is TRUE, the switch is CLOSED and the light goes ON. When a logic condition is
FALSE, the switch is OPENED and the light goes OFF. A question which can be answered with
YES or NO can also be said to have two logic states. Digital circuit inputs and outputs are logic
variables whose states are usually represented in binary (base 2) notation as a "1" or "0". A
digital signal is characterized as a time variant signal that is in either a HIGH or LOW state.
Transition time between HIGH and LOW states is minimized which results in a waveform as
depicted in Figure 1.2.

Figure 1.2: Digital Signal Representation
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The primary constraint for a digital signal is whether the signal

is above or below a specified threshold window. This threshold Figure 1.3
window is commonly_betwegn land?2 \(olts. Any signal which is Base Base
greater than 2 Volts is considered a logic "1" or HIGH state, and 10

any signal which is less than 1 Volt is considered a logic "0" or 2
LOW state. Within the threshold window (between 1 and 2 Volts) 0 0
the logic state of the signal is undefined.

To perform logic operations, a device is required which can 1 1
function as a switch with two possible states. Generally, it is 2 10
desirable to have this switching occur as fast as possible. 3 11
Electronics is currently the fastest, smallest, and least expensive
way to implement a digital switch. Therefore, computer design is 4 100
usually considered in the realm of electrical engineering. 5 101

The binary (Base 2) number system is often used to represent 6 110
the states of several logic variables for a specific time. Figure 1.3
describes the binary equivalent to the decimal (Base 10) numbers 7 111
zero through fifteen. Only two possible values can exist for each 8 1000
binary digit, either "1" or "0". A binary digit is called a bit and a
group of eight bits is called a byte. A group of four bits, as shown in 9 1001

Figure 1.3, is called a nibble. A thorough discussion of the binary
number system, including conversion methods, is discussed in the
next section.

2. NUMBER SYSTEMS

Figure 2.1
The decimal number system (base 10) has become the
standard number system used by people for counting and Base 2 0001,0111.
mathematical operations. The base ten system is used by (Binary)
most cultures because people have 10 fingers. Each finger

is used to represent one of ten possible values that a digit Base 10 2310
can assume. (Decimal)
Computers do not have 10 fingers. They are made up Base 16 17 16

of electronic switches that are represented by Boolean
variables in either a 1 or O state. These variables are
normally thought of as High, or True =1 and Low, or False
= 0. Because the binary (base 2) number system counts using only a 1 or O it is used to
represent the states of Boolean variables. A single binary digit is called a bit, which is in either a
1 or O state. A group of eight bits is called a byte. A half byte, which is a set of four bits, is often
called a nibble.

(Hexadecimal)

This section discusses the data formats used by computers to represent unsigned numbers
and numeric data. The numbers shown in Figure 2.1 are equivalent numbers in different bases.
The base of a number is denoted by the subscript 2 for binary, 10 for decimal, and 16 for
hexadecimal (base 16). In this text, comas are used with binary numbers to separate groups of
four bits, which make the number more readable.
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2.1. Binary Numbers

Binary numbers are base two numbers that can be used to represent various integer
guantities. The base two number system operates almost the same way as the decimal system;
however, only two symbols (0 and 1) exist for each bit while ten symbols (0 through 9) exist for
each digit of the decimal system. Both number Systems are right justified. That is, the least
significant bit (LSB) of a binary number is always the rightmost bit, just as the least significant
digit (LSD) of a decimal number is the rightmost digit.

As described in Figure 2.2, for binary the next significant bit is always a power of two higher
than the previous bit. The most significant bit (MSB) represents the highest power of two
required for representing a number and is the left-most bit, just as the most significant digit
(MSD) of a decimal number is the leftmost digit.

Figure 2.2: Decimal and Binary Number Systems

Humans use Base 10 Computers use Base 2
10 Symbols: 0to 9 2 Symbols: 0to 1
7210 = 1001000,
MSD LSD MSB LSB
7 210 = 1 0 0 1 0 0 0
Powers of 10 Powers of 2
10° =1 2°=1
10" =10 2t =2
10> =100 2* =4
10° =1000 2° =8

2.1.1. Binary to Decimal Conversion

A binary number is easily converted to decimal notation by summing the powers of two for
all bits with a 1. Bits with a 0 are not added to this sum. Therefore, converting the binary number
1011, to decimal is performed using the following equation:

(1)2° +(0)2%2 + ()2 +(1)2° = 8+2+1 = 1149

Generally, when working with microcomputers the standard data length is eight bits or one
byte. Therefore, a eight bit conversion will be demonstrated. To convert any binary number to
decimal you must determine the power of two corresponding to each bit with a value of 1. Then
add up the appropriate magnitudes representing the power of two for each bit. An eight bit
number is represented by eight bits: b+, bs, bs, bs, bs, b,, by, by, The least significant bit, by,
represents the the I's place (2°), and the most significant bit, b, represents the 2’ or the 128's
place. Conversion of an eight bit number is represented by the following equation:
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b,2” + bg2® + b2® + b,2* + b32% + b,2° + b2 + b2°
b/(128) + bg(64) + bs(32) + ba(16) + bs(8) + by(4) + by(2) + bo(1)

The largest number which can be represented by eight bits would contain all ones for each
bit 1111,1111, which equals 255 in Decimal. Zero is represented by the binary number
0000,0000. Therefore, eight bits may be used to represent any integer decimal number within
the range of 0 to 255 inclusive. Additional bits are required to represent decimal integers greater
than 255.

Generally, when expressing an eight bit number it is zero filled for all eight bits. For
example 1,0111, and 0001,0111, are equivalent.

2.1.2. Decimal to Binary Conversion

To convert a decimal number to a binary number is more tedious than binary to decimal
conversion. A direct mathematical procedure is shown in Figure 2.3. Consider the decimal
number 19. Conversion is performed using successive divisions by 2. First 19 is divided by 2
which will generate a quotient of 9 and remainder of 1. Next divide the preceding quotient 9 by
2, which will generate the next quotient of 4 and remainder of 1. Continue the division by 2 until
a quotient of 0 exists. The binary equivalent is determined by examining the remainder column
and taking the final remainder as the most significant bit and the first remainder as the least
significant bit. Therefore, 19 decimal is represented by the binary number 10011. If the binary
number is zero filled to eight bits it would be resulted by 0001,0011.

Figure 2.3: Convert 19 to Binary

Q R
19,2 = 9 1 (LSB Least Significant Bit)
9,2=4 1 1
4, 2= 2 0
2,2= 1 0
1, 2= 0 1 (MSB Most Significant Bit)

Therefore 19 = 10011, = 0001,0011,

2.1.3. Binary Number Magnitude

The magnitude of decimal numbers which can be represented by binary numbers is
restricted by the number of grouped bits. Binary numbers with eight bits can represent unsigned
numbers in the range from 255 to 0. Numbers outside of these ranges cannot be represented
unless additional bits are used to increase the date word size.
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Binary numbers can represent a maximum of 2" different combinations, where n is the
number of bits. Four bits have 16 different possible combinations and can be used to represent
decimal numbers in the range 0 to 15. Eight bits have 256 combinations (0 to 255) and sixteen
bits have 65,536 combinations (0 to 65,535). For unsigned numbers the range always begins at
zero.

2.2. Hexadecimal Numbers

Representing eight bits of data as a string of 1's and 0's Figure 2.4
can be tedious. The hexadecimal number system is used to Base 10 | Base 16 | Base 2
simplify data representation by encoding 4 bits as one 0 0 0
symbol. Hexadecimal numbers comprise the base 16
number system. The hexadecimal number system has 1 1 1
sixteen different symbols that represent the value of each 2 2 10
hexadecimal digit. As illustrated in the conversion table of
Figure 2.4, 0 through 9 are used to represents the first ten 3 3 11
hexadecimal symbols, and letters A through F are used to 4 4 100
represent the last six symbols. Each hexadecimal symbols
represent one of the sixteen possible combinations of four 5 5 101
bits. Therefore, eight bits of data is more easily represented 6 6 110
in Base 16 by two hexadecimal digits.
Hexadecimal numbers are similar to decimal numbers ! ! 111
in that the Most Significant Digit (MSD) is the left most digit 8 8 1000
and the Least Significant Digit (LSD) is the left most digit. 9 9 1001
Moving from left to right in order of digits each represents a
separate power of sixteen as illustrated below. 10 A 1010
(MSD) (LSD) 11 B 1011
A5 2 Fu 12 c 1100
13 D 1101
Powers of 16 14 £ 1110
16° =1 (A=)10 x4096 = 40,960
. (5=)5 x 256 = 1,280 15 F 1111
16 =16 (2=)2 x 16 = 32
16> =256 (F=)15 x 1 = 15
16° = 4096 42,2871

2.2.1. Binary to Hexadecimal Conversion

To convert a binary number to hexadecimal is simple. Starting from the least significant bit
(bo), group the binary bits in groups of four. Use the conversion table to determine the
hexadecimal symbol that represents each group of four bits.

For example: 1000,1100,01I1,I010, = 8 C 7 A
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2.2.2. Hexadecimal to Binary Conversion

Converting from hexadecimal to binary is just as simple. Use the conversion table to
determine the group of four bits which represents each digit of the hexadecimal number.

For example: A52F;; = 1010,0101,0010,1111,

2.3. FEloating Point Number Representations

Decimal integers can be easily represented using binary numbers. A different approach is
required to represent real numbers. The floating point representation is used to represent real
numbers much the same way as scientific notation. Consider the number -0.0004772, which
can be represented as -0.4772 x10°. The mantissa is normalized to be a number between
0.9999 and 0.1000. The exponent -3 is a signed integer quantity representing the power of ten
by which the mantissa is multiplied.

The actual bit format used to represent floating point numbers varies by Central Processing
Unit. A typical 32-bit format used to represent floating point numbers is shown Figure 2.5. A sign
bit exists for both the exponent and mantissa. A sign bit of O represents a positive number and
a sign bit of 1 represents a negative number. The number of bits in the exponent determines the
range of powers of ten. For this example the 8 bits representing the sign and exponent
represent the powers of ten from 10" to 10**. The 24 bits of the mantissa are used to
represent signed decimal numbers with six significant digits. If more significant digits are
required for an application, the mantissa size can be increased by allocating more bits to the
mantissa. Most computers allow a higher precision floating point number representation which
are called double precision numbers.

Figure 2.5: Floating Point Number Representation
31 30 24 23 22 0
Sign | Exponent Sign Mantisa

3. ALPHANUMERIC DATA REPRESENTATION

People use written language to communicate among themselves and to give instructions to
a computer in the form of a computer program. Alphanumeric data is represented by a binary
code for each letter, number, and symbol that is commonly associated with a typewriter
keyboard. The ASCII (American Standard Code for Information Interchange) Code is the most
commonly used representation for alphanumeric data. The ASCII conversion table of Figure 3.1
is used to convert from either hexadecimal or binary codes to the ASCII characters represented
by these codes. All upper and lower case letters, numbers, and symbols used in the English
language are in columns 2 through 7. Special computer control characters are found in
columns 0 and 1. A definition of each of these control characters is located after the conversion
table of Figure 3.1.

An ASCII character is represented by a byte, with bit 7 (MSB) being the parity bit and bits 6
through 0 determined by the conversion table. The parity bit is used for error detection when
transmitting data. For the purposes of this class you can assume the parity bit equal to 0.
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3.1. Binary String to ASCII Character Conversion

Given a string of binary bits or hexadecimal numbers, conversion to the ASCII characters is
performed by separating the string into individual bytes. Assume the parity bit is equal to O for
this class.

To convert bits 6 through 0 to ASCII, use the ASCII conversion table of Figure 3.2. The
least significant nibble, bits 3 through 0, represents the rows of the conversion table. Entries are
listed in both binary bits and hexadecimal digits. Bits 6 through 4 represent the columns of the
table. Once the specific column and row are found, the ASCII character represented by the byte
can be located in the conversion table. Continue this conversion process for each byte of the
string. This procedure is illustrated in the example below.

As an example, convert the following hexadecimal representation of a binary string with
zero parity to ASCII characters.

Hexadecimal Representation = 576861743F
57 68 61 74 3F
0101,0111 0110,1000 0110,0001 0111,0100 0011,1111
Convert using ASCII Conversion Table
w h a t ?  =What?

3.2. ASCIl Character to Binary String Conversion

The conversion of a string of characters to a string of bits of hexadecimal digits is
performed using the reverse process of above. Find the ASCII character in the ASCII
Conversion table. The byte representing this ASCII character is assembled by first determining
the row of the character in the table. This specifies the least significant nibble, bits 3 through 0.
Then determine the column of the character which specifies bits 6 through 4. Bit 7 is the parity
bit and assumed to be 0. Once all eight bits of the ASCII character byte are determined, they
can be converted to hexadecimal, if desired. This procedure is illustrated below.

ASCII Character String = What?

w h a t ?
Conversion 101,0111 110,1000 110,0001 111,0100 011,1111
Parity Added 0101,0111 0110,1000 0110,0001 0111,0100 00111111
Hexadecimal 57 68 61 74 3F
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Figure 3.1: Ascii Conversion Table

Number Systems And Codes

HEX MSD 0 1 2 3 4 5 6 7
LSD BINARY 000 001 010 011 100 101 110 111
0 0000 NUL DLE SPACE 0 @ P ‘ p
1 0001 SOH DC1 ! 1 A Q a q
2 0010 STX DC2 " 2 B R b r
3 0011 ETX DC3 # 3 C S c S
4 0100 EOT DC4 $ 4 D T d t
5 0101 ENQ NAK % 5 E U e u
6 0110 ACK SYN & 6 F \Y, f %
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 [ y
A 1010 LF SUB * J z ] z
B 1011 VT ESC + ; K [ k {
C 1100 FF FS , < L \ I |
D 1101 CR GS - = M ] m }
E 1110 SO RS > N n n ~
F 1111 Sl uUs / ? O 0 DEL
Control Characters:

NUL  Null VT Vertical Tabulation SYN Svnchronous Idle

SOH  Start of Headina FF Form Feed ETB End Transmission Block

STX  Start of Text CR  Carriage Return CAN Cancel

ETX End of Text SO Shift Out EM End of Medium

EOT End of Transmission Sl Shift In SUB  Substitute

ENO  Enauiry DLE Data Link Escape ESC Escape

ACK  Acknowledaoe DC Device Control 1 FS File Separator

BEL Bell DC  Device Control 2 GS Group Separator

BS Backspace DC  Device Control 3 RS Record Separator

HT Horizontal Tabulation DC  Device Control 4 us Unit Separator

LF Line Feed NA Neaative Acknowledae DEIL _Delete
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Practice Problems

1. Convert the unsigned binary numbers to decimal. Verify your answers by converting the
decimal result back to binary.

a) 0011 b) 1,1000 c) 1111,1111 d) 1,1100,0000
e) 1011 f) 10,0000 g) 1000,0011 h) 1000,0000,0011

2. Convert the hexadecimal numbers to binary. Verify your answers by converting the
binary result back to hexadecimal. All binary numbers should be unsigned 8 bits.
b) 0 b) 9 c) C d) 16
e) 45 f) 63 g) 64 h) AF

3. Write the hexadecimal string for the following ASCII character strings. Assume zero parity.
Check your answer by converting the binary string back to an ASCII String.
a) What If?
b) Typhoon!
c) Iwakuni, Japan
d) 96310
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Address Opcode Operand Assembly Code
DOO0O 86 12 LDA #S12
D002 8B - 0C ADDA {#s0C
D004 B7 D100 STA $D100
D007 BB D110 ADDA $D110
D00A B7 D101 STA $D101
DOOD 8B 1E- ADDA #S1E
DOOF B7 D102 STA $D102
D012 24 07 BCC $DO1B
D014 86 00 : LDA #$00
D016 B7 N110 STA $D110
D019 20 ¥C BRA $DO0O7
DO1B 3F SWI1
DOIC 08 FCB 08
Data Section
D110 co
A
Fetch Cycle
L
Decode Cycle
L
Execute Cycle

I

Number Systems And Codes

Boot ROM 0000
0001
0002

3FFF

Addresses of 4000
Peripheral 4001
Devices 4002

System RAM 7FFF
8000
8001
8002

Program Start D000
D001
D002
D003
D004
D005
D006
D007
D008
D009
DOOA
D00B
DooC

FFFF

I T

Iinternal Data Bue {8 Bit Bi-directional)

t

Index Register |

Index Reglster .

X
hi
S

U = Stack Pointer

Stack Pointer

1
PC = Program Counter‘

fop =pirp
et

;%xtn\
:Data
:Bus

=3
0 -

-k g}
cax
@ L

bt
[~

Register

Instruct.

Internal Address Bus (16 Bit Outputs)

/\ To all Registers,
ll Buffers, and ALU.

Controi

|8 to 256] 3
' Decoder | Unit

[emes)

Internal Control Busg

.Idmnn:m'
S cx
=+ ]sa]
coax
¥ °or
-
et
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86

12

8B

0ocC

B7

D1

00

BB

D1

10

B7

D1

01
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