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DicitAL COMPUTERS
AND INFORMATION

this book. Logic design deals with the basic concepts and tools used to design

digital hardware consisting of logic circuits. Computer design deals with the
additional concepts and tools used to design computers and other complex digital
hardware. Computers and digital hardware in general are referred to as digital
systems. Thus, this book is about understanding and designing digital systems. Due to
its generality and complexity, the computer provides an ideal vehicle for learning the
concepts of and tools for digital system design. In addition, due to its widespread use,
the computer itself is deserving of study. Hence, the focus in this book is on
computers and their design.

The computer will be not only a vehicle, but also a motivator for study. To this end, we
use the exploded pictorial diagram of a computer of the class commonly referred to as
a PC (personal computer) given on the opposite page. We use this generic computer
to highlight the significance of the material covered and its relationship to the overall
system. A bit later in the chapter, we will discuss the various major components of the
generic computer and see how they relate to a block diagram often used to describe a
computer.

L ogic design fundamentals and computer design fundamentals are the topics of

1-1 DiciTAL COMPUTERS

Today, digital computers have such a prominent and growing role in modern soci-
ety, that we often say we are in the “information age.” Computers are involved in
our business transactions, communications, transportation, medical treatment, and
entertainment. They monitor our weather and environment. In the industrial world,

O
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they are heavily employed in design, manufacturing, distribution, and sales. They
have contributed to many scientific discoveries and engineering developments that
would have been unattainable otherwise. Notably. the design of a new processor for
4 modern computer could not be done without the use of many computers!

The most striking property of the digital computer is its generality. [t can fol-
low a sequence of instructions, called a program, that operates on given data. The
user can specify and change the program or the data according to specific needs. As
a result of this flexibility. general-purpose digital computers can perform a variety
of information-processing tasks that range over a Very wide spectrum of applica-
tions. The general-purpose digital computer s the best known example of 2 digital
systemt. Characteristic of a digital system is its manipulation of discrete elements of
information. Any set that is restricted to a finite number of elements contains dis-
crete information. Examples of discrete sets are the 10 decimal digits, the 26 letters
of the alphabet. the 52 playing cards, and the 64 squares of a chessboard. Early dig-
ital computers were used mostly for numeric computations. In this case, the dis-
crete elements used were the digits. From such an application, the term digital
computer emerged.

Discrete elements of information are represented in a digital system by phys-
ical quantities called signals. Electrical signals such as voltages and currents are
most common. Electronic devices called transistors predominate in the circuitry
that implements these signals. The signals in all present-day electronic digital sys-
tems use just two discrete values and are therefore said to be binary.

We typically represent the two discrete values by ranges of voltage values
called HIGH and LOW. Output voltage ranges and input voltage ranges ar¢ illus-
trated in Figure 1-1. The HIGH output voltage value ranges between 4.0 and 5.5
volts, and the LOW output yoltage value ranges between —0.5 and 1.0 volt. The
high input range allows 3.0 to 5.5 volts to be recognized as a HIGH, and the low
input range allows —0.5 to 2.0 volts to be recognized as a LOW. The fact that the

input ranges are longer than the output ranges allows the circuits to function cor-
rectly in spite of variations in their behavior and undesirable “noise” voltages that
may be added to or subtracted from the outputs.

We give the output and input voltage ranges a number of different names.
Among these are HIGH and LOW, TRUE and FALSE, and 1 and 0. It is clear that

OUTPUT INPUT

— 5.0
HIGH 40 HIGH
L 3.0—
_2_0_—
L 1.0~
LOW LOW
0.0
Volts

O FIGURE 1-1
An Example of Voltage Ranges for Binary Signals

4 O CHAPTER 1/ DIGITAL COMPUTERS AND INFORMATION

Page 5 of 9

ol
i |

AAK AMARAKK




~: nigher voltage ranges are associated with HIGH, abbreviated H, and the lower
1aze ranges with LOW, abbreviated L. We find, however, that for TRUE and 1
.~ FALSE and 0, there is a choice. TRUE and 1 can be associated with either the
» zher or lower voltage range and FALSE and 0 with the other range. Unless oth-
.12 indicated, we assume that TRUE and 1 are associated with the higher of the
‘aze ranges, H, and that FALSE and 0 are associated with the lower of the volt-
#e ranges, L.

Why is binary used? In contrast to the situation in Figure 1-1, consider a sys-
-= with 10 values representing the decimal digits. In such a system, the voltages
svatlable—say, 0 to 5.0 volts—could be divided into 10 ranges, each of length 0.5
© A circuit would provide an output voltage within each of these 10 ranges. An
~-ut of a circuit would need to determine in which of the 10 ranges an applied
1ase lies. If we wish to allow for noise on the voltages. then output voltage might
-« permitted to range over less than 0.25 volt, and boundaries between inputs
21d only vary by less than 0.25 volt. This would require complex and costly elec-
-~mic circuits and still could be disturbed by small “noise” voltages or small varia-
ns in the circuits occurring during their manufacture or use. As a consequence,
-~ use of such multivalued circuits is very limited. Instead, binary circuits are used
-~ which correct circuit operation can be achieved with significant variations in
5 the two output voltages and the two input ranges. The resulting transistor cir-
=t with an output that is either HIGH or LOW is simple, easy to design, and

sxiremely reliable.

nformation Representation

Snce 0 and 1 are associated with the binary number system, they are the pre-
=-red names for the signal ranges. A binary digit is called a bir. Information is
represented in digital computers by groups of bits. By using various coding tech-
sques, groups of bits can be made to represent not only binary numbers, but also
ther groups of discrete symbols. Groups of bits, properly arranged, can even
specify to the computer the instructions to be executed and the data to be pro-
cessed.

Discrete quantities of information either emerge from the nature of the data
~eing processed or may be purposely quantized from continuous values. For
-xample. a payroll schedule is inherently discrete data containing employee
names. social security numbers, weekly salaries, income taxes, and so on. An
emplovee’s paycheck is processed using discrete data values such as letters of the
aiphabet (for the employee’s name), digits (for the salary), and special symbols
like 3. On the other hand, an engineer may measure the speed of rotation of an
sutomobile wheel, which varies continuously with time, but may record only spe-
cific values at specific times in tabular form. The engineer is thus quantizing the
continuous data, making each number in the table a discrete quantity of informa-
sion. In a case such as this, if the measurement can be converted to an electronic
siznal. the quantization of the signal in both value and time can be performed
automatically by an analog-to-digital conversion device.

1-1 / Digital Computers O 5
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Computer Structure

A block diagram of a digital computer is shown in Figure 1-2. The memory stores
programs as well as input, output, and intermediate data. The datapath performs
arithmetic and other data-processing operations as specified by the program. The
control unit supervises the flow of information between the various units. A data-
path, when combined with the control unit, forms a component referred to as a
central processing unit, or CPUL

The program and data prepared by the user are transferred into memory by
means of an input device such as a keyboard. An output device, such as a CRT
(cathode-ray tube) monitor, displays the results of the computations and presents
them to the user. A digital computer can accommodate many different input and
output devices, such as hard disks, floppy disk drives, CD-ROM drives, and scan-
ners. These devices use some digital logic, but often include analog electronic
circuits, optical sensors, CRTs or LCDs (liquid crystal displays), and electrome-
chanical components.

The control unit in the CPU retrieves the instructions, one by one, from the
program stored in the memory. For each instruction, the control unit manipulates
the datapath to execute the operation specified by the instruction. Both program
and data are stored in memory. A digital computer is a powerful system. It can per-
form arithmetic computations, manipulate strings of alphabetic characters, and be
programmed to make decisions based on internal and external conditions.

More on the Generic Computer

At this point, we will briefly discuss the generic computer and relate its various
parts to the block diagram in Figure 1-2, At the lower left of the picture on page 2
is the heart of the computer, an integrated circuit called the processor. Modern
processors such as this one are quite complex and consist of millions of transistors.
The processor contains four functional modules: the CPU, the FPU, the MMU. and
the internal cache.

i

Control

it Datapath

Input/Output

O FIGURE 1-2
Block Diagram of a Digital Computer
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We have already discussed the CPU. The FPU (floating-point unit) is some-

2t like the CPU, except that its datapath and control unit are specifically
Js:zned to perform floating-point operations. In essence, these operations process
~‘ormation represented in the form of scientific notation, e.g., 1.234 X 107, per-
= 1ing the generic computer to handle very large and very small numbers. The

?1° and the FPU, in relation to Figure 1-2, each contain a datapath and a control

The MMU is the memery management unit. The MMU plus the internal
- and the separate blocks near the bottom of the computer labeled “External
2che” and “RAM” (random access memory) are all part of the memory in Figure
-2 The two caches are special kinds of memory that allow the CPU and FPU to
=t a1 the data to be processed much faster than with RAM alone. RAM is what is
=<t commonly referred to as memory. As its main function, the MMU causes the
—-mory that appears to be available to the CPU to be much, much larger than the
~o-ual size of the RAM. This is accomplished by data transfers between the RAM
.= the hard disk shown at the top of the picture of the generic computer. So the
k. which we discuss later as an input/output device, appears conceptually as
of the memory and input/output.

The connection paths shown between the processor, memory, and external
~.che are the pathways between integrated circuits. These are typically imple-
menied as fine copper conductors on a printed circuit board. The connection paths
~=.ow the bus interface are referred to as the processor bus. The connections above

- bus interface are referred to as the input/output (1/O) bus. The processor bus
:=2 the 1/O bus attached to the bus interface carry different numbers of bits of
~212 and have different ways of controlling the movement of data. They may also

~crate at different speeds. The bus interface hardware handles these differences

All of the remaining structures in the generic computer are considered part
‘10 in Figure 1-2. In terms of sheer physical volume, these structures dominate.
I= order to enter information into the computer, a keyboard is provided. In order
view output in the form of text or graphics, a graphics adapter card and CRT
= omitor are provided. The hard disk discussed previously is an electromechanical
—aonetic storage device. It stores large quantities of information in the form of
=.znetic flux on spinning disks coated with magnetic materials. In order to control
~- hard disk and transfer information to and from it, a disk controller is used. The
svboard. graphics adapter card, and disk controller card are all attached to the
7 bus. This allows these devices to communicate through the bus interface with
== CPU and other circuitry connected to the processor buses.
The generic computer consists mainly of an interconnection of digital mod-
.les. To understand the operation of each module, it is necessary to have a basic
coowledge of digital systems and their general behavior. Chapters 1 through 5 of
~:s book deal with logic design of digital circuits in general. Chapters 6 through 8
“scuss the primary components of a digital system, their operation, and their
n. The operational characteristics of RAM are explained in Chapter 6. The
nization and design of datapaths are discussed in Chapter 7. Methods for
ning control units are introduced in Chapter 8. Chapters 9 through 11 present
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the basics of computer design. Some typical instructions employed in digital com-
puter CPUs are presented in Chapter 9. The organization and design of typical
CPUs are examined in Chapter 10. Input and output devices and the various ways
that a CPU can communicate with them are discussed in Chapter 11. Finally,
memory hierarchy concepts related to the caches and MMU are introduced in
Chapter 12.

To guide the reader through this material and to keep in mind the “forest™ as
we carefully examine many of the “trees,” at the beginning of each chapter we pro-
vide a copy of the generic computer. Appropriate blue shading represents the cov-
erage of the material in the chapter. In addition, accompanying discussion appears
in a blue box to tie the topics in the chapter to the associated components of the
computer. At the completion of our journey, we will have covered most of the var-
ious modules of the computer and will have an understanding of the fundamentals
that underlie both its function and design.

Earlier we mentioned that a digital computer manipulates discrete elements
of information and that all information in the computer is represented in binary
form. Operands used for calculations may be expressed in the binary number sys-
tem or in the decimal system by means of a binary code. The letters of the alpha-
bet are also converted into a binary code. The purpose of the remainder of this
chapter is to introduce the binary number system, binary arithmetic, and selected
binary codes as a basis for further study in the succeeding chapters. In relation to
the generic computer, this material is very important and spans all of the compo-
nents except some in I/O that involve mechanical operations and analog (as con-
trasted with digital) electronics. Thus, almost all of the generic computer is shaded
m blue.

1-2 NUMBER SYSTEMS

The decimal number system is employed in everyday arithmetic to represent num-
bers by strings of digits. Depending on its position in the string, each digit has an
associated value of an integer raised to the power of 10. For example, the decimal
number 724.5 is interpreted to represent 7 hundreds plus 2 tens plus 4 units plus 5
tenths. The hundreds, tens, units, and tenths are powers of 10 implied by the posi-
tion of the digits. The value of the number is computed as follows:

7245 =7 X102 +2 % 10" +4 x 10 +5 x 107!

The convention is to write only the digits and infer the corresponding powers of 10
from their positions. In general, a decimal number with a decimal point is repre-
sented by a string of coefficients:

A”An, l"'AlAﬂ‘A"]A—Z"'A-—m+|A—m

Each coefficient 4, is one of 10 digits (0, 1.2, 3,4, 5,6, 7, 8, 9). The subscript value
i gives the position of the coefficient and, hence, the weight 10/ by which the coeffi-
cient must be multiplied.
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