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Preface

The most beautiful thing we can experience is the mysterious. It is the source of all true art
and science.

—Albert Einstein, What I Believe, 1930

We believe that learning in computer science and engineering should reflect the current
state of the field, as well as introduce the principles that are shaping computing. We also feel
that readers in every specialty of computing need to appreciate the organizational paradigms
that determine the capabilities, performance, energy, and, ultimately, the success of computer
systems.

Modern computer technology requires professionals of every computing specialty to un-
derstand both hardware and software. The interaction between hardware and software at a
variety of levels also offers a framework for understanding the fundamentals of computing.
Whether your primary interest is hardware or software, computer science or electrical engi-
neering, the central ideas in computer organization and design are the same. Thus, our em-
phasis in this book is to show the relationship between hardware and software and to focus on
the concepts that are the basis for current computers.

The recent switch from uniprocessor to multicore microprocessors confirmed the sound-
ness of this perspective. While programmers could ignore the advice and rely on computer
architects, compiler writers, and silicon engineers to make their programs run faster or be
more energy-efficient without change, that era is over. For programs to run faster, they must
become parallel. While the goal of many researchers is to make it possible for programmers
to be unaware of the underlying parallel nature of the hardware, they are programming, it
will take many years to realize this vision. Our view is that for at least the next- decade, most
programmers are going to have to understand the hardware/software interface if they want
programs to run efficiently on parallel computers.

This self-contained text devotes one full chapter to the basics of digital logic. While the
initial chapters describe in detail about computer organization, including CPU design, ALU
design, memory design and I/O organization, the text also deals with Assembly Language
Programming for Pentium using NASM assembler. What distinguishes the text is the special
attention it pays to Cache and Virtual Memory organization, as well as to RISC architecture
and the intricacies of pipelining. All these discussions are climaxed by an illuminating discus-
sion on parallel computers which shows how processors are interconnected to create a variety
of parallel computers.

This task is challenging for several reasons. First, there is a tremendous variety of prod-
ucts that can rightly claim the name of computer, from single-chip microprocessors costing a
few dollars to supercomputers costing tens of millions of dollars. Variety is exhibited not only
in cost but also in size, performance, and application. Second, the rapid pace of change that
has always characterized computer technology continues with no letup. These changes cover
all aspects of computer technology, from the underlying integrated circuit technology used to
construct computer components to the increasing use of parallel organization concepts in com-
bining those components.

Despite the variety and pace of change in the computer field, certain fundamental con-
cepts apply consistently throughout. The application of these concepts depends on the current



(i)
state of the technology and the price/performance objectives of the designer. The intent of this

book 1is to provide a thorough discussion of the fundamentals of computer organization and
architecture and to relate these to contemporary design issues.

The subtitle suggests the theme and the approach taken in this book. It has always been
important to design computer systems to achieve high performance, but never has this require-
ment been stronger or more difficult to satisfy than today. All the basic performance character-
istics of computer systems, including processor speed, memory speed, memory capacity, and
interconnection data rates, are increasing rapidly. Moreover, they are increasing at different
rates. This makes it difficult to design a balanced system that maximizes the performance and
utilization of all elements. Thus, computer design increasingly becomes a game of changing
the structure or function in one area to compensate for a performance mismatch in another
area. We will see this game played out in numerous design decisions throughout the book.

A computer system, like any system, consists of an interrelated set of components. The
system is best characterized in terms of structure— the way in which components are intercon-
nected, and function—the operation of the individual components. Furthermore, a computer’s
organization is hierarchical. Each major component can be further described by decomposing
it into its major subcomponents and describing their structure and function.

The objective is to present the material in a fashion that keeps new material in a clear con-
text. This should minimize the chance that the reader will get lost and should provide better
motivation than a bottom-up approach. This text is intended to acquaint the reader with the
design principles and implementation issues of contemporary operating systems. Accordingly,
a purely conceptual or theoretical treatment would be inadequate.

Throughout the discussion, aspects of the system are viewed from the points of view of
both architecture (those attributes of a system visible to a machine language programmer) and
organization (the operational units and their interconnections that realize the architecture).

The audience for this book includes those with little experience in assembly language or
logic design who need to understand basic computer organization as well as readers with back-
grounds in assembly language and/or logic design who want to learn how to design a computer
or understand how a system works and why it performs as it does.

Hope you enjoy reading this first edition as much as I did in writing it!

—Authors
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CoMPUTER SYSTEMS—A PERSPECTIVE

LEARNING OBJECTIVES

In this chapter we will learn:

> How to view a computer system from the perspectives of end users, system
and application programmers, and hardware designers.

> How to view a computer system as a layered system with facilities provided
by lower layers being used by higher layers.

> Block diagram view of a computer system.

> The views of digital logic designers and those of the architects of
computer systems.

INTRODUCTION

Computers are used in every walk of life to assist us in the various tasks we
perform. The wide availability of the Internet has enhanced the use of computers
for information sharing and communication. Today, low-cost personal computers
are available in plenty at homes and workplaces. Powerful supercomputers can be
accessed from remote terminals through communication networks. Computers are
more widely used now than ever before, not only by specialists but also by casual
users for a variety of applications. Because of the widespread use of computers,
software developers nowadays consider the ease of use as the most important
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2 Computer Organization and Architecture

design criterion. Further, the complexity of application programs has increased
enormously. Thus, many application programs consist of tens of thousands or even
millions of lines of code. Such large software is developed by a team of developers
to operate reliably and maintained and improved over long periods to be available
with minimal breakdowns. From the end users’ perspective, the number of lines of
code is irrelevant. Users simply interact with the application program viewing it
as a ‘black box’ and use it through an appropriate graphical user interface.
Application designers have to cater to a wide range of requirements. Hence the
system software and hardware of a computer system should have facilities to support
such application software developments.

Today computers have become universal machines used by almost everyone.
Home computers have proliferated and are used primarily for searching the World
Wide Web for information on diverse matters such as health, investment and news.
E-mail is another popular application among home users. Besides this, they are
used for e-shopping, booking tickets by airlines, trains, etc. Another use is to draft
letters, keep diaries, look for jobs, marriage partners, etc. These users are not
professionals. They are lay users and their main concern is ease of learning how
to use diverse applications and use them in a simple convenient manner. Apart
from individual users, organizations such as banks, hospitals, hotels, governments
and industrial manufacturers use computer systems interactively to assist them in
their functions. Banks use them to look up user accounts, print account statements,
etc. Hospitals use them in patients’ admission process, scheduling operation theatres,
routine patient care, billing and so on. Hotels use them to check room reservation
status, allot rooms, bill customers, etc. There are also myriad applications in the
“back offices” of the organizations for payroll, personnel management, and so on.

The hardware and the system software of a computer system are complex and
they can be abstractly modelled to get a simplified view. The kind of details that
we abstract from the model or conversely that we present in the model, depends
on the purpose for which or for whom the model is created. Generally, a system
designer uses the model for understanding and analyzing system before embarking
on the costly processes of its design and development.

To solve problems using computers, we need two major entities: data—which
suitably represent the relevant details of the problems to be solved in a form that
can be manipulated or processed by computers; and algorithms—which
systematically transform the input data using a step-by-step method and give the
desired output. We need a language to describe such algorithms; and we need
structured representation of data called ‘data structures’ to make them amenable
for computer processing. They are structured collections consisting of primitive
data elements such as integers, reals, Booleans, and/or ASCII characters.
Representation and processing of the primitive data elements are supported by the
computer hardware. A language used for describing algorithms meant for execution
on computers is known as a Programming Language. It is a formal language
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which is very different from a natural language such as English. Every statement
of a formal language is interpreted by the computer hardware in exactly one way.
Thus such a language has precisely defined syntax and unambiguous semantics.

Programming languages can be categorized into: (i) higher level languages like
JAVA or C++ which are independent of the hardware, and (ii) assembly languages
that are specialized and dependent on the hardware of the computer. An algorithm
expressed using one of the many programming languages is called a program. A
program consists of several statements each of which performs an operation on
some data. The operation is very primitive at the hardware level: add, subtract,
compare, move data from one register to another, test if a particular bit is ON or
OFF, etc. On the other hand, at the application level it can be quite complex. For
example, when a computer system is used for reserving an airline ticket, it could
look like this: “Reserve a one-way ticket from Bangalore to Montreal by Air France
for next week Sunday.” It is the responsibility of the application designer to develop
a clear specification for all the relevant higher level operations pertinent to the
domain of application.

Often a computer system is viewed as consisting of several layers depicted in
Figure 1.1. Usually the higher layers depend upon the facilities provided by the
lower layers. Such a layered view provides a functional overview of a complex
system such as computer. Each layer will be designed with careful considerations
to the needs of the upper layers supported by it as well as objectives fulfilled by
that layer and the constraints of the technology used for its implementation. In
this introductory textbook, we will study about the hardware layer and the assembly
language layer in detail.

End Users

={ Application Level
O.S. Level

,{
>{ H.L.L. Level Software Level
—»* Assembly Language Level
-ﬁ—a»i Machine Language Level

-——>* Hardware Level _l-;a_rf_i\;v—a;e; —Lc—e\_/c;lwl

Special access to System Designers

FIGURE 1.1 A layered view of a computer system.

A PrROGRAMMER’S VIEW OF A COMPUTER SYSTEM

Consider the following program segment written in a higher level language to sum
64 numbers stored in an array and find their average.
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Total := 0
For 1=1 to 64
Total := Total + Marks (1)
End
Average = Total / 64
Later in Chapter 8 we will study the details of NASM, the assembly language

of the popular Pentium processor. The above program segment can be written in
assembly language as below:

mov ecx,64 ; initialize ecx register to 64; loop count
mov eax,0 initialize the eax register to zero

mov es1,0 initialize index 1’ to O

mov ebx, marks ; store the base address of the array in ebx

[

addnext add eax, [ebx+esi] ; add the i-th element to eax

inc ebx,4 ; Increment by 4 to get the next element
loop addnext ; this instruction uses the ecx register
shr eax,6 ; a faster way to divide by 64 (2%)

Let us suppose that a professor has 64 students in his class. He, as the end
user of a computer software, 1ssues a command: “Find the average mid-term marks
of my class.” If the software has the knowledge that this professor has 64 students
in his class and their mid-term marks are stored in the vector Marks, the above
program segment can perform this task. A programmer using the higher level
language would focus more on the algorithm and the data structures needed to
solve the problem. The assembly language level programmer, on the other hand,
would have to focus not only on the algorithm and the data structures, but also on
finer details such as which hardware registers of the processor to use, where to
store the program and data in memory, and what instructions would efficiently
implement the operations needed on the data, and so on. A compiler, which is a
software system, can perform the task of translating a given higher level language
program into its assembly language equivalent automatically. People who develop
such compilers are also called programmers. Their needs are relatively more
specialized than the needs of the application programmers.

For a given computer system, there are several compilers to facilitate the users
to develop application programs in the languages that are suitable for them.
Compilers are thus one important software resource of a computer system. If we
add up the storage needed by all compilers, it is quite large. As the demand for
storage is very high in a modern computer system, there are at least two kinds of
memories: Primary memory or Random Access Memory (RAM) and Secondary
memory, for example disks. Disks are much cheaper than RAMs and hence it is
cost effective to have billions of bytes (giga bytes or GB) of disk storage in a
computer. When large disk storage is available, several users of a computer system
can keep their large data files in it. Thus, disk space is yet another resource that
is shared by users. It should, therefore, be properly managed, that is, allocated and
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de-allocated to users. Apart from memory, another resource to be managed in a
modern computer system is the “processor’s time”. A typical processor of today can
execute billions of instructions per second. Such a high capacity can be shared
among multiple tasks. Coordination of multiple tasks together solves a more complex
problem. Manager of all such resources in a computer system is also a software
that 1s known as the operating system. There are programmers of different
kinds—operating system developers, compiler writers, application developers, and
so on. Their needs and focus vary.

HARDWARE DESIGNER’S VIEW OF A COMPUTER
SYSTEM

A block diagram model of the computer system as viewed by a hardware designer
is shown in Figure 1.2. This classical model of a computer hardware system con-
sists of five basic subsystems:

1. Input

2. Output

3. Memory

4. Processor

5. Control

These subsystems communicate with each other by transferring data and control
signals among themselves which are denoted by the lines connecting the blocks in
Figure 1.2. In this figure the solid lines denote the data flow and the dotted lines
denote the control flow.

.| Processor
(ALU)

/ Input Memory

i

y

777777777777777777 Control }-—whv—va

— Data path
--—-- Control path

FIGURE 1.2 Block diagram of a computer.
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As a computer system is used to solve a problem it is necessary to feed data
relevant to the problem. This is done via the input subsystem. The results obtained
by solving the problem must be sent to the person (or even a machine) who gave
the problem. This is done by an output subsystem. The memory subsystem is
needed to store data as well as the program. The program is a step-by-step
description of the algorithm which describes the process of transforming the input
to the desired output. It is normally expressed in a language that the hardware can
understand. The processor is required to transform the input data based on the
primitive operations, which the hardware is designed to perform. Let us call these
primitive operations as machine instructions. There is a one-to-one correspondence
between the machine instructions and the assembly language instructions. For
ultimate execution, a program will be composed of such machine instructions. The
control subsystem is needed to correctly sequence the execution of various machine
instructions. It should be noted that the steps of an algorithm, written in the form
of a ‘program’ are also stored in the memory and fetched from memory one machine
instruction at a time for execution. The control unit knows how to control and
coordinate the various subsystems in executing a machine instruction. To denote
the fact that the machine instructions coming from the program stored in memory
is used by the control unit, we have drawn a solid line between memory and control
blocks in Figure 1.2. The processing subsystem performs both arithmetic (ADD,
SUBTRACT, MULTIPLY, DIVIDE) and logic (AND, OR, NOT) operations and thus
it is also known as Arithmetic and Logic Unit or ALU. Sometimes we refer to the
combination of processing and control subsystems as CPU.

We note in Figure 1.2 that memory is the ‘heart’ of this hardware organization.
A program is stored in memory and the data on which it operates is also stored in
memory. Instructions from this program are fetched by the control subsystem one
after another in an orderly fashion and the operations corresponding to that
instruction are performed by the ALU. We can redraw Figure 1.2 as shown in
Figure 1.3. In this new organization, we have explicitly shown the communication
path, in the form a hardware bus, between the various blocks. A bus in the hardware
is a ‘bunch’ of parallel wires and the associated hardware circuits which transport
the binary signal from source to destination. Two buses are shown in this figure
and both of them are bi-directional. The I/O bus connects the input/output
subsystems to memory; and the processor bus connects the CPU to memory. CPU
is made of hundreds of millions of electronic circuits that are suitably packaged
into components. These components are used to build subsystems and they are
controlled by a clock that runs at mega cycles per second (abbreviated MHz) or giga
cycles per second (GHz). On the other hand, the I/O is made of electro-mechanical
and electro-optical components and thus they operate only at several kilo cycles per
second (KHz). Figure 1.3 brings out an important problem in computer design. We
see that there are two entities which communicate with memory. Their speeds are
very different (ratio of 1 to 1000). These multiple entities may require the services
of memory (READ or WRITE services) simultaneously. How should we deal with
this speed mismatch? How do we resolve the conflict which may arise if both the



Computer Systems—A Perspective 7

subsystems attempt to simultaneously access the same memory location? The
computer hardware designers and the system software designers together should
address these two questions. We will see later in this book how these problems are
satisfactorily solved.

A4
A
35 |
T
<
=S

ALU

le—  Memory >

Output

Y
A4

Control [«

Bus-1 Bus-2

FIGURE 1.3 Bus-based organization of a computer.

A question arises, “How is this hardware used by the software?” The organized
collection of machine instructions is what we call a ‘program’. The program is
written in an appropriate programming language that the machine can interpret
and execute. The program embodies the method of solving a problem or the process
that transforms the input data into the desired output result. Normally, the program,
developed by a software engineer, may have thousands or millions of instructions
put together and it is stored in the memory. The program will then be executed
under the control of the control subsystem instruction by instruction. Thus, we can
distinguish between the two clear stages. The first stage is the one in which the
program is developed by a programmer or a team of software engineers using some
software tools and it is stored in the memory with the help of the input subsystem.
The second stage is when the program is executed and the end user interacts with
the computer and performs his or her intended tasks. This two-stage approach
forms the basis for the “stored program concept” which we will explain in greater
detail in the subsequent chapters.

OBJECTIVES OF THE COMPUTER ARCHITECT

In this section, we briefly explain the three terms: digital logic, computer organization
and architecture. A computer system, either at the hardware level or at the software
level, can be viewed as an abstraction consisting of several layers. Digital logic is
primarily concerned with the hardware layer. Computer organization’s primary
concern encompasses both hardware level and computer language levels. Referring
to Section 1.2, we note the design of processing unit is closely linked with the
machine language instructions one would like to support. The machine language
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instructions to be supported depend primarily on the type of application programs
one would like to run on the machine. The complete set of instructions supported
by a computer in its hardware is called the instruction set of that machine. The
choice of instruction set is one of the main concerns of computer organization. This
choice is governed by many factors such as the hardware-software trade-off and the
compatibility of the instruction sets of the computer as it evolves from one generation
to the other. The trade-off implies that a large number of instructions supported
by complex hardware would simplify writing machine language programs but it
would also increase the complexity of the hardware and hence the cost. Computer
organization is also concerned with the organization of memory and its
interconnection with CPU and I/O subsystems. One of the major problems in
designing memory is the speed mismatch between memory and CPU. Over the past
decades devices used to design CPU have always been 10 times faster than those
used in memory. This is primarily due to economics; in the sense that large memories
are needed to support most applications and thus slower cheaper devices are used
to design them compared to CPU. Thus in computer organization one uses the idea
of designing a hierarchy of memories to reduce the speed mismatch. This is one of
the major topics we will discuss. Lastly the organization of /O subsystems and
their interconnection with memory and CPU is a major concern. Here the problems
are the diversity of I/O devices which range in speeds of 1 to 100 and their mode
of operation also vary widely. While some devices transfer data one byte at a time,
others send streams of byte in chunks of the order of 200. We will describe how to
tackle this problem in this book.

A computer architect is in overall control of the design of a computer system.
We may compare the job of a computer architect with that of a building architect.
A building architect’s primary concern is planning a building, taking into account
the needs of prospective occupants of the building. This is coupled with aesthetics
of look and feel of the building. While these are the major objectives they have to
be met most economically using the latest materials available for construction. The
architect must be knowledgeable about the design of structures and be able to
interact with structural engineers who will design the structure.

A computer architect’s job is somewhat similar. The primary objective of a
computer architect is to meet the requirements of the end users of the system
making optimal use of hardware components available at reasonable cost. We have
described in some detail the end users’ perspective. Specifically we have seen that
computers are now widely used by diverse users. A computer architect has to be
aware of both the hardware and software layers and their interactions. Going back
to our analogy, a person dealing with computer organization is similar to a structural
engineer. The computer architect must thus be conversant with computer
organization. He has to pay special attention to deal with the speed mismatch
between main memory and CPU as well as that between I/O systems and memory/
CPU. The architect has to understand the prevailing technology and changing user
requirements and accordingly tune various systems and their parameters to
interoperate and create a balanced system. Specifically an architect uses facilities
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provided by the operating system to solve the following problems related to memory
systems.

e Increase the effective speed of memory by combining a large low cost memory
and several fast smaller memories to provide an effective faster access to
those data immediately required by the CPU.

e Increase the effective capacity of memory by combining a semi conductor
Random Access Memory (RAM) (whose capacity is small but whose speed is
high) with a disk memory (whose capacity is 1000 times more than that of
RAM but is 1000 times slower) to provide a “Virtual memory” with capacity
of a disk and a speed approaching that of the RAM.

By combining the above two techniques an architect succeeds in providing a
large capacity fast memory required by today’s large applications. In doing this,
the services of the operating system as well as the underlying hardware are made
to cooperate by the computer system architect.

Another area of importance to computer architects is I/O systems. As we pointed
out I/O devices are diverse and slow. They could become a bottleneck to computation.
Methods of alleviating this speed mismatch by both hardware and software are
devised by architects.

In modern times, two other important developments have taken place. One of
them is the Internet where computers across the world are interconnected by a
communication network. This interconnection has led to several important
applications such as the World Wide Web, searching for information on the web,
e-mail and e-commerce. This has been enabled by computer network architects
who evolved several standards, both at the hardware and software levels, which
make the interoperability of diverse computers possible. With a wide diversity and
access, newer problems arise. Privacy and security become very important issues.

The second important development is the design of parallel computers. Both for
increasing the computational power and the availability under certain failures,
parallel use of multiple computers have become common. Parallel computers
operating cooperatively achieve high speeds needed to solve highly complex problems.
With developments in the fabrication of electronic components like the CPU, today
people are able to fabricate multiple processors in a single component. A challenge
to an architect is to effectively use this power provided by the hardware to speed
up problem solution. A further challenge arises in making several independent
processors share a large memory system and access it in an orderly manner. There
are several such problems which arise and pose challenging issues to today’s
computer system architects.

SoME INVARIANT PRINCIPLES IN COMPUTER DESIGN

Computer systems are designed cooperatively by hardware designers, software
designers and computer systems architects. A computer architect needs to
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understand the current requirements of the population of users, the need for effective
use of the final system and the prevailing technology. These change quite rapidly.
In the last five decades, there have been huge shifts in user requirements and
prevailing technology of both hardware and software. In spite of these rapid changes
there are some major principles which have remained invariant over a longer
period. They are:

Upward Compatibility This is essential as software development is human
intensive and thus expensive to develop and maintain. Thus as new computer
hardware is introduced, it is essential to make sure that software developed for
earlier machines is able to run with little change in the new generation machines.

Software-Hardware trade-off It is possible in computers to obtain certain
functionalities either by hardware or by software. Hardware is faster but more
expensive whereas software is cheaper but slow. The trade-off between speed and
cost changes as technology evolves. There is, however, always a possibility of hardware-
software trade-off. This is what distinguishes computer system design from other
areas of engineering systems design.

Locality of reference of instruction and data A computer stores a sequence
of instructions in the memory in the order in which they are executed. Sequential
thinking seems to be natural for humans and sequential programming has always
been a dominant programming style. A number of data structures such as vectors,
sequential files and strings are also linear and sequential. In other words, if one
data item in the structure is referred, it is most likely that its neighbors will be
accessed next. In over five decades of evolution of computer systems, the locality
of reference has remained an important invariant in design. The design of pipelined
processors, cache memory and virtual memory are all dependent on this principle.
Pipelined processors use temporal parallelism, which is possible if different phase
in the execution of an instruction can be overlapped when a sequence of instructions
are carried out. We will describe this in great detail in this book.

Parallelism in applications There is inherent parallelism in many programs.
For example, the operation of two multiplications and a division in the expression
(a*b-c/d+f*z) can all be carried out simultaneously if there are two multipliers and
a divider which can work independently. Such parallelism is used in pipelined
processors. Data parallelism occurs when the same instruction can be carried out
on several data items such as simultaneous processing of pixels in a picture or a
video frame. Besides this, it is possible to overlap operations of CPU.

Amdahl’s Law This law states the simple fact that when a system consists of
many subsystems, in order to increase the speed of the system as a whole all
subsystems must also be speeded up by the same amount. Thus in order to decrease
the overall time for solving an application, it is essential to increase uniformly the
speed of all parts of computing systems. Thus computer desighers have to pay
particular attention to increase the speed of the slowest subsystem such as I/O by
appropriate architecture.
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The Pareto principle or 20-80 law This law states that in a large number of
systems, 20% of the system consumes 80% of the resources. It is thus important for
a computer architect to identify this critical 20% of the system and spend maximum
efforts to optimize its operation.

During early days of computers, experimental data on working computers were
not easily available. Thus the design used mostly common sense and several hunches
which experienced engineers had. This situation has now changed. A lot of
experimental data on several computers using a variety of applications programs
have been gathered. Thus the actual performance of computers is available allowing
an architect to understand the critical parts of a system. The modern methodology
of design consists of collecting a large number of typical application programs
known as benchmark programs using which a proposed design will be assessed.
Before committing hardware resources and building a system, it is simulated in an
existing computer and various alternatives are tried to arrive at an optimal design.

SUMMARY

1. A computer system may be viewed from the perspective of end users, system
and application programmers and hardware designers.

2. End users’ primary concern is ease of use and good user interfaces which may
be graphical, audio and even video.

3. The main concern of system and application programmers is the facilities
provided by the hardware which eases their task and enables them to develop
error-free maintainable programs.

4. Hardware designer’s concern is to provide the best design with currently
available technology at reasonable cost.

5. A complex system such as a computer is usually viewed as consisting of
several layers. Each layer may be independently designed. Higher layers
depend on the services provided by the lower layers.

6. We can view a computer system as consisting of six layers. The lowest to
highest layers are respectively hardware, machine language, assembly lan-
guage, high level language, operating system and application programs.

7. A computer hardware system consists of five subsystems. They are Input,
Output, Memory, Central Processing Unit and Control Unit. In the rest of
this book, we will describe each one of them in detail.

8. At the lowest level in the hierarchy of languages is machine language which
consists of instructions provided by the hardware of the computer.

9. Assembly language uses mnemonics for hardware instructions and symbolic
representation of memory address. It is a one-to-one representation of ma-
chine language.
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