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1.1 Introduction

Civilization advances by extending the number of important operations which we can
perform without thinking about them. ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
Alfred North Whitehead, An Introduction to Mathematics, 1911 FIUEEL4709CSpring2025

Welcome to this book! We're delighted to have this opportunity to convey the excitement of the
world of computer systems. This is not a dry and dreary field, where progress is glacial and where
new ideas atrophy from neglect. No! Computers are the product of the incredibly vibrant
information technology industry, all aspects of which are responsible for almost 10% of the gross
national product of the United States, and whose economy has become dependent in part on the
rapid improvements in information technology. This unusual industry embraces innovation at a
breath-taking rate. In the last 40 years, there have been a number of new computers whose
introduction appeared to revolutionize the computing industry; these revolutions were cut short
only because someone else built an even better computer.

This race to innovate has led to unprecedented progress since the inception of electronic
computing in the late 1940s. Had the transportation industry kept pace with the computer industry,
for example, today we could travel from New York to London in a second for a penny. Take just a
moment to contemplate how such an improvement would change society—living in Tahiti while
working in San Francisco, going to Moscow for an evening at the Bolshoi Ballet—and you can
appreciate the implications of such a change.

Computers have led to a third revolution for civilization, with the information revolution taking its
place alongside the agricultural and the industrial revolutions. The resulting multiplication of
humankind's intellectual strength and reach naturally has affected our everyday lives profoundly
and changed the ways in which the search for new knowledge is carried out. There is now a new
vein of scientific investigation, with computational scientists joining theoretical and experimental
scientists in the exploration of new frontiers in astronomy, biology, chemistry, and physics, among
others.

The computer revolution continues. Each time the cost of computin% improves by another factor of

" . L Ozy 0oks 05/16(25 2 082415274
10, the opportunities for computers multiply. Applications that were economically infeasible
suddenly become practical. In the recent past, the following applicationsrweredeoapputenseience
fiction."

e Computers in automobiles: Until microprocessors improved dramatically in price and
performance in the early 1980s, computer control of cars was ludicrous. Today, computers
reduce pollution, improve fuel efficiency via engine controls, and increase safety through
nearly automated driving, and air bag inflation to protect occupants in a crash.
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e Cell phones: Who would have dreamed that advances in computer systems would lead to
more than half of the planet having mobile phones, allowing person-to-person
communication to almost anyone anywhere in the world?

e Human genome project: The cost of computer equipment to map and analyze human DNA
sequences was hundreds of millions of dollars. It's unlikely that anyone would have
considered this project had the computer costs been 10 to 100 times higher, as they would
have been 15 to 25 years earlier. Moreover, costs continue to,¢sop;yQd wil) soon heableto,
acquire your own genome, allowing medical care to be tailored to youJaheim Attri

o World Wide Web: Not in existence at the time of the first edition 5%&%@8&%@”\9@%%8
transformed our society. For many, the web has replaced libraries and newspapers.

e Search engines: As the content of the web grew in size and in value, finding relevant
information became increasingly important. Today, many people rely on search engines for
such a large part of their lives that it would be a hardship to go without them.

Clearly, advances in this technology now affect almost every aspect of our society. Hardware
advances have allowed programmers to create wonderfully useful software, which explains why
computers are omnipresent. Today’s science fiction suggests tomorrow's killer applications:
already on their way are glasses that augment reality, the cashless society, and cars that can drive
themselves.

PARTICIPATION . . . .
ACTIVITY 1.1.7: The information revolution.
1) The computing industry has not ]

improved quite as rapidly as the
transportation industry.

) True
() False

2) The agricultural and industrial D
revolutions each transformed society.
Computers have led to a relatively
recent information revolution.

) True

©zyBooks 05/16/25 23:08 2475274
) False Jaheim Attri

. FIUEEL4709 ing202
3) Computer improvements have led to v 09CSpring2025 D

previously undreamt applications like
cell phones, but most signs suggest
the improvements are now coming to
an end.

) True
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() False

Classes of computing applications and their characteristics

Although a common set of hardware technologies (see COD Sections 1.4 (Under the covers) and
1.5 (Technologies for processors and memory)) is used in computers ranging from smart home
appliances to cell phones to the largest supercomputers, these différartapplications Navetdifférent
desi . i q lov th hard technolodies in di the|mAr|

esign requirements and employ the core hardware technologies in differen WY, E%%%
speaking, computers are used in three different classes of applications: personal computers,

servers, and embedded computers.

parTicipaTioN | 1.71.2: Classes of computing: Personal computers, servers, and embedded
ACTIvITY computers.

Wikipedia.com
Server
Network
Embedded computers:
PC PC PC
TV PC
PC
O =
Dryer Washer
Home Home Home
Animation content: ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025
Static Figure: A server for Wikipedia.com is connected to the three home scenarios through a

network. The first scenario contains a personal computer (PC) and three embedded computers
which are a TV, a dryer, and a washer. The second scenario contains three PCs and the third
scenario contains two PCs.

Step 1: A personal computer (PC) is a computer designed for use by an individual, usually
incorporating a graphics display, a keyboard, and a mouse.
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The first home scenario is shown with just the PC.

Step 2: An embedded computer is a computer inside another device used for running one

predetermined application or collection of software.

The TV, dryer, and washer are now shown in the first home scenario.

Step 3: A server is a computer used for running larger programs for multiple users, often

simultaneously, and typically accessed only via a network.

The second and third home scenarios are shown connected th@ﬁ@@&&?dﬁ?%f%i@;é@%wwm

Wikipedia server. Jaheim Attri
FIUEEL4709CSpring2025

Animation captions:

1. A personal computer (PC) is a computer designed for use by an individual, usually
incorporating a graphics display, a keyboard, and a mouse.

2. An embedded computer is a computer inside another device used for running one
predetermined application or collection of software.

3. A server is a computer used for running larger programs for multiple users, often
simultaneously, and typically accessed only via a network.

Personal computers (PCs) in the form of laptops are possibly the best-known form of computing,
which readers of this book have likely used extensively. Personal computers emphasize delivery of
good performance to single users at low cost and usually execute third-party software. This class
of computing drove the evolution of many computing technologies, which is only about 40 years
old!

Personal computer (PC): A computer designed for use by an individual, usually incorporating a
graphics display, a keyboard, and a mouse.

Figure 1.1.1: Personal computers: Desktop and laptop computers.

e
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Source: zyBooks

Servers are the modern form of what were once much larger computers, and are usually accessed
only via a network. Servers are oriented to carrying large workloads, which may consist of either
single complex applications—usually a scientific or engineering application—or handling many
small jobs, such as would occur in building a large web server. These applicationssare usually274
based on software from another source (such as a database or simulation $y&tef}But are often
modified or customized for a particular function. Servers are built frorﬂL{EELsar%gecgggpg%ggﬁnology
as desktop computers, but provide for greater computing, storage, and input/output capacity. In
general, servers also place a greater emphasis on dependability, since a crash is usually more
costly than it would be on a single-user PC.

Server. A computer used for running larger programs for multiple users, often simultaneously,
and typically accessed only via a network.

Servers span the widest range in cost and capability. At the low end, a server may be little more
than a desktop computer without a screen or keyboard and cost a thousand dollars. These low-end
servers are typically used for file storage, small business applications, or simple web serving (see
COD Section 6.11 (Multiprocessor benchmarks and performance models)). At the other extreme
are supercomputers, which at the present consist of tens of thousands of processors and many
terabytes of memory, and cost tens to hundreds of millions of dollars (see terabytes discussion
near this section's end).

Figure 1.1.2: Servers: Each rack contains multiple servers.

MR oks 05/16/25 23:08 2475274
" Jaheim Attri
N |UEEL4709CSpring2025

Commons

Supercomputers are usually used for high-end scientific and engineering calculations, such as
weather forecasting, oil exploration, protein structure determination, and other large-scale
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problems. Although such supercomputers represent the peak of computing capability, they
represent a relatively small fraction of the servers and a relatively small fraction of the overall
computer market in terms of total revenue.

Supercomputer: A class of computers with the highest performance and cost; they are
configured as servers and typically cost tens to hundreds of millions of dollars.
©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025

Figure 1.1.3: Supercomputers: Cray Y T90A supercomputer.

Source: NASA / Public domain via Wikimedia Commons

Embedded computers are the largest class of computers and span the widest range of applications
and performance. Embedded computers include the microprocessors found in your car, the
computers in a television set, and the networks of processors that control a modern airplane or
cargo ship. A popular term today is Internet of Things (I0T), whichzstiggestermatipsiviall devices
that all communicate wirelessly over the Internet. Embedded Computmgﬁ%f%rgﬁ%ﬁ%%%ed to
run one application or one set of related applications that are normally integrated with the
hardware and delivered as a single system; thus, despite the large number of embedded
computers, most users never really see that they are using a computer!
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Embedded computer. A computer inside another device used for running one predetermined
application or collection of software.

Embedded applications often have unique application requirements that combine a minimum
performance with stringent limitations on cost or power. For example, consider a music player: the
processor need only be as fast as necessary to handle its limited function, and beyond that
minimizing cost and power is the most important objective. Desp@):)itzé@[ﬁgirslgﬂgpgémé%%ge%%5 ’

|
computers often have lower tolerance for failure, since the results car Variy frorGipsettityg fwhen
your new television crashes) to devastating (such as might occur when the computer in a plane or
cargo ship crashes). In consumer-oriented embedded applications, such as a digital home
appliance, dependability is achieved primarily through simplicity—the emphasis is on doing one
function as perfectly as possible. In large embedded systems, techniques of redundancy from the
server world are often employed. Although this book focuses on general-purpose computers, most

concepts apply directly, or with slight modifications, to embedded computers.

Figure 1.1.4: Embedded computer: Thermostat.

\

Source: zyBooks

ACTIVITY 1.1.3: The three classes of computing applications. Jaheim Attri

PARTICIPATION ©zyBooks 05/16/25 23:08 2475:{ f[
FIUEEL4709CSpring2025

Indicate to which class each computing application belongs.

1) A home computer kept on a desktop D
and used by family members for
emails, web browsing, social
networking, and movie watching.
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() Embedded
) PC
() Server

2) A computer in an Amazon building
accessed by thousands of people for
online shopping.

() Embedded
O PC
() Server

3) A computer in a cardiac pacemaker,
which delivers electric shocks to keep
a human's heart beating properly.

() Embedded
) PC

() Server
4) A computer at a federal laboratory
that continually executes
sophisticated algorithms on massive
amounts of data from various

weather stations to develop accurate
weather forecasts.

() Embedded
O PC
() Server

Elaboration

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

[

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Elaborations are short features used throughout the text to p@oZ T eorlfﬁso%a/(ﬁé’{#(?éﬁ}g 82475274
particular subject that may be of interest. Disinterested readers may sKip.overapring2025
elaboration, since the subsequent material will never depend on the contents of the

elaboration.

Many embedded processors are designed using processor cores, a version of a
processor written in a hardware description language, such as Verilog or VHDL (see
COD Chapter 4 (The Processor)). The core allows a designer to integrate other
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application-specific hardware with the processor core for fabrication on a single chip.

Welcome to the PostPC era

The continuing march of technology brings about generational cRangeshconpterHarddaré/that
o , . . ... _Jahe|m Attri
shake up the entire information technology industry. Since the fourth ?@Eﬂ%?ﬁéb@%%‘@o@? have
undergone such a change, as significant in the past as the switch starting 40 years ago to personal
computers. Replacing the PC is the personal mobile device (PMD). PMDs are battery operated with
wireless connectivity to the Internet and typically cost hundreds of dollars, and, like PCs, users can
download software ("apps") to run on them. Unlike PCs, they no longer have a keyboard and mouse,
and are more likely to rely on a touch-sensitive screen or even speech input. Today's PMD is a
smart phone or a tablet computer, but tomorrow it may include electronic glasses. The following
figure shows the rapid growth over time of tablets and smart phones versus that of PCs and
traditional cell phones.

Personal mobile devices (PMDs) are small wireless devices to connect to the Internet; they rely
on batteries for power, and software is installed by downloading apps. Conventional examples
are smart phones and tablets.

Figure 1.1.5: The number sold per year of tablets and smart phones, which
reflect the PostPC era, versus personal computers and traditional cell
phones (COD Figure 1.2).

Smart phones represent the recent growth in the cell phone industry, and they passed PCs
in 2011. PCs, tablets, and traditional cell phone categories are declining. The peak volume
years are 2011 for cell phones, 2013 for PCs, and 2014 for tablets. PCs fell from 20% of
total units shipped in 2007 to 10% in 2018.

1600
Smart pho@gyBooks 05/16/25 23:08 2475274

1400 Jaheim Attri
FIUEEL4709CSpring2025
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PC (excluding tablets)

200 /
Tablet
0

2007
2008

Taking over from the traditional server is Cloud Computing, whicf@r@?é@b@@ﬁ/%@é% dataeentéry that
are now known as Warehouse Scale Computers (\WSCs). Companies Hﬁ@ﬁgﬁé@@%ﬂ&%gle build
these WSCs containing 50,000 servers and then let companies rent portions of them so that they
can provide software services to PMDs without having to build WSCs of their own. Indeed,
Software as a Service (SaaS) deployed via the Cloud is revolutionizing the software industry just as
PMDs and WSCs are revolutionizing the hardware industry. Today's software developers will often

have a portion of their application that runs on the PMD and a portion that runs in the Cloud.

Cloud computing refers to large collections of servers that provide services over the Internet;
some providers rent dynamically varying numbers of servers as a utility.

Software as a Service (SaaS) delivers software and data as a service over the Internet, usually
via a thin program such as a browser that runs on local client devices, instead of binary code
that must be installed, and runs wholly on that device. Examples include web search and social

networking.

PARTICIPATION )

ACTIVITY 1.1.4: PostPC era.

1) "PostPC" era refers to today's D

situation of today's most widely-used
computers being things other than
PCs.

) True

) False
2) The number of PCs sold annually ©zyBooks 05/16/25 23:08 2475274
) ) ) Jaheim Attri
continues to increase at a dramatic FIUEEL4709CSpring2025

rate.
) True
() False

3) Asmart phone isn't actually a ]
computer.
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True

False

4) Cloud computing often involves D
thousands of servers in giant
warehouses.
True ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
False FIUEEL4709CSpring2025

5) Software as a Service refers to D
installing large software applications
on a PC, such as Microsoft Office.

True

False

6) In 2012, about 600 million smart D
phones were sold.

True

False

What you can learn in this book

Successful programmers have always been concerned about the performance of their programs,
because getting results to the user quickly is critical in creating successful software. In the 1960s
and 1970s, a primary constraint on computer performance was the size of the computer's
memory. Thus, programmers often followed a simple credo: minimize memory space to make
programs fast. In the last two decades, advances in computer design and memory technology
have greatly reduced the importance of small memory size in most applications other than those in
embedded computing systems.

Programmers interested in performance now need to understand the issues that have replaced the
simple memory model of the 1960s: the parallel nature of processors and the hierarchical nature of
memories. Moreover, as we explain in COD Section 1.7 (The power wall), today's programmers
need to worry about energy efficiency of their programs running eithesairs thie RIVID o8 :irsthe/Gloud,
which a!go requires understanding yvhat is below your gode. Programm&&ﬁﬁ?é%%@%ﬂgz%%d
competitive versions of software will therefore need to increase their knowledge of computer

organization.

We are honored to have the opportunity to explain what's inside this revolutionary machine,
unraveling the software below your program and the hardware under the covers of your computer.
By the time you complete this book, we believe you will be able to answer the following questions:
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e How are programs written in a high-level language, such as C or Java, translated into the
language of the hardware, and how does the hardware execute the resulting program?
Comprehending these concepts forms the basis of understanding the aspects of both the
hardware and software that affect program performance.

e What is the interface between the software and the hardware, and how does software
instruct the hardware to perform needed functions? These concepts are vital to

. . . ©zyBooks 05/16/25 23:08 2475274
understanding how to write many kinds of software. Jaheim Attri

e What determines the performance of a program, and how can a-pregramaigiinmprove the
performance? As we will see, this depends on the original program, the software translation
of that program into the computer's language, and the effectiveness of the hardware in
executing the program.

» What techniques can be used by hardware designers to improve performance? This book will
introduce the basic concepts of modern computer design. The interested reader will find
much more material on this topic in our advanced book, Computer Architecture: A Quantitative
Approach.

e What techniques can be used by hardware designers to improve energy efficiency? What can
the programmer do to help or hinder energy efficiency?

e What are the reasons for and the consequences of the recent switch from sequential
processing to parallel processing? This book gives the motivation, describes the current
hardware mechanisms to support parallelism, and surveys the new generation of ‘multicore”
microprocessors (see COD Chapter 6 (Parallel Processors from Client to Cloud)).

e Since the first commercial computer in 1951, what great ideas did computer architects come
up with that lay the foundation of modern computing?

Multicore microprocessor: A microprocessor containing multiple processors (“cores") in a single
integrated circuit.

Without understanding the answers to these questions, improving the performance of your
program on a modern computer or evaluating what features might make one computer better than
another for a particular application will be a complex process of trial and error, rather than a
scientific procedure driven by insight and analysis.

This first chapter lays the foundation for the rest of the book. It introduces the basic ideas and
definitions, places the major components of software and hardw&%go%régﬂcg}&%ﬁ&é{@rggﬁﬂo
evaluate performance and energy, introduces integrated circuits (the technalogyrthatfuels the
computer revolution), and explains the shift to multicores. FIUEEL4709CSpring2025

In this chapter and later ones, you will likely see many new words, or words that you may have
heard but are not sure what they mean. Don't panic! Yes, there is a lot of special terminology used
in describing modern computers, but the terminology actually helps, since it enables us to describe
precisely a function or capability. In addition, computer designers (including your authors) love
using acronyms, which are easy to understand once you know what the letters stand for! To help
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you remember and locate terms, we include a definition of each key term in a colored box near the
first place a key term appears in the text. After a short time of working with the terminology, you
will be fluent, and your friends will be impressed as you correctly use acronyms such as BIOS, CPU,

DIMM, DRAM, PCle, SATA, and many others.

Acronym: A word constructed by taking the initial letters of a string of words. For example: RAM
is an acronym for Random Access Memory, and CPU is an acro&yﬁofo rs%%ﬂr@/‘z%r%-ﬁﬁsjﬂ%g%t

PARTICIPATION
ACTIVITY

1)

Today's programmers of PCs and
servers emphasize improving
program performance by using a
minimal amount of memory.

O True
) False
Today's programmers also

emphasize energy efficiency of
programs.

O True

O False
The performance of a program
depends on many things, like the
original program, how the program is

translated to a computer's language,
and the hardware.

) True
() False

A multicore microprocessor is a
single processor capable of switching
between multiple programs.

) True
() False

Acronyms are rarely used in the field
of computers.

Jaheim Attri
FIUEEL4709CSpring2025

1.1.5: What can be learned from this book.

L

©zyBooks 05/16/25 23:08 24752@
Jaheim Attri
FIUEEL4709CSpring2025
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) True
() False

To reinforce how the software and hardware systems used to run a program will affect
performance, we use a special example called Understanding program performance throughout the

book to summarize important insights into program performance. The first one appears below.
©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

. FIUEEL4709CSpring2025
Table 1.1.7: Understanding program performance.

The performance of a program depends on a combination of the effectiveness of the
algorithms used in the program, the software systems used to create and translate the
program into machine instructions, and the effectiveness of the computer in executing
those instructions, which may include input/output (I/0) operations. This table
summarizes how the hardware and software affect performance.

Hardware or How this component affects

Where is this topic covered?
software component performance

Determines both the
number of source-level

Algorithm Other books!
statements and the number

of 1/0 operations executed

. Determines the number of .
Programming . . COD Chapters 2 (Instructions:
computer instructions for

language, compiler, each source-level Language of the Computer) and 3

and architecture (Arithmetic for Computers)
statement

COD Chapters 4 (The Processor),

Determines how fast 5 (Large and Fast: Exploiting
Processor and . . .
instructions can be Memory Hierarchy), and 6
memory system :
executed (Parallel Processor from Client to
Cloud)
COD CHapters's @%3@@%%{‘75274
I/0 system Determines how fast I/0 5 (Large and-fasti bxpeiting q2025
(hardware and operations may be Memory Hierarchy), and 6
operating system) executed (Parallel Processor from Client to
Cloud)
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A "terabyte" and other sizes
The above discussion on supercomputers used the term "terabyte”.

Terabyte (TB): Originally 1,099,511,627,776 (2%9) bytes, although communications and
secondary storage systems developers started using the term %Z?[r?gghsfggébgéﬁaﬁgg%?o?oﬁf%ﬁlz)
bytes. To reduce confusion, we now use the term tebibyte (TiB) for 29i5ytés) definingzerabyte
(TB) to mean 102 bytes. The figure below shows the full range of decimal and binary values and
names.

Table 1.1.2: Size ambiguity resolved with binary notation for common size
terms (COD Figure 1.7).

The 2% vs. 10" bytes ambiguity was resolved by adding a binary notation for all the
common size terms. In the last column we note how much larger the binary term is than
its corresponding decimal term, which is compounded as we head down the chart. These
prefixes work for bits as well as bytes, so gigabit (Gb) is 10 bits while gibibits (Gib) is 23°
bits. The society that runs the metric system created the decimal prefixes, with the last
two proposed only in 2019 in anticipation of the global capacity of storage systems. All the
names are derived from the etymology in Latin of the power of 1000 that they represent.

Decimal  Abbreviation Value Binaryterm Abbreviation Value % Larger

kilobyte KB 1000'  kibibyte  KiB 210 29

megabyte  MB 10002  mebibyte  MiB 220 5%

gigabyte GB 10003  gibibyte GiB 230 7%

terabyte TB 1000* tebibyte  TiB 240 10%

©zyBooks 05/16/25 23:08 2475274
5 . . shahei tri

petabyte PB 1000 pebibyte PiB FIUEEL 4709 p}orin92025
exabyte EB 10008  exbibyte EiB 260 159

zettabyte /B 10007  zebibyte ZiB 270 18%

yottabyte  YB 1000%  yobibyte  ViB 280 219

15 of 141 5/16/2025, 11:08 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

ronnabyte  RB 1000°  robibyte RiB 290 24%
queccabyte QB 10001 quebibyte QiB 2100 979,

PARTICIPATION | 1 1 ¢. Terms for common sizes ©zyBooks 05/16/25 23:08 2475:{74

ACTIvITY T ' Jaheim Attri

FIUEEL4709CSpring2025

1) Aterabyte is one bytes. ]
Check Show answer

2) 1000° bytesisa___ byte. ]
Check Show answer

3) A gibibyte is close, but not equal, ]

toa___ byte.
Check Show answer
Check yourself

Check yourself sections are designed to help readers assess whether they comprehend the major
concepts introduced in a chapter and understand the implications of those concepts. Some Check
yourself questions have simple answers; others are for discussion among a group.

1. The number of embedded processors sold every year grea’%y outnl?mbers the number of PC
and even PostPC processors. Can you confirm or deny this |ﬁ>é?g(])ﬁt %?” %5%93#%\2/%5274
experience? Try to count the number of embedded processors iRlybtirhoR i How2 does it
compare with the number of conventional computers in your home?

2. As mentioned earlier, both the software and hardware affect the performance of a program.
Can you think of examples where each of the following is the right place to look for a
performance bottleneck?

o The algorithm chosen

o The programming language or compiler
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o The operating system
o The processor
o The I/0 system and devices

Answer: Discussion questions: many answers are acceptable.

1.2 Seven great ideas in computérarchitecture’

FIUEEL4709CSpring2025

We now introduce seven great ideas that computer architects have invented in the last 60 years of
computer design. These ideas are so powerful they have lasted long after the first computer that
used them, with newer architects demonstrating their admiration by imitating their predecessors.
These great ideas are themes that we will weave through this and subsequent chapters as
examples arise. To point out their influence, in this section we introduce icons and highlighted
terms that represent the great ideas and we use them to identify the nearly 100 sections of the
book that feature use of the great ideas.

Use abstraction to simplify design

/\ ' Both computer architects and programmers had to invent techniques to make
A themselves more productive, for otherwise design time would lengthen as
€9 | dramatically as resources grew. A major productivity technique for hardware and
. El software is to use abstractions to represent the design at different levels of
~— representation; lower-level details are hidden to offer a simpler model at higher
levels. We'll use the abstract painting icon to represent this second great idea.

ABSTRACTION

Make the common case fast

Making the common case fast will tend to enhance performance better than
optimizing the rare case. Ironically, the common case is often simpler than the rare
case and hence is often easier to enhance. This common sense advice implies

COMMON CASEFAST  that you know what the common case is, which is only possible with careful

experimentation and measurement (see COD Séetitivake (Performarnice P4we (fse

a sports car as the icon for making the common case fast, as the mo§mi‘rjfhe'm At

Mof b has one or

two passengers, and it's surely easier to make a fast sports car than a fast minivan!

Performance via parallelism

Since the dawn of computing, computer architects have offered designs that get
more performance by performing operations in parallel. We'll see many examples
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of parallelism in this book. We use multiple jet engines of a plane as our icon for
parallel performance.

Performance via pipelining

‘. A particular pattern of parallelism is so prevalent in computer architecture that it
merits its own name: pipelining, which moves muttipte opesations throagh 75274
hardware units that each do a piece of an operation, E}UEE ?&?%‘@n {N%%Ehrough
' a pipeline. For example, before fire engines, a "bucket brigade” would respond toa
. fire, which many cowboy movies show in response to a dastardly act by the villain.
rireLining  The townsfolk form a human chain to carry a water source to fire, as they could
much more quickly move buckets up the chain instead of individuals running back
and forth. Our pipeline icon is a sequence of pipes, with each section representing one stage of the
pipeline.

Performance via prediction

Following the saying that it can be better to ask for forgiveness than to ask for
permission, the next great idea is prediction. The idea of prediction is that, in some
cases it can be faster on average to guess and start working rather than wait until
you know for sure, assuming that the mechanism to recover from a misprediction
is not too expensive and your prediction is relatively accurate. We use the fortune-
teller's crystal ball as our prediction icon.

PREDICTION

Hierarchy of memories

A Programmers want memory to be fast, large, and cheap, as memory speed often
‘ shapes performance, capacity limits the size of problems that can be solved, and
the cost of memory today is often the majority of computer cost. Architects have
- found that they can address conflicting demands of fast, large, and cheap memory
HIERARCHY with a hierarchy of memories, with the fastest, smallest, and most expensive
memory per bit at the top of the hierarchy and the slowest, largest, and cheapest
per bit at the bottom. As we shall see in COD Chapter 5 (Large and Fast: Exploiting Memory
Hierarchy), caches give the programmer the illusion that main m%m%r(yoks %%?li'é!/% Ea%saﬁ%%p
of the hierarchy and nearly as big and cheap as the bottom of the hlerarchnyH@wﬁma.layered
triangle icon to represent the memory hierarchy. The shape indicates Spééd4dost and size:the
closer to the top, the faster and more expensive per bit the memory; the wider the base of the layer,
the bigger the memory.

Dependability via redundancy

HL_ Computers not only need to be fast; they need to be dependable. Since any
(®)

(o)e) (o)
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physical device can fail, we make systems dependable by including redundant

components that can take over when a failure occurs and to help detect failures.
We use the tractor-trailer as our icon, since the dual tires on each side of its rear axles allow the
truck to continue driving even when one tire fails. (Presumably, the truck driver heads immediately
to a repair facility so the flat tire can be fixed, thereby restoring redundancy!)

In the prior edition, we listed an eighth great idea, which was "Designing for Moore's Law." Gordon
Moore, one of the founders of Intel, made a remarkable predictio@%ﬁ@@%ﬂﬂb@’rﬁﬁ@{@ﬁ’é’tﬁ‘ﬁ5274
resources would double every year. A decade later he amended his prp@ggipﬁ%%@gﬁﬂm%ery two
years.

His prediction was accurate, and for 50 years Moore's Law shaped computer architecture. As
computer designs can take years, the resources available per chip (“transistors", see COD Section
1.5) could easily double or triple between the start and finish of the project. Like a skeet shooter,
computer architects had to anticipate where the technology would be when the design finishes
rather than design for when it starts.

Alas, no exponential growth can last forever, and Moore's Law is no longer accurate. The slowing of
Moore's Law is shocking for computer designers who have long leveraged it. Some don't want to
believe it's over despite the substantial evidence to the contrary. Part of the reason is confusion
between saying that Moore's prediction of the biannual doubling rate is now incorrect and claiming
that semiconductors will no longer improve. Semiconductor technology will continue to improve,
but more slowly than in the past. Starting with this edition, we'll discuss the implications of the
slowing of Moore's Law, especially in Chapter 6.

Elaboration

During the heydays of Moore's Law, the cost per chip resource would drop with each
new technology generation. In the latest technologies, the cost per resource may be
flat or even rising with each new generation, due to the cost of the new equipment, the
elaborate processes invented to make chips work at these finer feature sizes, and the
reduction of the number of companies who are investing in these new technologies to
push the state of the art. Less competition naturally leads to higher prices.

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
PARTICIPATION

ACTIVITY 1.2.1: Seven great ideas in computer architecture. L

Match the situation with the closest analog of a great idea in computer architecture.

How to use this tool Vv
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Hierarchy of Memories Use Abstraction to Simplify Design

Make the Common Case Fast

A customer talks toa phone 8Nt s 23.08 2475274
If there's a problem, he talks tothem Attri

A house architect first designs a
house with 5 rooms, then designs
room details like closets, windows,
and flooring.

A college student rents an
apartment closer to campus than
to her favorite weekend beach spot.

Reset

PARTICIPATION

ACTIVITY 1.2.2: Seven great ideas in computer architecture (continued). L

Match the situation with the closest analog of a great idea in computer architecture.

How to use this tool Vv
Performance via Parallelism Dependability via Redundancy

Performance via Prediction Performance via Pipelining

A sister is hanging clotheskto0dry.6/25 23:08 2475274
o Jaheim Attri

Her brother helps by hanging, /7500 ring2025

clothes simultaneously.

A brother is washing and drying
dishes. His sister helps by drying
each dish immediately after the
brother washes each.
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A mom expects her son will be
hungry after a long airplane flight,
so she cooks dinner just in case. If
he's not hungry, she'll whip up a
dessert instead.

A drummer's stick breaks,buthe6/25 23:08 2475274

quickly grabs another one and’aheim Attri

. . FIUEEL4709CSpring2025
continues playing the song.

Reset

1.3 Below your program

i In Paris they simply stared when | spoke to them in French; | never did succeed in

making those idiots understand their own language.
Mark Twain, The Innocents Abroad, 1869

A typical application, such as a word processor or a large database system, may
consist of millions of lines of code and rely on sophisticated software libraries that
implement complex functions in support of the application. As we will see, the
hardware in a computer can only execute extremely simple low-level instructions.
To go from a complex application to the simple instructions involves several layers
of software that interpret or translate high-level operations into simple computer
instructions, an example of the great idea of abstraction.

ABSTRACTION

The animation below shows that these layers of software are organized primarily in a hierarchical
fashion, with applications being the outermost ring and a variety of systems software sitting
between the hardware and application software.

Systems software: Software that provides services that are comim@nlykasefibiasladirg2475274

. . Jaheim Attri
operating systems, compilers, loaders, and assemblers. FIUEEL4709CSpring2025

There are many types of systems software, but two types of systems software are central to every
computer system today: an operating system and a compiler. An operating system interfaces
between a user's program and the hardware and provides a variety of services and supervisory
functions. Among the most important functions are:
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e Handling basic input and output operations
e Allocating storage and memory

e Providing for protected sharing of the computer among multiple applications using it
simultaneously

Operating system: Supervising program that manages the resources of a computer for the

benefit of the programs that run on that computer. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Examples of operating systems in use today are Linux, iOS, Android, and Windows.

1.3.1: A simplified view of hardware and software as hierarchical layers,
PARTICIPATION o : : T
ACTIVITY shown as concentric circles with hardware in the center and applications
software outermost (COD Figure 1.3).

Applications software

Systems software

1 RB189 Jameco $0.15 T-1/3
My Computer 2 MN220I Digikey $3.95 8x8
3 TS120A Lite-On  $0.12 T-1

Hardware : Part#
Mail

Manuf

Cost i

Descr 3

Database 2

1Q102Q304

Work

In complex applications, multiple application layers may exist as well. Ex: A database system may rur
the systems software, and another application runs on top of the database.

Animation content:

Static figure: A computer monitor is shown. The monitor displays four application icons and an
application window. A concentric circle is shown adjacent to the.gempytesmonios Thecircles
consist of three hierarchical layers. The innermost circle is labeled, "Hardwaré" FHE'middle circle
. \ ) o \ FIUEEL47OQCS£{|U\;;202,5
is labeled "Systems software," and the outermost circle is labeled "Applications software.
Step 1: Hardware is the physical machine that runs software.

A circle labeled "Hardware," and a blank computer monitor appears.

Step 2: Systems software, like an operating system, runs on the hardware and provides useful
services.
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A larger circle labeled "Systems software" appears, encapsulating the "Hardware" circle. Four
icons appear on the computer monitor.

Step 3: Application software runs on top of systems software.
A larger circle labeled "Applications software." appears, encapsulating the "Systems software'
circle. An application window appears on the computer monitor.

©zyBooks 05/16/25 23:08 2475274

Animation captions: Jaheim Attri
FIUEEL4709CSpring2025

1. Hardware is the physical machine that runs software.

2. Systems software, like an operating system, runs on the hardware and provides useful
services.

3. Application software runs on top of systems software.

Compilers perform another vital function: the translation of a program written in a high-level
language, such as C, C++, Java, or Visual Basic into instructions that the hardware can execute.
Given the sophistication of modern programming languages and the simplicity of the instructions
executed by the hardware, the translation from a high-level language program to hardware
instructions is complex. We give a brief overview of the process here and then go into more depth
in COD Chapter 2 (Instructions: Language of the Computer) and in COD Appendix A (Assemblers,
Linkers, and the SPIM Simulator).

Compiler: A program that translates high-level language statements into assembly language
statements.

PARTICIPATION 1328 |
ACTIVITY .3.2: Below your program.

1) Behind a car's simple items like D
steering wheel, gas pedal, and brake
pedal are complex mechanical/
computerized details. Those simple
items represent . ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

O abstraction FIUEEL4709CSpring2025

(0 an operating system

(O Linux

2) The physical machinery on which D
software runs.

(O Instructions
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() Hardware
() Compiler

3) Software that manages hardware D
resources on behalf of other
programs.

() Hardware ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
() Compiler FIUEEL4709CSpring2025

() Operating system
4) A program to play tic-tac-toe. ]
() Systems software

() Application software

5) The collection of software on a D
computer that provides services to
application software.

() Systems software

() Compiler

From a high-level language to the language of hardware

To actually speak to electronic hardware, you need to send electrical signals. The easiest signals
for computers to understand are on and off, and so the computer alphabet is just two letters. Just
as the 26 letters of the English alphabet do not limit how much can be written, the two letters of the
computer alphabet do not limit what computers can do. The two symbols for these two letters are
the numbers 0 and 1, and we commonly think of the computer language as numbers in base 2, or
binary numbers. We refer to each "letter" as a binary digit or bit. Computers are slaves to our
commands, which are called instructions. Instructions, which are just collections of bits that the
computer understands and obeys, can be thought of as numbers. For example, the bits

1000110010100000
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

tell one computer to add two numbers. COD Chapter 2 (Instructions: L4Hgudde Sfie'eéMputer)
explains why we use numbers for instructions and data; we don't want to steal that chapter's
thunder, but using numbers for both instructions and data is a foundation of computing.
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Binary digit: Also called a bit. One of the two numbers in base 2 (0 or 1) that are the components
of information.

Instruction: A command that computer hardware understands and obeys.

The first programmers communicated to computers in binary nu%%@?@,@&%ﬂ%@%ﬁ?@%ﬁéay
that they quickly invented new notations that were closer to the way hunpans think At fisst; these
notations were translated to binary by hand, but this process was still tiresome. Using the
computer to help program the computer, the pioneers invented programs to translate from
symbolic notation to binary. The first of these programs was named an assembler. This program
translates a symbolic version of an instruction into the binary version. For example, the
programmer would write

add A,B

and the assembler would translate this notation into

1000110010100000

This instruction tells the computer to add the two numbers A and B. The name coined for this
symbolic language, still used today, is assembly language. In contrast, the binary language that the
machine understands is the machine language.

Assembler: A program that translates a symbolic version of instructions into the binary version.
Assembly language: A symbolic representation of machine instructions.

Machine language: A binary representation of machine instructions.

e ATON 1 3 3 Bits, assembly language, and machine lafiguagess Oj’é;g/rii%f’r}og 2475@
FIUEEL4709CSpring2025
1) "Bit" is short for "binary digit." ]
O True
) False
2) Binary refersto 107" ]
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) True
() False

Computers use binary because binary
is more powerful than decimal
numbers.

) True
() False

Although binary's alphabet contains
only two "letters”, 0 and 1, the binary
alphabet can represent as much
information as the English alphabet's
26 letters.

) True
() False

The number 12 can be represented in
binary as 1100. If a computer's
memory location contains 00001100,
then that location contains the
number 12.

) True
() False

The following could be a machine-
language instruction:
1000110010100000.

) True
() False

The following could be an assembly
language instruction:
1000110070100000.

) True
() False

An assembler translates assembly
language instructions like

add A,B

to machine-language instructions like

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

]

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

]

]

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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70007700701700000.
) True
() False

Although a tremendous improvement, assembly language is still far from the /\ ’
7557,

notations a scientist might like to use to simulate fluid flow or th%@o%%%q%r/% 2
might use to balance the books. Assembly language requires the programmendon Att I& 40
E=

write one line for every instruction that the computer will follow, forcirfd;t{'ﬁ':e'-wogcsm
programmer to think like the computer.

The recognition that a program could be written to translate a more powerful ABSTRACTION
language into computer instructions was one of the great breakthroughs in the

early days of computing. Programmers today owe their productivity—and their sanity—to the
creation of high-level programming languages and compilers that translate programs in such

languages into instructions. The animation below shows the relationships among these programs
and languages, which are more examples of the power of abstraction.

High-level programming language: A portable language such as C, C++, Java, or Visual Basic
that is composed of words and algebraic notation that can be translated by a compiler into
assembly language.

parTIcIPATION | 1.3.4: C program compiled into assembly language and then assembled
ACTIvVITY into binary machine language (COD Figure 1.4). [ ]

High-level language swap (int v[], int k)
program {int temp;
(in C) temp = v[k];

v([ik] = v[k+1];

vik+l] = temp;

}
v ©zyBooks 05/16/25 23:08 2475274

Assembly language swap: Jaheim Attri
program multi $2, $5,4 FIUEEL4709CSpring2025
(for MIPS) add $2, $4,%2

1w $15, 0($2

)
1w $16, 4($2)
sw $16, 0($2)
sw $15, 4(s$2)
jr $31

[ Assembler )
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program 00000000100000100001000000100001
(for MIPS) 10001101111000100000000000000000
10001110000100100000000000000100
10101110000100100000000000000000
10101101111000100000000000000100
00000011111000000000000000001000

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static figure: Three segments of code showcasing the transformation from a high-level language
program to assembly language and finally to binary machine language.

Step 1: A programmer writes a high-level language program (in the C language here).
Begin C Code:
swap(int v[], int k)
{int temp;
temp = v[k];
v[k] = v[k+1];
vlk+1] = temp;
}
End C Code.

Step 2: A compiler converts the high-level language program to an assembly language program
(in this case, for MIPS).
Begin Assembly code:
swap:
multi $2, $5,4
add S2,54,52
lw  $15,0(52)
lw  $16, 4($2)
sw $16,0(52)

sw  $15,4(S2) ©zyBooks 05/16/25 23:08 2475274
jr $31 Jaheim Attri

FIUEEL4709CSpring2025
End Assembly code. Pring

Step 3: An assembler converts the assembly language program into a binary machine language
program (for MIPS).

Begin Binary Machine code:

00000000707000100000000100011000
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000000007000007100007000000100001
100011011170007100000000000000000
100011700007100100000000000000100
107011700007007100000000000000000
10701101117000100000000000000100
000000111171000000000000000001000
End Binary Machine code.

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

Animation captions: FIUEEL4709CSpring2025

1. A programmer writes a high-level language program (in the C language here).

2. A compiler converts the high-level language program to an assembly language program (in
this case, for MIPS).

3. An assembler converts the assembly language program into a binary machine language
program (for MIPS).

Note: Above, although the translation from high-level language to binary machine language is
shown in two steps, some compilers cut out the middleman and produce binary machine language
directly. These languages and this program are examined in more detail in COD Chapter 2
(Instructions: Language of the Computer).

A compiler enables a programmer to write this high-level language expression:

A+ B

The compiler would compile it into this assembly language statement:

add A, B

As shown above, the assembler would translate this statement into the binary instructions that tell
the computer to add the two numbers A and B.

High-level programming languages offer several important benefits. First, they allow the
programmer to think in a more natural language, using English words and algebraic notation,
resulting in programs that look much more like text than like tabl@§@%@%%§rﬁ§%{?ﬁ%@ﬁﬁ%ﬂ
animation above). Moreover, they allow languages to be designed acqording;to dheirintended use.
Hence, Fortran was designed for scientific computation, Cobol for business data processing, Lisp
for symbol manipulation, and so on. There are also domain-specific languages for even narrower
groups of users, such as those interested in machine learning, for example.

The second advantage of programming languages is improved programmer productivity. One of
the few areas of widespread agreement in software development is that it takes less time to
develop programs when they are written in languages that require fewer lines to express an idea.
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Conciseness is a clear advantage of high-level languages over assembly language.

The final advantage is that programming languages allow programs to be independent of the
computer on which they were developed, since compilers and assemblers can translate high-level
language programs to the binary instructions of any computer. These three advantages are so
strong that today little programming is done in assembly language.

PARTICIPATION i . ©zyBooks 05/16/25 23:08 2475274

ACTIVITY 1.3.5: High-level programming language. Jaheim Attri
FIUEEL4709CSpring2025

1) Which is a high-level language instruction? ]

() 00000000101000100000000100011000
(O add $2, s$4, $2
O temp = V[KI;
2) What kind of language is C? ]
() Machine
() Assembly
O High-level
3) An advantage of a high-level language D
is allowing a programmer to
() think more naturally

() think like a machine

4) An advantage of a high-level language D
is enabling a programmer to

() change a program

implement a program in less
time

30 of 141

5) An advantage of a high-level language
is that a program

is specific to a particular
machine

is independent of a particular
machine

]
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1.4 Under the covers

Now that we have looked below your program to uncover the underlying software, let's open the
covers of your computer to learn about the underlying hardware. The underlying hardware in any
computer performs the same basic functions: inputting data, outputting data, processing data, and

storing data. How these functions are performed is the primary t@%,%gg@b%ppé)/lﬁ,ﬁyo%ui)%%nt

chapters deal with different parts of these four tasks. Jaheim Attri
FIUEEL4709CSpring2025
When we come to an important point in this book, a point so important that we hope you will

remember it forever, we emphasize it by identifying it as a Big Picture item. We have about a dozen
Big Pictures in this book, the first being the five components of a computer that perform the tasks
of inputting, outputting, processing, and storing data.

Two key components of computers are input devices, such as the microphone, and output devices,
such as the speaker. As the names suggest, input feeds the computer, and output is the result of
computation sent to the user. Some devices, such as wireless networks, provide both input and
output to the computer.

Input device: A mechanism through which the computer is fed information, such as a keyboard.

Output device: A mechanism that conveys the result of a computation to a user, such as a
display, or to another computer.

COD Chapters 5 (Large and Fast: Exploiting Memory Hierarchy) and 6 (Parallel Processor from
Client to Cloud) describe input/output (1/0) devices in more detail, but let's take an introductory tour
through the computer hardware, starting with the external 1/0 devices.

The Big Picture

The five classic components of a computer are input, output, memory,

datapath, and control, with the last two sometimes combined and called the

processor. The figure below shows the standard organizatjenoka eompPEtes:08 2475274
~ i . im Attri

This orgamza’uon is independent of hardware teghnology. yoglgggd%%%@c‘sprmgzozs

every piece of every computer, past and present, into one of these five

categories.
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Figure 1.4.1: The organization of a computer, showing the five classic
components (COD Figure 1.5).

The processor gets instructions and data from memory. Input writes data to memory, and
output reads data from memory. Control sends the signals that determine the operations

of the datapath, memory, input, and output. ©2zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Compiler
Interface @
Computer
L\

- \' ‘ ,

B : . & Datapath ]

Moot ﬁh '

; . Output
Processor Memory
pARTICIPATION | 1.4.1: The organization of a computer, showing the five classic
ACTIVITY components (COD Figure 1.5).
Computer
Input
Control ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Datapath
alapa Output
Processor Memory
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Animation content:

Static figure: A diagram of a computer system, divided into two main sections. The left section is
labeled Processor which is divided into Control and Datapath. Control has three lines extending
outward. Datapath contains a square. The right section of the dlagram is labeled Memor

s 05/16/2523:08 241 ‘75274
containing one square representing output data and 2 squares refﬁresentmgngmp ﬁ@

squares are outside of the computer system diagram, representing iipiitland CLiput gtz

Step 1: Input data from a keyboard, file, network, etc., is written in memory. The Memory area is
initially empty. The square representing input data moves into memory.

Step 2: A datapath operates on data. The square representing input data within the Memory area
is moved to the Datapath section of the processor and turns into output data, indicating that the
Datapath is processing the data. The square then moves back to memory.

Step 3: Output reads data from memory. The square moves from the Memory area to the Output
area outside of the computer system.

Step 4: Control sends the signals that determine the operations of the datapath, memory, input,
and output.

Animation captions:

1. Input data from a keyboard, file, network, etc., is written in memory.

2. A datapath operates on data.

3. Output reads data from memory.

4. Control sends the signals that determine the operations of the datapath, memory, input,

and output.
zé':lT\',fT'sATION 1.4.2: The five components of a computer.

. ©zyBooks 05/16/25 23:08 2475274
How to use this tool Vv Jaheim Attri

FIUEEL4709CSpring2025

Memory Output Control Datapath Input

Writes data to memory. Ex:
Keyboard.
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Reads data from memory. Ex:
Display.

Stores instructions and data.

Sends signals that determine the

operation of the otHer\comiporénts25 23:08 2475274
Jaheim Attri

. FIUEEL4709CSpring2025
Performs computations.

Reset

Through the looking glass

The most fascinating /0 device is probably the graphics display. Most
personal mobile devices use liquid crystal displays (LCDs) to get a thin,
low-power display. The LCD is not the source of light; instead, it controls
the transmission of light. A typical LCD includes rod-shaped molecules
in a liquid that form a twisting helix that bends light entering the display,
from either a light source behind the display or less often from reflected
light. The rods straighten out when a current is applied and no longer
bend the light. Since the liquid crystal material is between two screens
polarized at 90 degrees, the light cannot pass through unless it is bent.
Today, most LCD displays use an active matrix that has a tiny transistor switch at each pixel to
precisely control current and make sharper images. A red-green-blue mask associated with each
dot on the display determines the intensity of the three-color components in the final image; in a
color active matrix LCD, there are three transistor switches at each point.

Source: zyBocks

Liquid crystal display: A display technology using a thin layer of liquid polymers that can be used
to transmit or block light according to whether a charge is applied.

Active matrix display: A liquid crystal display using a transistor to control the transmission of

light at each individual pixel. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
The image is composed of a matrix of picture elements, or pixels, which can be represented as a

matrix of bits, called a bit map. Depending on the size of the screen and the resolution, the display
matrix in a typical tablet ranges in size from 1024 x 768 to 2048 x 1536. A color display might
use 8 bits for each of the three colors (red, blue, and green), for 24 bits per pixel, permitting millions
of different colors to be displayed.
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Pixel: The smallest individual picture element. Screens are composed of hundreds of thousands
to millions of pixels, organized in a matrix.

The computer hardware support for graphics consists mainly of a raster refresh buffer, or frame
buffer, to store the bit map. The image to be represented onscreen is stored in the frame buffer,
and the bit pattern per pixel is read out to the graphics display at the refresh rate, The animation

. . ) ) ) .. ©zyBoaoks 05/16/25 23:08 2475274
below shows a frame buffer with a simplified design of just 4 bits per pixel. jaheim Attri

FIUEEL4709CSpring2025
The goal of the bit map is to faithfully represent what is on the screen. The CAhaI ené)esgﬂn graphics

systems arise because the human eye is very good at detecting even subtle changes on the
screen.

1.4.3: Each coordinate in the frame buffer on the right determines the color
ZQ;T\',?T'EAT'ON of the corresponding coordinate for the raster scan CRT display on the left
(COD Figure 1.6).

Raster scan CRT display Frame buffer
1
0 o'
245Yo 245YO
11
1 0
187 187

Y1 Y1

100,, 232, 100,, 232,

Animation content:

Static figure: A raster scan CRT display and a frame buffer are $hgfanks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Step 1: A display conveys output to a user. On the raster scan CRT display, the text Basketball

starts soon! and an image of a basketball is shown.
Step 2: Each pixel has a corresponding (X, Y) coordinate. Two pixels are shown on the raster scan

CRT display. Pixel (X0, YO) is shown where X0 equals 100 and YO equals 245. Pixel (X1, Y1) is
shown where X1 equals 232 and Y1 equals 187.
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Step 3: A frame buffer determines the color/shade of each pixel. Pixel (X0, YO)'s pattern of 0011
is different than pixel (X1, Y1)'s 1011. On the frame buffer, the text Basketball starts soon! and an
image of a basketball is shown, as well as Pixel (X0, YO) and Pixel (X1, Y1). The pattern of Pixel
(X0, Y0) is 0011 and the pattern of pixel (X1,Y1)is 1011.

Animation captions: ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
1. A display conveys output to a user. FIUEEL4709CSpring2025

2. Each pixel has a corresponding (X, Y) coordinate.
3. A frame buffer determines the color/shade of each pixel. Pixel (X0, YO)'s pattern of 0011 is
different than pixel (X1, Y1)'s 1011.

Through computer displays | have landed an airplane on the deck of a moving carrier,
observed a nuclear particle hit a potential well, flown in a rocket at nearly the speed of light
and watched a computer reveal its innermost workings.

Ivan Sutherland, the "father" of computer graphics, Scientific American, 1984

Touchscreen

While PCs also use LCD displays, the tablets and smartphones of the PostPC era have replaced the
keyboard and mouse with touch-sensitive displays, which has the wonderful user interface
advantage of users pointing directly what they are interested in rather than indirectly with a mouse.

While there are a variety of ways to implement a touch screen, many tablets today use capacitive
sensing. Since people are electrical conductors, if an insulator like glass is covered with a
transparent conductor, touching distorts the electrostatic field of the screen, which results in a
change in capacitance. This technology can allow multiple touches simultaneously, which allows
gestures that can lead to attractive user interfaces.

PARTICIPATION .
ACTIVITY 1.4.4: Displays.

1) Aliquid crystal display works by ©zyBooks 05;;2{%553}08 24752@

having the liquid crystal generate FIUEEL4709CSpring2025
different colors of light.

) True
() False

2) Atypical computer display is made up D
of hundreds of pixels.
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) True
() False

3) An active matrix display is an LCD G
that uses a transistor to control
whether light passes for each pixel.

) True ©zyBooks 05/1 6/25 23:.08 2475274
Jaheim Attri
() False FIUEEL4709CSpring2025
4) Each pixel of a display typically D

involves 24 bits, with 8 bits for each
of red, blue, and green.

) True
() False

5) A frame buffer stores the pixel values D
for a display.

) True
() False

6) A touchscreen combines a display for D
output with a touch-sensitive screen
for input.

) True
() False

Opening the box

The figure below shows the contents of the Apple iPhone XS Max smart phone. Unsurprisingly, of
the five classic components of the computer, I/0O dominates this device. The list of 1/0 devices
includes a capacitive multitouch LCD display, front-facing camera, rear-facing camera, microphone,
headphone jack, speakers, accelerometer, gyroscope, Wi-FI network, and Bluetooth network. The

datapath, control, and memory are a tiny portion of the componeni$Books 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025

Figure 1.4.2: Components of the Apple iPhone XS Max cell phone (COD
Figure 1.7).

Components of the Apple iPhone XS Max cell phone. At the left is the capacitive
multitouch screen and LCD display. Next to it is the battery. To the far right is the metal
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frame that attaches the LCD to the back of the iPhone. The small components
surrounding in the center are what we think of as the computer; they are not simple
rectangles to fit compactly inside the case next to the battery. The next figure shows a
close-up of the board to the left of the metal case, which is the logic printed circuit board
that contains the processor and the memory (Courtesy TechlInsights,
www.techinsights.com)

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

.

Tech

The small rectangles in the figure below contain the devices that drive our advancing technology,
called integrated circuits and nicknamed chips. The A12 package seen in the middle of the figure
below contains two large ARM processors and four little ARM processors that operate with a clock
rate of 2.5 GHz. The processor is the active part of the computer, following the instructions of a
program to the letter. It adds numbers, tests numbers, signals I/0 devices to activate, and so on.

Occasionally, people call the processor the CPU, for the more bureaucratic-sounding central
processor unit. ©zyBooks 05/1 6/25 23:.08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Integrated circuit: Also called a chip. A device combining dozens to millions of transistors.

38 of 141 5/16/2025, 11:08 PM


http://www.techinsights.com/
http://www.techinsights.com/

zyBooks

39 of 141

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

Central processor unit (CPU): Also called processor. The active part of the computer, which
contains the datapath and control and which adds numbers, tests numbers, signals I/0 devices
to activate, and so on.

Figure 1.4.3: Logic board of Apple iPhone XS Max@@@@kﬁ@m@%&{% 2475274

aheim Attri
FIUEEL4709CSpring2025

The logic board of Apple iPhone XS Max in the previous figure. The large integrated circuit
in the middle is the Apple A12 chip, which contains two large ARM processor cores and
four little ARM processor cores that run at 2.5 GHz as well as 4 GiB of main memory
inside the package. The next figure below shows a photograph of the processor chip
inside the A12 package. A similar-sized chip to the right is the 64GB flash memory chip for
nonvolatile storage. The other chips on the board include power management integrated
controller and audio amplifier chips (Courtesy Techlnsights, www.techlnsights.com)

Apple
338500456 PMIC

on
et ivovencoe®

<<l R )R

Apple A12 APLIWS1 +
Micron MT53D512M64D4SB-046 XT:E
4GB Mobile LPDDR4x SDRAM

¥
s3ceoostlne

STMicroelectronics  Apple
STB601A0 PMIC 338500375 PMIC

ecenenoe

PHeRSPChgponennconenoe

Texas Instruments Apple 338500411

SN2600B1 Audio Amplifier TeCh

Battery Charger

©zyBooks 05/167/2523:08 2475274

Descending even lower into the hardware, the figure below reveals de@g@féﬁﬁ@@ﬂggggor. The
processor logically comprises two main components: datapath and control, the respective brawn
and brain of the processor. The datapath performs the arithmetic operations, and control tells the
datapath, memory, and I/0 devices what to do according to the wishes of the instructions of the
program. COD Chapter 4 (The Processor) explains the datapath and control for a higher-
performance design.

5/16/2025, 11:08 PM
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Datapath: The component of the processor that performs arithmetic operations.

Control: The component of the processor that commands the datapath, memory, and 1/0
devices according to the instructions of the program.

The iPhone XS Max package in the figure above also includes a r@éYﬁS%%R%@ﬁ?é%@ﬁa%@%ﬁ
GiB of capacity. The memory is where the programs are kept when they are runningrit also contains
the data needed by the running programs. The memory is a DRAM chip. DRAM stands for dynamic
random access memory. DRAMSs are used together to contain the instructions and data of a
program. In contrast to sequential access memories, such as magnetic tapes, the RAM portion of
the term DRAM means that memory accesses take basically the same amount of time no matter
what portion of the memory is read.

Memory: The storage area in which programs are kept when they are running and that contains
the data needed by the running programs.

Dynamic random access memory (DRAM): Memory built as an integrated circuit; it provides
random access to any location. Access times are 50 nanoseconds and cost per gigabyte in
2020 was $3to S6.

Figure 1.4.4: Processor integrated circuit (COD Figure 1.9).

The processor integrated circuit inside the A12 package. The size of chip is 8.4 by 9.91
mm, and it was manufactured originally in a 7-nm process (see COD Section 1.5
(Technologies for building processors and memory)). It has two identical ARM big
processors or cores in the lower middle of the chip, four small cores on the lower right of
the chip, a graphical processor unit (GPU) on the far right (see Section 6.6), and a domain-
specific accelerator for neural networks (see Section 6.7), called the NPU, on the far left. In
the middle are second-level cache memories (L2) for the big and small cores (see Chapter
5). To the top and bottom of the chip are interfaces to main m%grzw%go(‘%%/qgélgﬂ%&%

(Courtesy Techlnsights, www.techinsights.com, and AnandTech, www.ang@techiaom
FIUEEL4709CSpring2025
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S
DDR LoGia™ 11

ACTIVITY 1.4.5: Processors, chips, and the iPhone XS Max.

1) Anintegrated circuit is often called a

) chip
() CPU

2) The CPU chip physically occupies
__ of the size of the iPhone XS
Max.

() most

() asmall fraction

3) The iPhone XS Max logic board
consists of how many chips?

O 1
2
07

4) The A12 package has a chip
containing ____ large ARM
processors.

O
2
5
5) A CPU s also known as

() adatapath
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() control

() aprocessor

Descending into the depths of any component of the hardware reveals insights A
into the computer. Inside the processor is another type of memory—cache ‘
memory.

©zyBooks 05/16/25 23

Cache memory consists of a small, fast memory that acts as a buffer for thé2heim At?r-
DRAM memory. (The nontechnical definition of cache is a safe place FAPEF&#ZQOQCSDM@ZQ%SA reny
things.) Cache is built using a different memory technology, static random access

memory (SRAM). SRAM is faster but less dense, and hence more expensive, than DRAM (see COD
Chapter 5 (Large and Fast: Exploiting Memory Hierarchy)). SRAM and DRAM are two layers of the

memory hierarchy.

Cache memory: A small, fast memory that acts as a buffer for a slower, larger memory.

Static random access memory (SRAM): Also memory built as an integrated circuit, but faster
and less dense than DRAM.

PARTICIPATION

ACTIVITY 1.4.6: RAM and cache.

How to use this tool Vv

Cache DRAM SRAM

Large memory where most data is
stored.

A faster memory technology than

DRAM, but using more area to store
a bit ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025

A small memory that keeps a copy
of data from larger memory.

Reset

| ~ R
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As mentioned above, one of the great ideas to improve design is abstraction. One of the most
important abstractions is the interface between the hardware and the lowest-level software.
Software communicates to hardware via a vocabulary. The words of the vocabulary are called
instructions, and the vocabulary itself is called the instruction set architecture, or simply
architecture, of a computer. The instruction set architecture includes anything programmers need
to know to make a binary machine language program work correctly, including instructions, 1/0
devices, and so on. Typically, the operating system will encapsuI@gﬁ&ﬁj@&iﬁé}&@@@gé@,ﬁzm
allocating memory, and other low-level system functions so that applicationgregramrmers do not
need to worry about such details. The combination of the basic instruﬂHEﬁLsA'gpgﬁaF{WéggB%?ating
system interface provided for application programmers is called the application binary interface
(ABI).

Instruction set architecture: Also called architecture. An abstract interface between the
hardware and the lowest-level software that encompasses all the information necessary to write
a machine language program that will run correctly, including instructions, registers, memory
access, 1/0, and so on.

Application binary interface (ABI): The user portion of the instruction set plus the operating
system interfaces used by application programmers. It defines a standard for binary portability
across computers.

An instruction set architecture allows computer designers to talk about functions independently
from the hardware that performs them. For example, we can talk about the functions of a digital
clock (keeping time, displaying the time, setting the alarm) independently from the clock hardware
(quartz crystal, LED displays, plastic buttons). Computer designers distinguish architecture from an
implementation of an architecture along the same lines: an implementation is hardware that obeys
the architecture abstraction. These ideas bring us to another Big Picture.

Implementation: Hardware that obeys the architecture abstraction.

The Big Picture

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Both hardware and software consist of hierarchical layers using abstraction,
with each lower layer hiding details from the level above. One key interface
between the levels of abstraction is the instruction set architecture—the
interface between the hardware and low-level software. This abstract
interface enables many implementations of varying cost and performance to
run identical software.

5/16/2025, 11:08 PM
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PARTICIPATION . . .

ACTIVITY 1.4.7: Instruction set architecture.

1) An instruction set architecture ©zyBooks 05/16/25 23:08 24752@
enables a machine language program Jaheim Attri

. FIUEEL4709CSpring2025
to run on different hardware pring

implementations.
O True
() False

2) While different hardware D
implementations may run the same
program, designers strive to keep the
performance of new hardware
implementations the same as older
implementations.

) True
() False

A safe place for data

Thus far, we have seen how to input data, compute using the data, and display data. If we were to
lose power to the computer, however, everything would be lost because the memory inside the
computer is volatile—that is, when it loses power, it forgets. In contrast, a DVD disk doesn't forget
the movie when you turn off the power to the DVD player, and is thus a nonvolatile memory
technology.

Volatile memory: Storage, such as DRAM, that retains data only if it is receiving power.

Nonvolatile memory: A form of memory that retains data even ifzH&@alssencOOF 8253w erdodrde

and that is used to store programs between runs. A DVD disk is non¥m§E|§‘7h§9'rgSApmgz(]25

To distinguish between the volatile memory used to hold data and programs while A
they are running and this nonvolatile memory used to store data and programs ‘
between runs, the term main memory or primary memory is used for the former,

and secondary memory for the latter. Secondary memory forms the next lower -

layer of the memory hierarchy. DRAMs have dominated main memory since 1975, NIERARCHY
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but magnetic disks dominated secondary memory starting even earlier. Because of their size and
form factor, personal Mobile Devices use flash memory, a nonvolatile semiconductor memory,
instead of disks. A previous figure (COD Figure 1.8) shows the chip containing the flash memory of
the iPhone XS. While slower than DRAM, it is much cheaper than DRAM in addition to being
nonvolatile. Although costing more per bit than disks, it is smaller, it comes in much smaller
capacities, it is more rugged, and it is more power efficient than disks. Hence, flash memory is the
standard secondary memory for PMDs (personal mobile devices@&%%% disksand DRAM;,
flash memory bits wear out after 100,000 to 1,000,000 writes. Thus, file systemagmatist keep track
of the number of writes and have a strategy to avoid wearing out storgwé%gﬁ%%sﬁ{}?ﬂ%%g
popular data. COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy) describes disks and
flash memory in more detail.

Main memory: Also called primary memory. Memory used to hold programs while they are
running; typically consists of DRAM in today's computers.

Secondary memory: Nonvolatile memory used to store programs and data between runs;
typically consists of flash memory in PMDs and magnetic disks in servers.

Magnetic disk: Also called hard disk. A form of nonvolatile secondary memory composed of
rotating platters coated with a magnetic recording material. Because they are rotating
mechanical devices, access times are about 5 to 20 milliseconds and cost per gigabyte in 2020
was $0.01 to $S0.02.

Flash memory: A nonvolatile semiconductor memory. It is cheaper and slower than DRAM but
more expensive per bit and faster than magnetic disks. Access times are about 5 to 50
microseconds and cost per gigabyte in 2020 was S0.06 to $S0.12.

PARTICIPATION .
ACTIVITY 1.4.8: Memories. L

How to use this tool Vv
©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

. . FIUEEL4709CSpring2025
Secondary memory Magnetic disk Nonvolatile memory Main memory

Volatile memory Flash memory

Memory layer used to hold
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programs and data while programs
are running.

Memory layer used to store
programs and data between runs.

A form of memory that retains data
. ©zyBooks 05/16/25 23:08 2475274
only if the memory is receiving sheim Attri

power. FIUEEL4709CSpring2025

A form of memory that retains data
in the absence of a power.

A nonvolatile semiconductor
memory often used as secondary
memory for personal mobile
devices.

A form of nonvolatile secondary
memory composed of rotating
platters coated with a magnetic
recording material

Reset

Communicating with other computers

We've explained how we can input, compute, display, and save data, but there is still one missing
item found in today's computers: computer networks. Just as the processor shown in a previous
figure (COD Figure 1.5) is connected to memory and I/0 devices, networks interconnect whole
computers, allowing computer users to extend the power of computing by including
communication. Networks have become so popular that they are the backbone of current
computer systems; a new personal mobile device or server without a network interface would be
ridiculed. Networked computers have several major advantages:

©zyBooks 05/16/25 23:08 2475274
e Communication: Information is exchanged between computers at high=speedsiri

e Resource sharing: Rather than each computer having its own I/CE'HE\%[C@SQ%%%BTH%P@% the
network can share 1/0 devices.

e Nonlocal access: By connecting computers over long distances, users need not be near the
computer they are using.

Networks vary in length and performance, with the cost of communication increasing according to
both the speed of communication and the distance that information travels. Perhaps the most
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popular type of network is Ethernet. It can be up to a kilometer long and transfer at up to 100
gigabits per second. Its length and speed make Ethernet useful to connect computers on the same
floor of a building; hence, it is an example of what is generically called a local area network. Local
area networks are interconnected with switches that can also provide routing services and security.
Wide area networks cross continents and are the backbone of the Internet, which supports the web.
They are typically based on optical fibers and are leased from telecommmunication companies.

. ~©zyBooks 05/16/25 23:08 2475274
Local area network (LAN): A network designed to carry data within a geographiieallyrconfined

area, typically within a single building. FIUEEL4709CSpring2025

Wide area network (WAN): A network extended over hundreds of kilometers that can span a
continent.

Networks have changed the face of computing in the last 40 years, both by becoming much more
ubiquitous and by making dramatic increases in performance. In the 1970s, very few individuals
had access to electronic mail, the Internet and web did not exist, and physically mailing magnetic
tapes was the primary way to transfer large amounts of data between two locations. Local area
networks were almost nonexistent, and the few existing wide area networks had limited capacity
and restricted access.

As networking technology improved, it became much cheaper and had a much higher capacity. For
example, the first standardized local area network technology, developed about 40 years ago, was a
version of Ethernet that had a maximum capacity (also called bandwidth) of 10 million bits per
second, typically shared by tens of, if not a hundred, computers. Today, local area network
technology offers a capacity of from 1 to 100 gigabits per second, usually shared by at most a few
computers. Optical communications technology has allowed similar growth in the capacity of wide
area networks, from hundreds of kilobits to gigabits and from hundreds of computers connected to
a worldwide network to millions of computers connected. This combination of dramatic rise in
deployment of networking combined with increases in capacity have made network technology
central to the information revolution of the last 30 years.

For the last 15 years another innovation in networking is reshaping the way computers
communicate. Wireless technology is widespread, which enabled the PostPC Era. The ability to
make a radio in the same low-cost semiconductor technology (CMOS) used for memory and

microprocessors enabled a significant improvement in price, leadingsto, @ @xpIOsIONINg 2475274
deployment. Currently available wireless technologies, called by the |IEEE stdaidand Aiame 802.11ac,

allow for transmission rates from 1 to 1300 million bits per second. vﬂ%‘%&é‘@%ﬁﬁ%ﬁ'&g%%%ulte a
bit different from wire-based networks, since all users in an immediate area share the airwaves.

PARTICIPATION ,
ACTIVITY 1.4.9: Networks. L

1) Network connectivity is a key part of D
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modern computing devices like
personal computers, tablets, and
smartphones.

) True
() False

2) Ethernet is an example of a wide area
network.

) True
() False

3) Wireless networks continue to
become more common.

) True
() False

PARTICIPATION

ACTIVITY characteristics.

1) ____memory is volatile.
() DRAM
) Flash
) Disk

2) ____memory is the most expensive
per GB.

() DRAM
() Flash
() Disk

3) ____ memory has the longest access
time.

() DRAM
() Flash
() Disk
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1.4.10: Check yourself: DRAM memory, flash memory, and disk storage

u

]
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1.5 Technologies for building processors and
memory

Processors and memory have improved at an incredible rate, because computer designers have

long embraced the latest in electronic technology to try to win th@@ggoq%%%%gpz% better.compyter.
The table below shows the technologies that have been used over time, witheaniestimnate of the

relative performance per unit cost for each technology. Since this techttS16y/SHapes WhaE®
computers will be able to do and how quickly they will evolve, we believe all computer professionals
should be familiar with the basics of integrated circuits.

Table 1.5.1: Relative performance per unit cost of technologies used in
computers over time (COD Figure 1.10).

. Relative performance / unit
Year Technology used in computers P /

cost
1957  Vacuum tube ]
1965 @ Transistor 35
1975 Integrated circuit 900
1995 V'ery _Iarge—scale integrated 2 400,000
circuit
2020 U.Itra'large—scale integrated 500,000,000,000
circuit

Source: Computer Museum, Boston, with 2020 extrapolated by the authors.

A transistor is simply an on/off switch controlled by electricity. The integrated circuit (IC) combined

dozens to hundreds of transistors into a single chip. When Gordag, \ogre pegdigtedthecontinggus

doubling of resources, he was predicting the growth rate of the number of tdahsistétsiper chip. To
describe the tremendous increase in the number of transistors from KUAGrEAE S HIlIEHS 4he
adjective very large scale is added to the term, creating the abbreviation VLSI, for very large-scale
integrated circuit.

Transistor. An on/off switch controlled by an electric signal.
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Very large-scale integrated (VLSI) circuit. A device containing hundreds of thousands to millions
of transistors.

This rate of increasing integration has been remarkably stable. The figure below shows the growth
in DRAM capacity since 1977. For decades, the industry has consistently quadrupled capacity
every 3 years, resulting in an increase in excess of 16,000 times! The ﬁgure below also shows the

. \ . @Zyﬁo ks 05/16/2523:08 2475274
slowdown due to the slowing of Moore's Law; quadrupling capacity has takep giyearsirecently.

FIUEEL4709CSpring2025

Figure 1.5.1: Growth of capacity per DRAM chip over time (COD Figure
1.17).

The y-axis is measured in kibibits (219 bits). The DRAM industry quadrupled capacity
almost every three years, a 60% increase per year, for 20 years. In recent years, the rate
has slowed down and is somewhat closer to doubling every three years. With the slowing
of Moore's Law and difficulties in reliable manufacturing of smaller DRAM cells given the
challenging aspect ratios of their three-dimensional structure.
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PARTICIPATION 1 51 Technolodi . d
ACTIVITY .0. 12 1ecnnologles INn processors and memaory.

. o ©zyBooks 05/16/25 23:08 24752
1) Very large-scale integrated circuits Jaheim Attri

combine dozens to hundreds of FIUEEL4709CSpring2025
vacuum tubes into a single chip.

) True
() False

2) From the 1970s to 1990s, DRAM ]
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capacity has quadrupled every three

years.
True
False
3) DRAM capacity today continues to D
quadruple every three years. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
True FIUEEL4709CSpring2025
False

To understand how to manufacture integrated circuits, we start at the beginning. The manufacture
of a chip begins with silicon, a substance found in sand. Because silicon does not conduct
electricity well, it is called a semiconductor. With a special chemical process, it is possible to add
materials to silicon that allow tiny areas to transform into one of three devices:

e Excellent conductors of electricity (using either microscopic copper or aluminum wire)
e Excellent insulators from electricity (like plastic sheathing or glass)
e Areas that can conduct or insulate under special conditions (as a switch)

Silicon: A natural element that is a semiconductor.

Semiconductor: A substance that does not conduct electricity well.

Transistors fall in the last category. A VLSI circuit, then, is just billions of combinations of
conductors, insulators, and switches manufactured in a single small package.

The manufacturing process for integrated circuits is critical to the cost of the chips and hence
important to computer designers. The figure below shows that process. The process starts with a
silicon crystal ingot, which looks like a giant sausage. Today, ingots are 8-12 inches in diameter and
about 12-24 inches long. An ingot is finely sliced into wafers no more than 0.1 inches thick. These
wafers then go through a series of processing steps, during which patterns of chemicals are
placed on each wafer, creating the transistors, conductors, and insulators discussed earlier. Today's
integrated circuits contain only one layer of transistors but may @gy%gr&@&gy?ggsi%g%}%%

metal conductor, separated by layers of insulators. Jaheim Attri
FIUEEL4709CSpring2025

Silicon crystal ingot: A rod composed of a silicon crystal that is between 8 and 12 inches in
diameter and about 12 to 24 inches long.

Wafer: A slice from a silicon ingot no more than 0.7 inches thick, used to create chips.
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| Zﬁ?IT\',fT'sATION 1.5.2: The chip manufacturing process (COD Figure 1.12).

Blank wafers

[Silicon ingot] > oy @ > ©zy§@9}<§0q§ggge>si/m 23:08 2475274

st ttl’l
FIUEEL4709CSpring2025

Slicer

v
Tested dies Tested
oo wafer Patterned wafers
. OXOX ’; ';( —
Bond die ooooo ( < Wafer <
to package ooxkoOon < X tester
ooon
< OO0 <  Dicer
M . Tested
Packaged dies packaged dies

[ENEE > Part > | =) > Ship to
(1] (=] (=] tester (=] (=1/ =] customers

Animation content:

Static figure: A chip manufacturing process is described by 14 objects connected by arrows. A
rectangle labeled Silicon ingot points to a box labeled Slicer, followed by three circles labeled
Blank wafers. The blank wafers point to a box labeled 20 to 40 processing steps, followed by
three grid-patterned circles labeled Patterned wafers. The patterned wafers point to a box labeled
Wafer tester, followed by a grid-patterned circle labeled Tested wafer. Three crosses are on the
tested wafer. The tested wafer points to a box labeled Dicer, followed by 22 squares labeled
Tested dies, three of which are marked with a cross. The tested dies point to a box labeled Bond
die to package, followed by six squares labeled Packaged dies. The packaged dies point to a box
labeled Part tester, followed by 6 squares labeled Tested packaged dies, one of which is marked
with a cross. Tested packaged dies point to a box labeled Ship to gusiomers.s/25 23:08 2475274
Jaheim Attri
Step 1: After being sliced from the silicon ingot, blank wafers are pu?It%lzrgbgho%st%nﬂgzsotze%s to
create patterned wafers.

Step 2: Then, the wafers are diced into dies.

Step 3: These patterned wafers are then tested with a wafer tester, and a map of the good parts

52 of 141 5/16/2025, 11:08 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

is made.

Step 4: These good dies are then bonded into packages and tested one more time before
shipping the packaged parts to customers. One bad packaged part was found in this final test.
Five of the six tested packaged dies move to Ship to customers.

Animation captions: ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
1. After being sliced from the silicon ingot, blank wafers are put thrdbgh /20 €64 081EBS to

create patterned wafers.

2. These patterned wafers are then tested with a wafer tester, and a map of the good parts is
made.

3. Then, the wafers are diced into dies.

4. These good dies are then bonded into packages and tested one more time before shipping
the packaged parts to customers. One bad packaged part was found in this final test.

A single microscopic flaw in the wafer itself or in one of the dozens of patterning steps can result in
that area of the wafer failing. These defects, as they are called, make it virtually impossible to
manufacture a perfect wafer. The simplest way to cope with imperfection is to place many
independent components on a single wafer. The patterned wafer is then chopped up, or diced, into
these components, called dies and more informally known as chips. The figure below shows a
photograph of a wafer containing microprocessors before they have been diced; an earlier figure
(COD Figure 1.9) shows an individual microprocessor die.

Defect: A microscopic flaw in a wafer or in patterning steps that can result in the failure of the
die containing that defect.

Die: The individual rectangular sections that are cut from a wafer, more informally known as
chips.

Figure 1.5.2: A 12-inch (300mm) wafer this of Intel Core i7 (Courtesy Intel)

. ©zyBooks 05/16/25 23:08 2475274

FIUEEL4709CSpring2025

The number of dies on this 300 mm (12 inch) wafer at 100% yield is 280, each 20.7 by 10.5
mm. The several dozen partially rounded chips at the boundaries of the wafer are useless;
they are included because it's easier to create the masks used to pattern the silicon. This
die uses a 32-nanometer technology, which means that the smallest features are
approximately 32 nm in size, although they are typically somewhat smaller than the actual
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feature size, which refers to the size of the transistors as "drawn" versus the final
manufactured size.

5 05/16/25 23:08 2475274
Jaheim Attri
EL4709CSpring2025

lan Cutress, "l Ran Off with Intel's Tiger Lake Wafer. Who Wants a Die Shot?" January 13, 2020, https:/

www.anandtech.com/show/15380/i-ran-off-with-intels-tiger-lake-wafer-who-wants-a-die-shot

iﬁ:IT\',fT'sAT'ON 1.5.3: Chip manufacturing process.
1) Siliconis____. D

() arare element

a common element found in
sand

2) The manufacturing process begins ]
with a silicon ____.

O ingot

() wafer

) ©zyBooks 05/16/25 23:08 2475274
O die Jaheim Attri

FIUEEL4709CSpring2025
3) Blank wafers undergo 20 to 40 D

chemical processing steps to create

transistors, conductors, and
insulators
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silicon
dies

4) A wafer tester evaluates the patterned D
wafer for the presence of _____

patterns

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

defects

components

5) After the patterned wafer is chopped D
up into dies, the dies are

packaged
shipped
diced

Dicing enables you to discard only those dies that were unlucky enough to contain the flaws, rather
than the whole wafer. This concept is quantified by the yield of a process, which is defined as the
percentage of good dies from the total number of dies on the wafer.

Yield: The percentage of good dies from the total number of dies on the wafer.

The cost of an integrated circuit rises quickly as the die size increases, due both to the lower yield
and the smaller number of dies that fit on a wafer. To reduce the cost, using the next generation
process shrinks a large die as it uses smaller sizes for both transistors and wires. This improves
the yield and the die count per wafer. A 7-nanometer (nm) process was state-of-the-art in 2020,
which means essentially that the smallest feature size on the die is 7 nm.

Once you've found good dies, they are connected to the input/output pins of a package, using a
process called bonding. These packaged parts are tested a final time, since mistakes can occur in
packaging, and then they are shipped to customers.

While we have talked about the cost of chips, there is a difference between cost and price.
Companies charge as much as the market will bear to maximize the return on their investment,
which must cover costs like a company's research and developw@@%&pmm@r}ﬁtmm@mzm
manufacturing equipment maintenance, building rental, cost of ﬂnancm Epﬁ Péffts and taxes.
At( 09 r|n 2025
Margins can be higher on unique chips that come from only one compan e mlc ocessors
versus chips that are commodities supplied by several companies, like DRAMs. The price
fluctuates based on the ratio of supply and demand, and it is easy for multiple companies to build

more chips than the market demands.

Elaboration
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The cost of an integrated circuit can be expressed in three simple equations:

Cost per wafer

Cost per die = — .
Dies per wafer x yield
Dies per wafer ~ Wafer area ©zyBooks 05/16/25 23:08 2475274
Die area Jaheim Attri
FIUEEL4709CSpring2025
. 1
Yield =

(1 + (Defects per area x Die area/2))?

The first equation is straightforward to derive. The second is an approximation, since
it does not subtract the area near the border of the round wafer that cannot
accommodate the rectangular dies (see the figure above). The final equation is based
on empirical observations of yields at integrated circuit factories, with the exponent
related to the number of critical processing steps.

Hence, depending on the defect rate and the size of the die and wafer, costs are
generally not linear in the die area.

PARTICIPATION
ACTIVITY

1.5.4: Check yourself: Yield and chips costs. L

A key factor in determining the cost of an integrated circuit is volume. Which of the
following are reasons why a chip made in high volume should cost less?

1) With high volumes, the manufacturing D
process can be tuned to a particular
design, increasing the yield.

) True

© False ©zyBooks 05/16/25 23:08 2475274

. . . Jaheim Attri
2) Itis less work to design a high- FIUEEL4709CSpring2025 ]
volume part than a low-volume part.

) True
() False

3) The masks used to make the chip are D
expensive, so the cost per chip is
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lower for higher volumes.

O True
O False
4) Engineering development costs are D
high and largely independent of
volume,; thus, the development cost ©zyBooks 05/16/25 23:08 2475274
L : S Jaheim Attri
per die is lower with high-volume FIUEEL4709CSpring2025
parts.
O True
O False
5) High-volume parts always have D

smaller die sizes than low-volume
parts and therefore have higher yield
per wafer.

) True
() False

1.6 Performance

Assessing the performance of computers can be quite challenging. The scale and intricacy of
modern software systems, together with the wide range of performance improvement techniques
employed by hardware designers, have made performance assessment much more difficult.

When trying to choose among different computers, performance is an important attribute.
Accurately measuring and comparing different computers is critical to purchasers and therefore to
designers. The people selling computers know this as well. Often, salespeople would like you to see
their computer in the best possible light, whether or not this light accurately reflects the needs of
the purchaser's application. Hence, understanding how best to measure performance and the
limitations of performance measurements is important in selecting a computer.

The rest of this section describes different ways in which perforr@éh‘%@%ﬁr@@é @&%ﬁ%%@?ﬁ@ﬁ“we
describe the metrics for measuring performance from the viewpoint Qﬁ@g@%%&#&ﬁwr and a
designer. We also look at how these metrics are related and present the classical processor
performance equation, which we will use throughout the text.

Defining performance

When we say one computer has better performance than another, what do we mean? Although this
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guestion might seem simple, an analogy with passenger airplanes shows how subtle the question
of performance can be. The table below lists some typical passenger airplanes, together with their
cruising speed, range, and capacity. If we wanted to know which of the planes in this table had the
best performance, we would first need to define performance. For example, considering different
measures of performance, we see that the plane with the highest cruising speed was the Concorde
(retired from service in 2003), the plane with the longest range is the Boeing 777-200LR, and the

plane with the largest capacity is the Airbus A380-800. ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025

Table 1.6.1: The capacity, range, and speed for a number of commercial
airplanes (COD Figure 1.14).

The last column shows the rate at which the airplane transports passengers, which is the
capacity times the cruising speed (ignoring range and takeoff and landing times).

. i Passenger
Cruising Cruising
. Passenger throughput
Airplane . range speed
capacity (miles) (m.p.h) (passengers x
PA- m.p.h.)

Boeing 737 240 3000 564 135,360
BAC/Sud 132 4000 1350 178,200
Concorde
Boeing
277-200LR 301 9395 554 166,761
Airbus A380-800 @ 853 8477 587 500,711

Let's suppose we define performance in terms of speed. This still leaves two possible definitions.
You could define the fastest plane as the one with the highest cruising speed, taking a single

passenger from one point to another in the least time. If you were interested in transporting 500
passengers from one point to another, however, the Airbus A380—%@l ‘Wéﬁ|%f§ﬂ%ﬁ%¢ﬂ g%ggggt,
as the last column of the figure shows. Similarly, we can define comptitériperforiance i Several

different ways.

If you were running a program on two different desktop computers, you'd say that the faster one is

the desktop computer that gets the job done first. If you were running a datacenter that had several
servers running jobs submitted by many users, you'd say that the faster computer was the one that
completed the most jobs during a day. As an individual computer user, you are interested in

58 of 141 5/16/2025, 11:08 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

reducing response time—the time between the start and completion of a task—also referred to as
execution time. Datacenter managers are often interested in increasing throughput or bandwidth—
the total amount of work done in a given time. Hence, in most cases, we will need different
performance metrics as well as different sets of applications to benchmark personal mobile
devices, which are more focused on response time, versus servers, which are more focused on
throughput.

) o . ©zyBooks 05/16/25 23:08 2475274
Response time: Also called execution time. The total time required for the computerito complete

a task, including disk accesses, memory accesses, 1/0 activities, opéfatifcf<ysterr ovéthead,
CPU execution time, and so on.

Throughput: Also called bandwidth. Another measure of performance, it is the number of tasks
completed per unit time.

PARTICIPATION . .
ACTIVITY 1.6.7: Execution time and throughput.
1) At Joe's Car Wash, a car enters the D

wash, and exits 5 minutes later (nice
and clean). 5 minutes is the

() execution time
O throughput
2) At Joe's Car Wash, a car enters the D
wash, and exits 5 minutes later.
However, T minute after a car enters,
the next car can enter. Thus, once full,

the car wash outputs 1 clean car per
minute. 1 car per minute is the

() response time

- throughput ©zyBooks 05/16/25 23:08 2475274

) . . Jaheim Attri
3) Response time is synonymous with FIUEEL4709CSpring2025 D

() execution time

O throughput

4) Cars drive 60 km/h over a 1 km long D
bridge. A car thus requires 1T minute
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to cross the bridge. Cars stay
separated by about 100 m, so 1 car
enters and another exits the bridge
every 6 seconds. The execution time
is

(O 1 minute

() 6 seconds

Cars drive 60 km/h over a 1 km long
bridge. A car thus requires T minute
to cross the bridge. Cars stay
separated by about 100 m, so 1 car
enters and another exits the bridge
every 6 seconds. The throughput is

() 6cars/ sec

() 10 cars / minute

Increasing the speed limit for cars
driving over a bridge the
execution time.

) improves

() worsens

Increasing the speed limit for cars
driving over a bridge while keeping
the same minimum separation

between cars

() improves

() worsens

PARTICIPATION

ACTIVITY

1)

60 of 141

Replacing a processor in a computer
with a faster processor has what
effect?

() Decreases response time

O Increases throughput

the throughput.

1.6.2: Example of throughput and response time.

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025 D

©zyBooks 05/16/25 23:08 2475@

Jaheim Attri
FIUEEL4709CSpring2025 G
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2)

PARTICIPATION

Both (decreases response time
and increases throughput)

Adding additional processors to a
system that uses multiple processors
for separate tasks -- for example,
searching the web -- has what effect?
Assume that before adding
processors, tasks do not wait to
execute (tasks do not "queue up").

() Decreases response time
O Increases throughput

Both (decreases response time
and increases throughput)

Adding additional processors to a
system that uses multiple processors
for separate tasks -- for example,
searching the web -- has what effect?
Assume that before adding
processors, tasks often must wait to
execute due to another task executing
(tasks "queue up").

(0 Decreases response time
() Increases throughput

Both (decreases response time
and increases throughput)

time for some task.

1.6.3: Performance.

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

ACTIVITY
Computer X Computer Y Computer X Computer Y
Computer X Computer X

[

©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025

In discussing the performance of computers, we will be primarily concerned with response time for
the first few chapters. To maximize performance, we want to minimize response time or execution

©zyBooks 05/16/25 23:08 24752114

Jaheim Attri
FIUEEL4709CSpring2025
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©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static figure: Four monitors are shown, the first two are grouped together, labeled '‘Computer X'
and 'Computer Y'. The second two monitors are grouped together and are also labeled '‘Computer
X" and 'Computer Y. Under each group of monitors, two horizontal bar graphs are shown side by
side with the first indicating 'Performance’ and the second indicating 'Execution time' of
'‘Computer X' and '‘Computer Y'. In the 'Performance’ graph, 'Computer X' has a longer bar than
‘Computer Y'. In the 'Execution time' graph '‘Computer X' has a shorter bar than '‘Computer Y.
Below the bar graphs are mathematical comparative statements.

For performance: 'Performance_X > Performance_Y' and 'Performance_X = 1 / Execution time_X'
For execution time: 'Execution time_Y > Execution time_X. and "1 / Execution time_X > 1/
Execution time_Y!

Equations 'Performance_X / Performance_Y = n' and 'Execution time_Y / Execution time_X = n'
are shown

Step 1: For a given task, Computer X has less execution time (is faster) than Computer Y.
A set of monitors, labeled 'Computer X' and 'Computer Y' are shown. Two horizontal bar graphs
appear both indicating the 'Execution time' of '‘Computer X' and '‘Computer Y'. The first bar labeled

‘Computer X'is shorter than the second bar, labeled ‘Computercy;ygooks 05/16/25 23:08 2475274
Jaheim Attri

Step 2: Desired is a measure of "performance" where bigger is bette?'bj%ﬁg%ﬁ:ﬁ?ﬁiﬂ%@é means
faster).

Another set of monitors, labeled 'Computer X' and 'Computer Y' appear. Two horizontal bar
graphs appear both indicating the 'Performance’ of '‘Computer X' and '‘Computer Y'. The first bar
labeled '‘Computer X' is longer than the second bar, labeled '‘Computer Y'. The text,
'Performance_X > Performance_Y' appears.
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Step 3: One such performance measure is the inverse of execution time.
The equations, 'Performance_X = 1 / Execution time"and "1 / Execution time_X > 1 / Execution
time_Y" are shown. From these equations, 'Execution time_Y > Execution time_X"is produced.

Step 4: The performance of two computers can be related quantitatively. Computer X is n times

as fast as computer V. ©zyBooks 05/16/25 23:08 2475274

The equation, 'Performance_X / Performance_Y = n' appears. Jaheim Attri
FIUEEL4709CSpring2025

Step 5: The execution time of two computers can be related quantitatively. The execution time on
computer Y is n times as long as computer X.
The equation, 'Execution time_Y / Execution time_X = n" appears.

Animation captions:

1. For a given task, Computer X has less execution time (is faster) than Computer VY.

2. Desired is a measure of "performance” where bigger is better ("more performance" means
faster).

3. One such performance measure is the inverse of execution time.

4. The performance of two computers can be related quantitatively. Computer X is n times as

fast as computer Y.
5. The execution time of two computers can be related quantitatively. The execution time on
computer Y is n times as long as computer X.

In discussing a computer design, we often want to relate the performance of two different
computers quantitatively. We will use the phrase "X is n times faster than Y"—or equivalently "X'is n
times as fast as Y'—to mean

Performance x

=n
Performancey

If X'is n times as fast as Y, then the execution time on Y is n times as long as it is on X:

Performance x Execution timey

= . . =n
Performancey Execution timezBooks 05/16/25 23:08 2475274
Jaheim Attri

FIUEEL4709CSpring2025

Example 1.6.1: Relative performance.

If computer A runs a program in 10 seconds and computer B runs the same program in 15
seconds, how much faster is A than B?
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Answer

We know that A is n times as fast as B if

Performance 4 Execution timep

e - - =n
Performancep Execution time 4
Jaheim Attri
15 FIUEEL4709CSpring2025

— =15
10

and A is therefore 1.5 times as fast as B.

In the above example, we could also say that computer B is 1.5 times slower than computer A,

since
Performance 4 L5
Performanceg )
means that
Performance 4
15 = Performancep

For simplicity, we will normally use the terminology as fast as when we try to compare computers
quantitatively. Because performance and execution time are reciprocals, increasing performance
requires decreasing execution time. To avoid the potential confusion between the terms increasing
and decreasing, we usually say "improve performance" or "improve execution time" when we mean
"increase performance” and "decrease execution time.'

PARTICIPATION _
ACTIVITY 1.6.4: Performance.

Computer A requires 10 seconds to compress a file. Computer B requires 5 seconds.

1) Which computer has higher execution ©zyBooks 05/16/25 23:08 24752f4]
time? Jaheim Attri
Ime: FIUEEL4709CSpring2025
A
2) Which computer has higher ]
performance?
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A
3) If performance is 1/ execution time, L]
what is A's performance?
0.1
10 ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

: o FIUEEL4709CSpring2025
4) If performance is 1/ execution time, pring D

what is B's performance?
0.2
5

5) How many times faster is B than A at ]
compressing a file?

2
1/2

6) To determine how many times faster D
Computer C is than Computer D,
which is the correct calculation?

PerfC / PerfD
PerfD / PerfC

Measuring performance

Time is the measure of computer performance: the computer that performs the same amount of
work in the least time is the fastest. Program execution time is measured in seconds per program.
However, time can be defined in different ways, depending on what we count. The most
straightforward definition of time is called wall clock time, response time, or elapsed time. These
terms mean the total time to complete a task, including disk accesses, memory accesses, input/
output (I/0) activities, operating system overhead—everything.

Computers are often shared, however, and a processor may work'oyBseverdl rograriss 2475274
simultaneously. In such cases, the system may try to optimize througﬁggké 'C Attlrzaﬂﬁgpt to
minimize the elapsed time for one program. Hence, we often want to distinguish between the
elapsed time and the time over which the processor is working on our behalf. CPU execution time or
simply CPU time, which recognizes this distinction, is the time the CPU spends computing for this
task and does not include time spent waiting for I/0 or running other programs. (Remember,
though, that the response time experienced by the user will be the elapsed time of the program, not
the CPU time.) CPU time can be further divided into the CPU time spent in the program, called user
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CPU time, and the CPU time spent in the operating system performing tasks on behalf of the
program, called system CPU time. Differentiating between system and user CPU time is difficult to
do accurately, because it is often hard to assign responsibility for operating system activities to one
user program rather than another and because of the functionality differences among operating
systems.

CPU execution time: Also called CPU time. The actual time the %I;y 88§3n61§/?8f5‘£"z‘§i~'8§ E%gﬂ 4

specific task. Jaheim Attri
FIUEEL4709CSpring2025

User CPU time: The CPU time spent in a program itself.

System CPU time: The CPU time spent in the operating system performing tasks on behalf of
the program.

For consistency, we maintain a distinction between performance based on elapsed time and that
based on CPU execution time. We will use the term system performance to refer to elapsed time on
an unloaded system and CPU performance to refer to user CPU time. We will focus on CPU
performance in this chapter, although our discussions of how to summarize performance can be
applied to either elapsed time or CPU time measurements.

PARTICIPATION ,
ACTIVITY 1.6.5: Measuring performance.

A task runs alone on a CPU. The task starts by running for 5 ms. The task then waits for 4
ms while the operating system runs some instructions to access disk. The CPU is then
idle for 2 ms while waiting for data from disk. Finally, the task runs another 10 ms and

completes.
1) The elapsed timeis ___ms. |
Check Show answer

©zyBooks 05/16/25 23:08 2475274

2) The user CPU timeis ms. Jaheim Attri
FIUEEL4709CSpring2025

Check Show answer

3) The CPUtimeis___ ms. ]
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Check Show answer
4) The system performance is D
ms.
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Check Show answer
5) The CPU performanceis _____ L]
ms.
Check Show answer

Understanding program performance

Different applications are sensitive to different aspects of the performance of a
computer system. Many applications, especially those running on servers, depend
as much on I/0 performance, which, in turn, relies on both hardware and software.
Total elapsed time measured by a wall clock is the measurement of interest. In
some application environments, the user may care about throughput, response
time, or a complex combination of the two (e.g., maximum throughput with a worst-
case response time). To improve the performance of a program, one must have a
clear definition of what performance metric matters and then proceed to look for
performance bottlenecks by measuring program execution and looking for the likely
bottlenecks. In the following chapters, we will describe how to search for
bottlenecks and improve performance in various parts of the system.

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Although as computer users we care about time, when we examine the details of a computer it's
convenient to think about performance in other metrics. In particular, computer designers may
want to think about a computer by using a measure that relates to how fast the hardware can
perform basic functions. Almost all computers are constructed using a clock that determines when
events take place in the hardware. These discrete time intervals are called clock cycles (or ticks,
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clock ticks, clock periods, clocks, cycles). Designers refer to the length of a clock period both as the
time for a complete clock cycle (e.g., 250 picoseconds, or 250 ps) and as the clock rate (e.g., 4
gigahertz, or 4 GHz). Clock rate is the inverse of the clock period. In the next subsection, we will
formalize the relationship between the clock cycles of the hardware designer and the seconds of
the computer user.

Clock cycle: Also called tick, clock tick, clock period, clock, or cé%es The Hg)%f&%%eogl%%ﬂ 4

ook3
period, usually of the processor clock, which runs at a constant rate. Jaheim Attri

FIUEEL4709CSpring2025

Clock period: The length of each clock cycle.

ZﬁilT\',fT'zATION 1.6.6: Clock cycle and clock period.
1) A particular processor has a clock D

rate of 1 GHz. The clock thus ticks
one billion times per second.

) True
() False

2) A clock rate of 1 GHz corresponds to D
a period of 1 nanosecond, which is
1x10° seconds.

) True
() False

iﬁ:lT\',fT'sATION 1.6.7: Check yourself: Throughput and response time. L

Suppose we know that an application that uses both personal mobile devices and the
Cloud is limited by network performance. For the following changes, determine what

improvements to the application's performance is/are made, if @Rysooks 05/16/25 23:08 2475274

Jaheim Attri
1) An extra network channel is added FIUEEL4709CSpring2025 D

between the PMD and the Cloud,
increasing the total network
throughput and reducing the delay to
obtain network access (since there
are now two channels).
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(O Only the throughput improves.

Both response time and
throughput improve.

Neither response time or
throughput improves.

2) The networking software is improved, ©zyBooks 05/16/25 23:08 24752@
; Jaheim Attri
thereby rgduglng the network FIUEEL 4709CSpring2025
communication delay, but not
increasing throughput.

() Only the throughput improves.

Only the response time
iImproves.

Neither response time or
throughput improves.

3) More memory is added to the D
computer.

Both response time and
throughput improve.

Neither response time or
throughput improves.

ZﬁilT\',fT'zATION 1.6.8: Check yourself: Program performance.
1) Computer C's performance is 4 D

times as fast as the
performance of computer B,
which runs a given application in
28 seconds. How long will
computer C take to run that

application? ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
sec FIUEEL4709CSpring2025
Check Show answer

CPU performance and its factors
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Users and designers often examine performance using different metrics. If we could relate these
different metrics, we could determine the effect of a design change on the performance as
experienced by the user. Since we are confining ourselves to CPU performance at this point, the
bottom-line performance measure is CPU execution time. A simple formula relates the most basic
metrics (clock cycles and clock cycle time) to CPU time:

CPU execution time for a program = CPU clock cyclegzg r 3 program. X ¢ 1298%2%016

Jaheim Attri
Alternatively, because clock rate and clock cycle time are inverses,  FIUEEL4709CSpring2025

CPU clock cycles for a program
Clock rate

CPU execution time for a program =

This formula makes it clear that the hardware designer can improve performance by reducing the
number of clock cycles required for a program or the length of the clock cycle. As we will see in
later chapters, the designer often faces a trade-off between the number of clock cycles needed for
a program and the length of each cycle. Many techniques that decrease the number of clock cycles
may also increase the clock cycle time.

Example 1.6.2: Improving performance.

Our favorite program runs in 10 seconds on computer A, which has a 2 GHz clock. We are trying t
help a computer designer build a computer, B, which will run this program in 6 seconds. The desic
has determined that a substantial increase in the clock rate is possible, but this increase will affec
the rest of the CPU design, causing computer B to require 1.2 times as many clock cycles as
computer A for this program. What clock rate should we tell the designer to target?

Answer

Let's first find the number of clock cycles required for the program on A:

CPU clock cycles 4
CPU ti —
ea Clock rate 4
10 seconds = CPU clock cycles s . o5/16/25 23:08 2475274
2 % 10° cycles Jaheim Attri

seconds F|UEEL4709CSpring2025

cycles

CPU clock cycles , = 10 seconds x 2 X 10° = 20 x 10 cycles

second

CPU time for B can be found using this equation:
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1.2 x CPU clock cycles 4

PU ti =
CPU timep Clock ratep

1.2 x 20 x 10° cycles
Clock ratep

1.2 x 20 x 10? cycles _ 02x20x 109 ¢yctes’ | O 4 X169 cycles

laheim A
6 seconds second FIUEEL4709CSprise¢oiid

6 seconds =

Clock rateg =

To run the program in 6 seconds, B must have twice the clock rate of A.

PARTICIPATION 169 | . f
ACTIVITY 0.9 Improving perrormance.

Refer to the above example.

1) What is the value of CPU clock cycles D
for computer A?

9 cycles
2 x 107 =—

20 x 10° cycles

10 sec

2) Computer B's performance is G
improved by reducing the .

number of clock cycles required
to execute the program

length of a clock cycle

Instruction performance
©zyBooks 05/16/25 23:08 2475274

The performance equations above did not include any reference to the numBEEST iNétructions

. . F(JUEEL4709CS£r|n92025
needed for the program. However, since the compiler clearly generated instructions to execute, and
the computer had to execute the instructions to run the program, the execution time must depend
on the number of instructions in a program. One way to think about execution time is that it equals
the number of instructions executed multiplied by the average time per instruction. Therefore, the

number of clock cycles required for a program can be written as
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CPU clock cycles = Instructions for a program x Average clock cycles per instructi

The term clock cycles per instruction, which is the average number of clock cycles each instruction
takes to execute, is often abbreviated as CPI. Since different instructions may take different
amounts of time depending on what they do, CPI is an average of all the instructions executed in
the program. CPI provides one way of comparing two different implementations of the same

instruction set architecture, since the number of instructions exeeutedfef aspregrammswillpaf sourse,

be the same. Jaheim Attri
FIUEEL4709CSpring2025

Clock cycles per instruction (CPI): Average number of clock cycles per instruction for a program
or program fragment.

Example 1.6.3: Using the performance equation.

Suppose we have two implementations of the same instruction set architecture.
Computer A has a clock cycle time of 250 ps and a CPI of 2.0 for some program, and
computer B has a clock cycle time of 500 ps and a CPI of 1.2 for the same program.
Which computer is faster for this program and by how much?

Answer

We know that each computer executes the same number of instructions for the program;
let's call this number /. First, find the number of processor clock cycles for each computer:

CPU clock cyclesy = I x 2.0

CPU clock cyclesg = I x 1.2

Now we can compute the CPU time for each computer:

CPU time 4 = CPU clock cycles 4 x Clock cycle time
= I x 2.0 x 250 ps = 500 x I ps

A _ ©zyBooks 05/16/25 23:08 2475274
Likewise, for B: Jaheim Attri

FIUEEL4709CSpring2025
CPU timeg = I x 1.2 x 500 ps = 600 x I ps

Clearly, computer A is faster. The amount faster is given by the ratio of the execution
times:
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CPU performancey  Execution time 4 T 500 x I ps -

We can conclude that computer A is 1.2 times as fast as computer B for this program.

PARTICIPATION
ACTIVITY

Refer to the above example.

1) How does one know that each
computer executes the same number
of instructions for the program?

All computers use the same
(O number of instructions for a
given program.

Both computers use the same
instruction set architecture.

Both computers use the same
implementation.

2) Which computer has a faster clock?
() Computer A
() Computer B

3) Which computer requires fewer clock
cycles to execute a single instruction?

() Computer A
() Computer B

4) If Computer A executes 1000
instructions for the program, what is
the program's CPU time on Computer
A?

1000 instr * 2.0 cycle/instr * 250
ps/cycle = 500,000 ps.

1000 instr * 1.2 cycle/instr * 500
ps/cycle = 600,000 ps.

5) If Computer A executes 1000
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1.6.10: Using the performance equation.

Jaheim Attri

©zyBooks 05/16/25 23:08 2475@
FIUEEL4709CSpring2025

L]

]

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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instructions for the program, how
many instructions does Computer B
execute for the program?

1000
1000* 1.2 =1200

1000 *2.0 = 2000 ©zyBooks 05/16/25 23:08 2475274
) Jaheim Attri
6) For a particular program, Computers FIUEEL4709CSpring2025 D

A and B execute 2000 instructions. A's
CPU time is 2000 * 2.0 * 250 =
1,000,000 ps. B'sis 2000 * 1.2 * 500 =
1,200,000 ps. How many times faster
is Computer A than B?

1.2
200,000
7) Computer A is better than Computer D
B.
Yes
Unclear

The classic CPU performance equation

We can now write this basic performance equation in terms of instruction count (the number of
instructions executed by the program), CPI, and clock cycle time:

CPU time = Instruction count x CPIxClock cycle time

or, since the clock rate is the inverse of clock cycle time:

Instruction count x CPI
Clock rate

CPU time =

These formulas are particularly useful because they separate thesthree-key factors thatsaftect 74

performance. We can use these formulas to compare two different impleméntatiohgor to evaluate
. S o FIUEEL4709CSpring2025

a design alternative if we know its impact on these three parameters.

Instruction count. The number of instructions executed by the program.
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Example 1.6.4: Comparing code segments.

A compiler designer is trying to decide between two code sequences for a particular
computer. The hardware designers have supplied the following facts:

CPI for each instruction class

©zyBooks 05/16/25 23:08 2475274
A B C Jaheim Attri
FIOUEEL4709CSpring2025

CPI 1 2 3

For a particular high-level language statement, the compiler writer is considering two code
sequences that require the following instruction counts:

Instruction counts for each instruction

Code class

sequence

Which code sequence executes the most instructions? Which will be faster? What is the
CPI for each sequence?

Answer
Sequence 1 executes 2+ 1 + 2 = 5 instructions. Sequence 2 executes4+1+1=06

instructions. Therefore, sequence 1 executes fewer instructions.

We can use the equation for CPU clock cycles based on instruction count and CPI to find
the total number of clock cycles for each sequence:

n

CPU clock cycles = Z(CPIi x C;)
—
’ ©zyBooks 05/16/25 23:08 2475274
. Jaheim Attri
This yields FIUEEL4709CSpring2025

CPU clock cycles; = (2 x 1)+ (1 x2)+(2x3) =2+ 2+ 6 = 10 cycles

CPU clock cycles, = (4 x1)+(1x2)+(1x3)=4+4+2+3=09cycles

So code sequence 2 is faster, even though it executes one extra instruction. Since code
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sequence 2 takes fewer overall clock cycles but has more instructions, it must have a
lower CPI. The CPI values can be computed by

CPU clock cycles
Instruction count

CPU clock cycles, 10

CPI; = - = — = .
Tnstruction. count; 5 @ﬁygogks 05/1 6/25 23..08 2475274
Jaheim Attri

FIUEEL4709CSpring2025
CPU clock cycles, 9
CPI,; = - =—==1.5
Instruction count, 6

CPI =

iﬁ:lT\',fT'zAT'ON 1.6.11: Comparing code segments.

Refer to the above example.

1) Instruction class requires D
the largest number of cycles per
instruction.
Check Show answer
2) Code sequence 2 executes D

instructions.

Check Show answer

3) Code sequence 2 requires _____ ]
CPU clock cycles.

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Check Show answer

4) Assume a new code sequence 3 D
contains the following
instruction counts for each
instruction class. What is code
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sequence 3's CPU clock cycles?

Instruction
Code counts for each
sequence instruction class

A B C
3 10 4 6
Check Show answer

5) Assume a new code sequence 3
contains the following
instruction counts for each
instruction class. What is code
sequence 3's CPI (in decimal
values)?

Instruction
Code counts for each
sequence instruction class

A B C
3 10 4 6
Check Show answer

The Big Picture

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

The table below shows the basic measurements at different levels in the computer
and what is being measured in each case. We can see how these factors are
combined to yield execution time measured in seconds per program:
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Always bear in mind that the only complete and reliable measure of computer

performance is time. For example, changing the instructiopssgktalowenthes.og 2475274
instruction count may lead to an organization with a slower clock ggofertiriéor

higher CPI that offsets the improvement in instruction counthlﬁfE\ﬁaﬁgJ/,ggesggﬂ a%Cpi
depends on the type of instructions executed, the code that executes the fewest
number of instructions may not be the fastest.

Table 1.6.2: The basic components of performance and how each is
measured (COD Figure 1.15).

Components of performance Units of measure

CPU execution time for a
Seconds for the program

program
Instruction count Instructions executed for the program
Clock cycles per instruction Average number of clock cycles per
(CPI) instruction

Clock cycle time Seconds per clock cycle

How can we determine the value of these factors in the performance equation? We can measure
the CPU execution time by running the program, and the clock cycle time is usually published as
part of the documentation for a computer. The instruction count@ndGsoan e mareddiffietit e
tham. Qf course, if we know the clock rate and CPU execution time, Wl%@l?é@%&%ﬁ%g%%e
instruction count or the CPI to determine the other.

We can measure the instruction count by using software tools that profile the execution or by using
a simulator of the architecture. Alternatively, we can use hardware counters, which are included in
most processors, to record a variety of measurements, including the number of instructions
executed, the average CPI, and often, the sources of performance loss. Since the instruction count
depends on the architecture, but not on the exact implementation, we can measure the instruction
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count without knowing all the details of the implementation. The CPI, however, depends on a wide
variety of design details in the computer, including both the memory system and the processor
structure (as we will see in COD Chapter 4 (The Processor) and COD Chapter 5 (Large and Fast:
Exploiting Memory Hierarchy)), as well as on the mix of instruction types executed in an
application. Thus, CPI varies by application, as well as among implementations with the same
instruction set.

The above example shows the danger of using only one factor (|@§M@mkﬁpéélﬁ{%5t@%§§8§§5274
performance. When comparing two computers, you must look at all tpfggﬁgg@%@%tﬁ%%%ch
combine to form execution time. If some of the factors are identical, like the clock rate in the above
example, performance can be determined by comparing all the nonidentical factors. Since CPI
varies by instruction mix, both instruction count and CPI must be compared, even if clock rates are
identical. Several exercises at the end of this chapter ask you to evaluate a series of computer and
compiler enhancements that affect clock rate, CPI, and instruction count. In COD Section 1.11
(Fallacies and pitfalls), we'll examine a common performance measurement that does not
incorporate all the terms and can thus be misleading.

Instruction mix: A measure of the dynamic frequency of instructions across one or many
programs.

PARTICIPATION .
ACTIVITY 1.6.12: Performance components. L

1) Assume CPI and clock cycle time D
remain constant. Reducing the
instruction count will reduce the
program's execution time.

) True
() False

2) For a given number of instructions, ]
assume CPl is increased by 20%, and
clock cycle time is decreased by 10%.

The program execution time
©zyBooks 05/16/25 23:08 2475274
decreases. Jaheim Attri

O True FIUEEL4709CSpring2025

() False

Understanding program performance
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The performance of a program depends on the algorithm, the language, the
compiler, the architecture, and the actual hardware. The following table
summarizes how these components affect the factors in the CPU performance

equation.
Hardware or ©zyBooks 05/16/25 23:08 2475274
software Affects what? How? Jaheim Attri
FIUEEL4709CSpring2025
component
The algorithm determines the number of
source program instructions executed and
Instruction hence the number of processor instructions
Algorithm count, possibly  executed. The algorithm may also affect the
CPI CPI, by favoring slower or faster instructions.

For example, if the algorithm uses more
divides, it will tend to have a higher CPI.

The programming language certainly affects
the instruction count, since statements in the
language are translated to processor
instructions, which determine instruction
count. The language may also affect the CPI
because of its features; for example, a
language with heavy support for data
abstraction (e.g., Java) will require indirect
calls, which will use higher CPI instructions.

Programming = Instruction
language count, CPI

The efficiency of the compiler affects both
the instruction count and average cycles per
instruction, since the compiler determines the
translation of the source language
instructions into computer instructions. The
compiler’s role can be very complex and

affect the CPI in complex ways.
©zyBooks 05/16/2523:08 2475274
The instruction set architecture afféctgdlitri
Instruction Instruction three aspects of CPU perfoFHﬂJgﬁéAé?%?nCcSeDﬂng2025
set count, clock affects the instructions needed for a function,
architecture rate, CPI the cost in cycles of each instruction, and the

overall clock rate of the processor.

Instruction

Compiler count, CPI
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Elaboration

Although you might expect that the minimum CPl is 1.0, as we'll see in COD Chapter 4
(The Processor), some processors fetch and execute multiple instructions per clock
cycle. To reflect that approach, some designers invert CPI to talksabeulP€s 015 23:08 2475274
instructions per clock cycle. If a processor executes on average 2 instrietions/per

. FIUEEL4709CSpring2025
clock cycle, then it has an IPC of 2 and hence a CPI of 0.5.

Elaboration

Although clock cycle time has traditionally been fixed, to save energy or temporarily
boost performance, today's processors can vary their clock rates, so we would need
to use the average clock rate for a program. For example, the Intel Core i7 will

temporarily increase clock rate by about 10% until the chip gets too warm. Intel calls
this Turbo mode.

iﬁ:IT\',fT'zATION 1.6.13: Check yourself: Program execution time.

A given application written in Java runs 15 seconds on a desktop processor. A new Java
compiler is released that requires only 0.6 as many instructions as the old compiler.
Unfortunately, it increases the CPI by 1.1.

1) How fast can we expect the D
application to run using this new
compiler?
©zyBooks 05/16/25 23:08 2475274
o 15x0.6 9 Jaheim Attri
11 8.2 sec FIUEEL4709CSpring2025

()15 x0.6 x1.1=9.9sec

15 x 1.1

0.6 = 27.5 sec
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1.7 The power wall

The figure below shows the increase in clock rate and power of nine generations of Intel
microprocessors over 36 years. Both clock rate and power increased rapidly for decades, and then
flattened off recently. The reason they grew together is that they are correlated and the reason for

their recent slowing is that we have run into the practical power Irm?'t or cog Hgﬁéﬁf e 475274

MICroprocessors. FIUEEL4709CSpr|n92025
parTicipaTioN | 1.7.7: Clock rate and power for Intel x86 microprocessors over nine
ACTiVITY generations and 36 years (COD Figure 1.16).
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Animation content:

Static figure: A 3-axis line graph of clock rate in MHz and power in watts for various generations
of Intel microprocessors over a period of 36 years is shown. The x-axis shows the progression of
microprocessor models starting from the 80286 in 1982 to the@gizo eo(rj S 8§f?8/5%%'88??417%274
These data points are labeled with corresponding clock rates or power valuesiat yafious
microprocessor models: 80286 (1982), 80386 (1985), 80486 (1989); PERtitM{T993)0 Pertium
Pro (1997), Pentium 4 Willamette (2001), Pentium 4 Prescott (2004), Core 2 Kentsfield (2007),
Core i5 Clarkdale (2010), Core i5 Haswell (2013), Core i5 Skylake (2016), and Core i5 Coffee Lake
(2018). The primary y-axis is labeled, Clock Rate (MHz), and is scaling logarithmically from 1 MHz
to 10,000 MHz. The secondary y-axis is labeled, Power (Watts), and is scaling linearly from 0 to
120 Watts. The graph features two lines. The first line represents clock rate, which increases and
then levels off. The second line represents power, which also increases and then flattens.
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Step 1: The Pentium 4 made a dramatic jump in clock rate and power but less so in performance.
Two lines on the 3-axis line graph appear. The first line, representing clock rate, also has six data
points, all connected by a line. The data points are: (80286 (1982), 12.5 MHz), (80386 (1985), 16
MHz), (80486 (1989), 25 MHz), (Pentium (1993), 66 MHz), (Pentium Pro (1997), 200 MHz),
(Pentium 4 Willamette (2001), 2000 MHz). The second line, representing power, has six data
points, all connected by a line. The data points are: (80286 (1 9%’%,@0%Q@/@%tﬁ%@@%%éb%%%ﬁ1
Watts), (80486 (1989), 4.9 Watts), (Pentium (1993), 10.1 Watts), (Pentiumi®rer(il997), 29.2
Watts), (Pentium 4 Willamette (2001), 75.3 Watts). FIUEEL4709CSpring2025

Step 2: The Prescott thermal problems led to the abandonment of the Pentium 4 line.

Another data point is added to the graph for both lines. The first line adds the data point (Pentium
4 Prescott (2004), 3600 MHz). The second line adds the data point (Pentium 4 Prescott (2004),
103 Watts).

Step 3: The Core 2 line reverts to a simpler pipeline with lower clock rates and multiple
processors per chip.

Another data point is added to the graph for both lines. The first line adds the data point (Core 2
Kentsfield (2007), 2667 MHz). The second line adds the data point (Core 2 Kentsfield (2007), 95
Watts).

Step 4: The Core i5 pipelines follow in its footsteps.

Four additional data points are added to the graph for both lines. The first line adds the data
points (Core i5 Clarkdale (2010), 3300 MHz), (Core i5 Haswell (2013), 3500 MHz), (Core i5
Skylake (2016), 3500 MHz), and (Core i5 Coffee Lake (2018), 3600 MHz). The second line adds
the data points (Core i5 Clarkdale (2010), 87 Watts), (Core i5 Haswell (2013), 84 Watts), (Core i5
Skylake (2016), 91 Watts), and (Core i5 Coffee Lake (2018), 95 Watts).

Animation captions:

1. The Pentium 4 made a dramatic jump in clock rate and power but less so in performance.
2. The Prescott thermal problems led to the abandonment of the Pentium 4 line.
3. The Core 2 line reverts to a simpler pipeline with lower clock rates and multiple processors

per chip.
4. The Core i5 pipelines follow in its footsteps. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
CIPATIO
Zﬁf\'m'sm N1 1.7.2: Clock rate and power trends. L

1) As clock rates increased in early Intel D
processors, power ____.
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increased
decreased
2) The ____Intel processor consumed D
the most power.
2004
2010 ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

: : FIUEEL4709CSpring2025
3) Clock rates stopped increasing pring D

around 2004 because of power.
True

False

Although power provides a limit to what we can cool, in the PostPC Era the really critical resource is
energy. Battery life can trump performance in the personal mobile device, and the architects of
warehouse scale computers try to reduce the costs of powering and cooling 50,000 servers as the
costs are high at this scale. Just as measuring time in seconds is a safer measure of program
performance than a rate like MIPS (see COD Section 1.11 (Fallacies and pitfalls)), the energy metric
joules is a better measure than a power rate like watts, which is just joules/second.

The dominant technology for integrated circuits is called CMOS (complementary metal oxide
semiconductor). For CMQOS, the primary source of energy consumption is so-called dynamic energy
—that is, energy that is consumed when transistors switch states from 0 to 1 and vice versa. The
dynamic energy depends on the capacitive loading of each transistor and the voltage applied:

Energy « Capacitive load x Voltage®

This equation is the energy of a pulse during the logic transitionof 0 -1 —00r1—0— 1. The
energy of a single transition is then

Energy < 1/2 x Capacitive load X Voltage?

The power required per transistor is just the product of energy of a transition and the frequency of
transitions:

.y Books 05/16/25.23:08 2475274
Power « 1/2 x Capacitive load x Voltage® x%equen%eﬁwgigﬁeé
FIUEEL4709CSpring2025
Frequency switched is a function of the clock rate. The capacitive load per transistor is a function

of both the number of transistors connected to an output (called the fanout) and the technology,
which determines the capacitance of both wires and transistors.

With regard to the above figure, how could clock rates grow by a factor of 1000 while power grew
by only a factor of 30? Energy and thus power can be reduced by lowering the voltage, which
occurred with each new generation of technology, and power is a function of the voltage squared.
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Typically, the voltage was reduced about 15% per generation. In 20 years, voltages have gone from
5V to 1V, whichis why the increase in power is only 30 times.

PARTICIPATION

ACTIVITY 1.7.3: Energy and power.

1) Voltage = 4V, frequency = 1
_ ©zyBooks 05/16/25 23:08 2475274
GHz, and power = 3 W. Jaheim Attri

Frequency is increased to 6 FIUEEL4709CSpring2025
GHz. What is the new power?

W

Check Show answer

2) Voltage = 4V, frequency = 1 L]
GHz, and power = 3 W. Voltage
is decreased to 2 V. What is the
new power? Type as: 0.#4#

W

Check Show answer

Example 1.7.1: Relative power.

Suppose we developed a new, simpler processor that has 85% of the capacitive load of the more
complex older processor. Further, assume that it has adjustable voltage so that it can reduce voltz
15% compared to processor B, which results in a 15% shrink in frequency. What is the impact on
dynamic power?

Answer

Powerne,,  (Capacitive load x 0.85) x (Voltage X’ 0/85)% X (Freqliency éwitche

Power g Capacitive load x Voltage? XFrequeéncy switched

Thus the power ratio is
0.85* = 0.52

Hence, the new processor uses about half the power of the old processor.

85 of 141 5/16/2025, 11:08 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

The problem today is that further lowering of the voltage appears to make the transistors too leaky,
like water faucets that cannot be completely shut off. Even today about 40% of the power
consumption in server chips is due to leakage. If transistors started leaking more, the whole
process could become unwieldy.

To try to address the power problem, designers have already att%&g%%g%ggs%g}aga5@0'5955%5?4
cooling, and they turn off parts of the chip that are not used in a given clockigyele. Aftthough there

are many more expensive ways to cool chips and thereby raise their poWero, §4y> B0 ¢4tes, these
techniques are generally too expensive for personal computers and even servers, not to mention
personal mobile devices.

Since computer designers slammed into a power wall, they needed a new way forward. They chose
a different path from the way they designed microprocessors for their first 30 years.

Elaboration

Although dynamic energy is the primary source of energy consumption in CMOS,
Static energy consumption occurs because of leakage current that flows even when a
transistor is off. In servers, leakage is typically responsible for 40% of the energy
consumption. Thus, increasing the number of transistors increases power dissipation,
even if the transistors are always off. A variety of design techniques and technology
innovations are being deployed to control leakage, but it's hard to lower voltage
further.

Elaboration

Power is a challenge for integrated circuits for two reasons. First, power must be

brought in and distributed around the chip; modern microprocessors use hundreds of

pins just for power and ground! Similarly, multiple levels of chip interconnect are used

solely for power and ground distribution to portions of the cf@%@@@bﬁ&?ﬁ@)ﬁ/@ﬁ@&% 2475274
. . ahejm Attri

dissipated as heat and must be removed. Server chips can burn W@é@@ﬁ%@@%ﬂ@‘%%

and cooling the chip and the surrounding system is a major expense in Warehouse

Scale Computers (see COD Chapter 6 (Parallel Processors from Client to Cloud)).

I PARTICIPATION ﬁ
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| ACTIVITY 1.7.4: Power wall. | |

1) Processora has 75% of the capacitive D
load of processorg. Processory also has
a 20% voltage reduction and 10% shrink
in frequency. What is the relative impact

on dynamic power?
©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
) 0.75 x 0.802 x 0.90 = 0.432 FIUEEL4709CSpring2025

O 0.75 x 0.202 x 0.10 = 0.003

© 0.75 x 0.80% x 0.90 = 0.432 V
2) Which improvement has a bigger ]
impact on power?
() 25% reduction in voltage
25% reduction in frequency

switching

3) Inthe past 20 years, voltages have D
decreased from 5V to 1 V. Why don't
manufacturers continue to lower
voltages to reduce power
consumption?

Further lowering of voltage
results in transistor leakage.

(0 Voltage has no impact on power

4) Over the past 30 years, processor D
frequencies have continued to
increase.

) True

O False ©zyBooks 05/16/25 23:08 2475274

JaheimAttri
FIUEEL4709CSpring2025

1.8 The sea change: The switch from
uniprocessors to multiprocessors
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(

Up to now, most software has been like music written for a solo performer; with the
current generation of chips we're getting a little experience with duets and quartets and
other small ensembles; but scoring a work for large orchestra and chorus is a different kind
of challenge.

Brian Hayes, Computing in a Parallel Universe, 2007.
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

. , _ , . FIUEEL4709CSpring2025
The power limit has forced a dramatic change in the design of microprocessors. The figure below

shows the improvement in response time of programs for desktop microprocessors over time.
Since 2002, the rate has slowed from a factor of 1.5 per year to a factor of only 1.03 per year.

Figure 1.8.1: Growth in processor performance since the mid-1980s (COD
Figure 1.17).

This chart plots performance relative to the VAX 11/780 as measured by the SPECint
benchmarks (see COD Section 1.10 (Fallacies and pitfalls)). Prior to the mid-1980s,
processor performance growth was largely technology-driven and averaged about 25% per
year. The increase in growth to about 52% since then is attributable to more advanced
architectural and organizational ideas. The higher annual performance improvement of
52% since the mid-1980s meant performance was about a factor of seven higher in 2002
than it would have been had it stayed at 25%. Since 2002, the limits of power, available
instruction-level parallelism, and long memory latency have slowed uniprocessor
performance recently, to about 3.5% per year.

Intel Core i7 4 cores 4.2 GHz (Boost to 4.5 GHz)
Intel Core i7 4 cores 4.0 GHz (Boost 1o 4.2 GHz)
Intel Core i7 4 cores 4.0 GHz (Boost 1o 4.2 GHz)
Intel Xeon 4 cores 3.7 GHz (Boost to 4.1 GHz)
100,000 Intel Xeon 4 cores 3.6 GHz (Boost to 4.0 GHz) E—
Intel Xeon 4 cores 3.6 GHz (Boost to 4.0 GHz)
Intel Core i7 4 cores 3.4 GHz (boost to 3.8 GHz)

Digital 3000 AXP/500, 150 MHz @ z°
HP 9000/750, 66 MHz g7 .*"
/51
1BM RSE000/540, 30 MHZ, .4 4 52%I/year
MIPS M2000, 25 MHz

MIPS M/120, 16.7 MHz -1' o

Intel Xeon 6 cores, 3.3 GHz (boost to 3.6 GHz) 49,935/
Intel Xeon 4 cores, 3.3 GHz (boost to 3.6 GHz) 49.870
Intel Core i7 Extreme 4 cores 3.2 GHz (boost to 3.5 GHz) 31099 2419\ ~8—0—9
Intel Core Duo Extreme 2 cores, 3.0 GHz 21871 @9 Sean 40,067 49.935
Intel Core 2 Extreme 2 cores, 29 GHz o @—@ 7220 34,967
e~~~ AMD Athlon 64. 2.8 GHz -~ @& o aaz22 24129
10,000 AMD Athlon 64, 2.8 GHz =
=) AMD Athlon, 2.6 GHz 31 865 387 19,484
o Intel Xeon EE 3.2 GHz_@=-@2C T
o Intel DBSOEMVR motherboard (3.06 GHz, Pentium 4 processor with Hyper-Threading Technology) 6,043 .
~
= IBM Powerd, 1.3 GHz gy=* 4195
- - “"3,016
- Intel VG820 motherboard, 1.0 GHz Pentium I processor g
! Professional Workstation XP1000, 667 MHz 21264A ’
é 1000 —A--nmmmmmmmmmmmmmemmmmmmemmmeee-.Diaital AlphaServer 8400 6/575. 575 MHz 21264 g-—® 1267
."993
> AlphaServer 4000 5/600, 600 MHz 21164 g+
5 Digial Aphastation /500, 500 MHz =" ©ZyBOOkS 05/1 6/25 23:08 24 /5274
Digital Alphastation 5/300, 300 MH; H 1
2  Digwal Alphastation 2 280 23%lyear Jahehayedttsisvwssyear
© Digital Aiphastation 4/266, 266 MHz @2 i
o 400 Aomemememmemeemeeem e 1M POWERSlaton 100,150 MHz @y FIUEEL4709CSpring2025
S B
o
c
(]
o

10 - Sun4/260, 167 MHZ M8 T
VAX 8700, 22 MHz g%
VAX-11/780, 5 MHz
25%lyear
1 T T T T T T T T T T T T

T T T T T T T
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

88 of 141 5/16/2025, 11:08 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

Rather than continuing to decrease the response time of a single program running on the single
processor, as of 2006 all desktop and server companies are shipping microprocessors with
multiple processors per chip, where the benefit is often more on throughput than on response time.
To reduce confusion between the words processor and microprocessor, companies refer to
processors as "cores,” and such microprocessors are generically called multicore microprocesso
. . : . ©zyBooks 05/16/25 23:08 2475274
Hence, a "quadcore” microprocessor is a chip that contains four processors;or fQuigares.
FIUEEL4709CSpring2025
parTICIPATION | 1.8.1: Slowing in uniprocessor performance has led to a switch to G

ACTIVITY multiprocessor systems.

rs.

1985 1990 1995 2000 2005 2010 2018 ?

Year

Animation content:

Static figure: A timeline bar graph is shown. The timeline spans from the year 1985 to the future,
with milestone years marked as 1990, 1995, 2000, 2005, 2010, 2018, and a question mark
indicating the future beyond 2018. Above the timeline are bars of different sizes. The bar above
1985 is a tiny square, the bar above 1990 is a small square, the bar above 1995 is a medium
square, the bar above 2000 is a large square, the bar above 2005 consists of two medium
squares aligned vertically, the bar above 2010 consists of four @%‘Wsﬁ%%%?ﬁﬁ@@@@gf@ztﬂo
rows and two columns, the bar above 2018 consists of four large squares/anramgediin two rows
and two columns, and the bar above the question mark consists of Wé?ﬁ%%&’ﬂ%@%ﬂanged
in four rows and many columns.

Step 1: From the mid-1980s to 2000s, processor performance improved 52% annually.

Performance growth was largely attributable to more advanced architectural and organizational
ideas.

The timeline bar graph arrears from 1985 to 2000. Squares appear above the years: The square
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above 1985 is tiny, the square above 1990 is small, the square above 1995 is medium, the square
above 2000 is large.

Step 2: In 2005, the limits of power, available instruction-level parallelism, and long memory
latency slowed uniprocessor performance. Multiprocessor systems began to appear.
The year values 2005 and 2010 appear. Two medium squares aligned vertically appear above

2005, four medium squares arranged in two rows and two colt@%o%gg%%p?@/@gezg%ozﬂwm
Jaheim Attri

Step 3: Growth in each processor's performance has slowed from 5@%%"ﬁ6@%(3t%0§@%%§nually
in2018.

The year value 2018 appears. Four large squares arranged in two rows and two columns appear
above 2018.

Step 4: Future systems may contain numerous processors.
The unknown year, represented by a question mark, appears. Many small squares arranged in
four rows and many columns appear above the question mark.

Animation captions:

1. From the mid-1980s to 2000s, processor performance improved 52% annually.
Performance growth was largely attributable to more advanced architectural and
organizational ideas.

2.1n 2005, the limits of power, available instruction-level parallelism, and long memory latency
slowed uniprocessor performance. Multiprocessor systems began to appear.

3. Growth in each processor's performance has slowed from 52% in 2002 to 3.5% annually in
2018.

4. Future systems may contain numerous processors.

ZﬁilT\',fT'sAT'ON 1.8.2: Changes in processor design. L
1) From the mid-1980s to early-2000s, ]
processor performance improved
each year at an average of 52%. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
) True FIUEEL4709CSpring2025
() False
2) Growth in processor performance D
slowed in 2002.
O True
() False
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3) Power was a factor in the slowing of D
processor performance growth.
O True
O False
4) Manufacturers continue to design D
single processor systems and ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

increase processor performance
P P FIUEEL4709CSpring2025

through new technology-driven
improvements.

) True
() False

In the past, programmers could rely on innovations in hardware, architecture, and compilers to
double performance of their programs every 18 months without having to change a line of code.
Today, for programmers to get significant improvement in response time, they need to rewrite their
programs to take advantage of multiple processors. Moreover, to get the historic benefit of running
faster on new microprocessors, programmers will have to continue to improve performance of
their code as the number of cores increases.

To reinforce how the software and hardware systems work hand in hand, we use a special section,
Hardware/Software Interface, throughout the book, with the first one appearing below. These
elements summarize important insights at this critical interface.

Hardware/Software Interface

Parallelism has always been critical to performance in computing, but it was often
hidden. COD Chapter 4 (The Processor) will explain pipelining, an elegant technique
that runs programs faster by overlapping the execution of instructions. Pipelining is
one example of instruction-level parallelism, where the parallel nature of the
hardware is abstracted away so the programmer and compiler can think of the

hardware as executing instructions sequentially.
©zyBooks 05/16/25 23:08 2475274

Forcing programmers to be aware of the parallel hardware and to explieithyneWirite
their programs to be parallel had been the "third rail" of Computeﬁlg%ﬁgg?&%?rﬁBPZO%
companies in the past that depended on such a change in behavior failed (see COD
Section 6.15 (Historical perspective and further reading)). From this historical
perspective, it's startling that the whole IT industry bet its future that programmers
will successfully switch to explicitly parallel programming.

\ & 5
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PIPELINING

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Why has it been so hard for programmers to write explicitly parallel programs? The first reason is
that parallel programming is by definition performance programming, which increases the difficulty
of programming. Not only does the program need to be correct, solve an important problem, and
provide a useful interface to the people or other programs that invoke it, the program must also be
fast. Otherwise, if you don't need performance, just write a sequential program.

The second reason is that fast for parallel hardware means that the programmer must divide an
application so that each processor has roughly the same amount to do at the same time, and that
the overhead of scheduling and coordination doesn't fritter away the potential performance
benefits of parallelism.

As an analogy, suppose the task was to write a newspaper story. Eight reporters working on the
same story could potentially write a story eight times faster. To achieve this increased speed, one
would need to break up the task so that each reporter had something to do at the same time. Thus,
we must schedule the sub-tasks. If anything went wrong and just one reporter took longer than the
seven others did, then the benefits of having eight writers would be diminished. Thus, we must
balance the load evenly to get the desired speedup. Another danger would be if reporters had to
spend a lot of time talking to each other to write their sections. You would also fall short if one part
of the story, such as the conclusion, couldn't be written until all of the other parts were completed.
Thus, care must be taken to reduce communication and synchronization overhead. For both this
analogy and parallel programming, the challenges include scheduling, load balancing, time for
synchronization, and overhead for communication between the parties. As you might guess, the
challenge is stiffer with more reporters for a newspaper story and more processors for parallel
programming.

PARTICIPATION ©zyBooks 05/16/25 23:08 2475274

ACTIVITY 1.8.3: Programs for multicore systems. Jaheim Attri
FIUEEL4709CSpring2025
1) As computing systems move to D
multicore microprocessors,
programmers ____ to obtain

performance benefits.

() don't need to change any code
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() need to rewrite their programs

2) Parallel programming seeks to ]
improve program ____.

O pipelining

O performance

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025 D

() correctness

3) How should programmers write code
to maximize the benefits of parallel
programming?

Run all program tasks on a
single processor

Run programs in a round-robin
(O fashion to ensure even wear of
processors

Divide a program into sub-tasks
(0 so all processors run about the
same amount of time

(]

4) Parallel programming becomes more
difficult as the number of processor
cores increases.

) True
() False

To reflect this sea change in the industry, the next five chapters in this
edition of the book each have a section on the implications of the parallel
revolution to that chapter:

e COD Chapter 2 (Instructions: Language of the Computer) Section
2.11: Parallelism and Instructions: Synchronization. Usually .
independent parallel tasks need to coordinate at times, such as to
say when they have completed their work. This chapter exp%?f?soﬂ#@ Ojgﬂlg{r%fﬁfgol8.zf.72224
instructions used by multicore processors to synchronize tasksrIUEEL4709CSpri 5

e COD Chapter 3 (Arithmetic for Computers), Section 3.6: Parallelism
and Computer Arithmetic: Subword Parallelism. Perhaps the simplest
form of parallelism to build involves computing on elements in
parallel, such as when multiplying two vectors. Subword parallelism
relies on wider arithmetic units that can operate on many operands
simultaneously.
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e COD Chapter 4 (The Processor), Section 4.11: Parallelism via Instructions. Given the difficulty
of explicitly parallel programming, tremendous effort was invested in the 1990s in having
the hardware and the compiler uncover implicit parallelism, initially via pipelining. This
chapter describes some of these aggressive techniques, including fetching and executing
multiple instructions simultaneously and guessing on the outcomes of decisions, and

executing instructions speculatively using prediction.
©zyBooks 05/16/25 23:08 2475274

o COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy), Seﬁ{@@él%gr@ 4 @%@Sand
Memory Hierarchies: Cache Coherence. One way to lower the cost of communication is to
have all processors use the same address space, so that any processor can read or write
any data. Given that all processors today use caches to keep a temporary copy of the data
in faster memory near the processor, it's easy to imagine that parallel programming would
be even more difficult if the caches associated with each processor had inconsistent
values of the shared data. This chapter describes the mechanisms that keep the data in all
caches consistent.

e COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy), Section 5.11: Parallelism and
Memory Hierarchy: Redundant Arrays of Inexpensive Disks. This section describes how
using many disks in conjunction can offer much higher throughput, which was the original
inspiration of Redundant Arrays of Inexpensive Disks (RAID). The real popularity of RAID
proved to be to the much greater dependability offered by including a modest number of
redundant disks. The section explains the differences in performance, cost, and dependability
between the different RAID levels.

In addition to these sections, there is a full chapter on parallel processing. COD Chapter 6 (Parallel
Processor from Client to Cloud) goes into more detail on the challenges of parallel programming;
presents the two contrasting approaches to communication of shared addressing and explicit
message passing; describes a restricted model of parallelism that is easier to program; discusses
the difficulty of benchmarking parallel processors; introduces a new simple performance model for
multicore microprocessors; and, finally, describes and evaluates four examples of multicore
microprocessors using this model.

As mentioned above, COD Chapters 3 (Arithmetic for Computers) to 6 (Parallel Processor from
Client to Cloud) use matrix vector multiply as a running example to show how each type of
parallelism can significantly increase performance.

COD Appendix C (Graphics and Computing GPUs) describes an i@@m@m%pmpzm3aasmnase74
component that is included with desktop computers. The graphics prgﬁJeEsEst‘ﬁ@OgCSﬁ{ % |
hardware component that accelerates graphics. GPUs are becoming programming pla orms in
their own right. As you might expect, given these times, GPUs rely on parallelism.

COD Appendix C (Graphics and Computing GPUs) describes the NVIDIA GPU and highlights parts
of its parallel programming environment.
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1.9 Real stuff: Benchmarking the Intel Core i7

i | thought [computers] would be a universally applicable idea, like a book is. But | didn't

think it would develop as fast as it did, because | didn't envision we'd be able to get as many
parts on a chip as we finally got. The transistor came along S‘%&B%?e%ﬁgh ﬁAﬁ%BB@ﬁgé274
much faster than we expected. FIUEEL4709CSpring2025

J. Presper Eckert, coinventor of ENIAC, speaking in 1991

Each chapter has a section entitled "Real Stuff " that ties the concepts in the book with a computer
you may use every day. These sections cover the technology underlying modern computers. For
this first "Real Stuff" section, we look at how integrated circuits are manufactured and how
performance and power are measured, with the Intel Core i7 as the example.

SPEC CPU benchmark

A computer user who runs the same programs day in and day out would be the

perfect candidate to evaluate a new computer. The set of programs run would

form a workload. To evaluate two computer systems, a user would simply

compare the execution time of the workload on the two computers. Most users, COMMON CASE FAST
however, are not in this situation. Instead, they must rely on other methods that

measure the performance of a candidate computer, hoping that the methods will reflect how well
the computer will perform with the user's workload. This alternative is usually followed by
evaluating the computer using a set of benchmarks—programs specifically chosen to measure
performance. The benchmarks form a workload that the user hopes will predict the performance of
the actual workload. As we noted above, to make the common case fast, you first need to know
accurately which case is common, so benchmarks play a critical role in computer architecture.

Workload: A set of programs run on a computer that is either the actual collection of
applications run by a user or constructed from real programs to approximate such a mix. A
typical workload specifies both the programs and the relative frequencies.

©zyBooks 05/16/25 23:08 2475274
Benchmark: A program selected for use in comparing computer performangeim Attri

FIUEEL4709CSpring2025

SPEC (System Performance Evaluation Cooperative) is an effort funded and supported by a
number of computer vendors to create standard sets of benchmarks for modern computer
systems. In 1989, SPEC originally created a benchmark set focusing on processor performance
(now called SPEC89), which has evolved through five generations. The latest is SPEC CPU2017,
which consists of a set of 10 integer benchmarks (SPECspeed 2017 Integer) and 13 floating-point
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benchmarks (SPECspeed 2017 Floating Point). The integer benchmarks vary from part of a C
compiler to a chess program to a quantum computer simulation. The floating-point benchmarks
include structured grid codes for finite element modeling, particle method codes for molecular
dynamics, and sparse linear algebra codes for fluid dynamics.

The figure below describes the SPEC integer benchmarks and their execution time on the Intel Core
i7 and shows the factors that explain execution time: instruction count, CPI, and clock cycle time.
Note that CPI varies by more than a factor of 4.

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Table 1.9.1: SPECspeed 2017 Integer benchmarks running ona 1.8 GHz
Intel Xeon E5-2650L (COD Figure 1.18).

Execution time is the product of the three factors in this table: instruction count in billions,
clocks per instruction (CPI), and clock cycle time in nanoseconds. SPECratio is simply the
reference time, which is supplied by SPEC, divided by the measured execution time. The single
number quoted as SPECspeed 2017 Integer is the geometric mean of the SPECratios.
SPECspeed 2017 has multiple input files for perlbench, gcc, x264, and xz. For this figure,
execution time and total clock cycles are the sum running times of these programs for all

inputs.

Description

Perl
Interpreter

GNUC
compiler

Route
Planning

Discrete
Event
simulation -
computer
network

Name

perlbench

gce

mcf

omnetpp

Instruction
Count x
10°

2684

2322

1786

1107

CPI

0.42

0.67

1.22

0.82

Clock
cycle  Execution Reference
time Time Time  SPECratio
(seconds (seconds) (seconds)
x 109)
0.556 627 1774 2.83
0.556 863 3976 4.61
0.556 1215 4721 3.89
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
0.556 507 1630 3.21
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XML to
HTML
conversion
via XSLT

xalancbmk = 1314 0.75 0.556 549 1417 2.58

Vid
14e0 . X264 4488 0.32 0.556 813 1763 217
compression ©zyBooks 05/16/25 23:08 2475274

Jaheim-Attri
Artificial FIUEEL4709CSpring2025

Intelligence:

alpha-beta deepsjeng 2216 0.57 0.556 698 1432 2.05
tree search

(Chess)

Artificial

Intelligence:

Monte Carlo  leela 2236 0.79 0.556 987 1703 1.73
tree search

(Go)

Artificial
Intelligence:
recursive
solution
generator
(Sudoku)

exchange?2 6683 0.46 0.556 1718 2939 1.71

General data | ) 8533 132 0556 6200 6182 098
compression

Geometric
mean

- - - - - - 2.36

To simplify the marketing of computers, SPEC decided to report a single number to summarize all
10 integer benchmarks. Dividing the execution time of a referenc@%%@s%&?ﬁ%@&%aﬁ&r‘?ﬁﬁwe
of the measured computer normalizes the execution time measuremenisithiginoumalization yields
a measure, called the SPECratio, which has the advantage that bigger numeric results indicate
faster performance. That is, the SPECratio is the inverse of execution time. A SPECspeed 2017
summary measurement is obtained by taking the geometric mean of the SPECratios.

Elaboration
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When comparing two computers using SPECratios, use the geometric mean so that it
gives the same relative answer no matter what computer is used to normalize the
results. If we averaged the normalized execution time values with an arithmetic mean,
the results would vary depending on the computer we choose as the reference.

The formula for the geometric mean is

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

n
"/ ] | Execution time ratio; ~ FIUEEL4709CSpring2025
=1

where Execution time ratio; is the execution time, normalized to the reference
computer, for the ith program of a total of n in the workload, and

n
Hai means the product a; X a2 X ... X a,
i=1

SPEC power benchmark

Given the increasing importance of energy and power, SPEC added a benchmark to measure
power. The SPEC power benchmark reports power consumption of servers at different workload
levels, divided into 10% increments, over a period of time. The figure below shows the results for a
server using Intel Nehalem processors similar to the above.

Table 1.9.2: SPECpower_ssj2008 running on a dual socket 2.2GHz Intel
Xeon Platinum 8276L with 192GB of DRAM and one 80GB SSD disk (COD
Figure 1.19).

q ‘ Average
TargetLoad | Performance |, | @vBogks 05/16/25 23:08 2475274
% (ssj_ops) Jaheim Attri
(watts)  FiUEEL4709CSpring2025
100% 4,864,136 347
90% 4,389,196 312
80% 3,905,724 278

5/16/2025, 11:08 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/1/print

70% 3,418,737 241
60% 2,925,811 212
50% 2,439,017 183
40% 1,951,394 160

©zyBooks 05/16/25 23:08 2475274

. Jaheim Attri
30% 1461411 141 FIUEEL4709CSpring2025

20% 974,045 128
10% 485,973 115
0% 0 48

Overall Sum 26,815,444 2,165

28sj_ops / Zpower = 12,385

SPECpower started with another SPEC benchmark for Java business applications (SPECJBB2005),
which exercises the processors, caches, and main memory as well as the Java virtual machine,
compiler, garbage collector, and pieces of the operating system. Performance is measured in
throughput, and the units are business operations per second. Once again, to simplify the
marketing of computers, SPEC boils these numbers down to a single number, called "overall
ssj_ops per watt." The formula for this single summarizing metric is

10 10
overall ssj_ops per watt = ( Z ssj_opsi) / ( Z poweri)
i=0 i=0

where ssj_opsj is performance at each 10% increment and power; is power consumed at each
performance level.

PARTICIPATION

ACTIVITY 1.9.1: SPEC benchmark.

©zyBooks 05/16/25 23:08 2475272_1
\ . Jaheim Attri
1) "Go game (Al)" is a benchmark. FIUEEL4709CSpring2025 D

) True
() False

2) A workload is typically a set of ]
benchmarks.
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) True
() False

3) All SPEC benchmarks have similar
instruction count, CPI, and clock cycle
time characteristics.

) True
() False

4) A smaller SPECratio indicates better
performance.

) True
() False

5) Power is not a useful evaluation
metric in the SPEC benchmarks.

) True
() False
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]

1.10 Going faster: Matrix multiply in Python

To demonstrate the impact of the ideas in this book, every chapter has a "Going Faster" section
that improves the performance of a program that multiplies a matrix times a vector. We start with

this Python program:

for 1 in xrange(n):
for j in xrange(n):

for k in xrange(n):

Cli]([J] += A[1][k]

* Blk][]]

We are using the n1-standard-96 server in Google Cloud Engine, which has two Intel Skylake Xeon
chips, and eagh chip has 24 propessors or core§ and running Py@gy%\égkssy%/%}zgEg%guzaﬁlgfﬁl
are 960x960, it takes about 5 minutes to run using Python 2.7. Since floatingspeimt/c@mputations
go up with the cube of the matrix dimension, it would take almost 6 holWs-t¢t {RGP e gAatrices
were 4096x4096. While it's quick to write the matrix multiply in Python, who wants to wait that long

to get the answer?

In COD Chapter 2 (Instructions: Language of the Computer), we are converting the Python version
of matrix multiply to a C version increases performance by a factor of 200. The C programming
abstraction is much closer to the hardware than Python, which is why we use it as the
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programming example in this book. Closing the abstraction gap also makes it much faster than
Python [Leiserson, 2020].

e In the category of data level parallelism, in COD Chapter 3 (Arithmetic for Computers) we use
subword parallelism via C intrinsics to increase performance by a factor of about 8.

e In the category of instruction level parallelism, in COD Chapter 4 (The Processor) we use loop
unrolling to exploit multiple instruction issue and out-of-order execution hardware to increase

©zyBooks 05/16/25 23:08 2475274

performance by another factor of about 2. Jaheim Attri

e In the category of memory hierarchy optimization, in COD Chaptéd5-(l4afge andreast s
Exploiting Memory Hierarchy) we use cache blocking to increase performance on large
matrices by another factor of about 1.5.

e In the category of thread level parallelism, in COD Chapter 6 (Parallel Processor from Client to
Cloud) we use parallel for loops in OpenMP to exploit multicore hardware to increase

performance by another factor of 12 to 17.

The last four steps leverages understanding how the underlying hardware really works in a modern
microprocessor, and collectively only require 21 lines of C code. The figure below shows speedup
on a log scale of factor of nearly 50,000 over the original Python version. Instead of waiting almost
six hours, it would take less than a second!

Elaboration

To accelerate Python, programmers commonly call highly optimized libraries instead
of writing the code in Python itself. Since we are trying to show the inherent speed of
Python versus C, we show the matrix multiply speed in Python itself. If we used the
Numpy library instead, a 960x960 matrix multiply would take much less than 1
second instead of 5 minutes.

Figure 1.10.1: Optimizations of matrix multiply program in Python in the

chapters of this book. (COD Figure 1.20).

©zyBooks 05/16/25 23:08 2475274
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/ Jaheim-Attri
1 1/ FIUEEL 4709CSpring2025
Python translate + Datalevel + Instruction + Memory + Thread
(Ch. 1) toC Parallelism level hierarchy level
(Ch. 2) (Ch. 3) parallelism optimization parallelism

(Ch. 4) (Ch. 5) (Ch. 6)

1.11 Fallacies and pitfalls

Science must begin with myths, and the criticism of myths.
Sir Karl Popper, The Philosophy of Science, 1957

The purpose of a section on fallacies and pitfalls, which will be found in every chapter, is to explain
some commonly held misconceptions that you might encounter. We call them fallacies. When
discussing a fallacy, we try to give a counterexample. We also discuss pitfalls, or easily made
mistakes. Often pitfalls are generalizations of principles that are only true in a limited context. The
purpose of these sections is to help you avoid making these mistakes in the computers you may
design or use. Cost/performance fallacies and pitfalls have ensnared many a computer architect,
including us. Accordingly, this section suffers no shortage of relevant examples. We start with a
pitfall that traps many designers and reveals an important relationship in computer design.

Pitfall: Expecting the improvement of one aspect of a computer to increase overall
performance by an amount proportional to the size ofégg improvement.. -,

Jaheim Attri

The great idea of making the common case fast has a Fl
demoralizing corollary that has plagued designers of both
hardware and software. It reminds us that the opportunity
for improvement is affected by how much time the event
consumes.
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PARTICIPATION

ACTIVITY 1.11.7: Improvement is affected by how much time a feature is used. L

©zyBooks 05/16/25 23:08 247 pdd/dperati
Jaheim Attri
FIUEEL4709CSpring2025

Other operz

Execution time affected
Execution time by improvement Execution ti

; = +
0 20 40 60 80 100 after improvement Amount of improvement unaffected

Execution time

Improve add by 2x
0 20 40 60 80 100

Execution time

Improve add by 4x

0 20 40 60 80 100
Execution time

Improve add to run in 0 sec
0 20 40 60 80 100
Execution time

Animation content:

Static figure: Four single horizontal stacked bar charts are shown. Each bar chart has a
numbered range from 0 to 100 seconds and each is labeled 'Execution time. The bar charts are
broken into segments, 'Add operations' and 'Other operations!

The first bar chart is broken into two segments, 'Add operations' from 0 to 60 seconds and 'Other
operations' from 60 to 100 seconds. The text formula, '‘Executiantiznelafter impeovensem =274
Execution time affected by improvement / Amount of improvement + Exe¢Utigh fiffie unaffected'
. FIUEEL4709CSpring2025

is shown next to the first bar chart.

The second bar chart is broken into two segments, 'Add operations' from 0 to 30 seconds and
'Other operations' from 30 to 70 seconds. The text 'Improve add by 2x" is shown.

The third bar chart is broken into two segments, 'Add operations' from 0 to 15 seconds and 'Other
operations' from 15 to 55 seconds. The text 'Improve add by 4x' is shown.

The fourth bar chart contains only one segment, 'Other operations' from 0 to 40 seconds. The
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text 'Improve add to run in 0 sec' is shown.

Step 1: A program runs in 100 seconds on a computer. Add operations require 60 seconds and all
other instructions require 40 seconds.
The first bar chart is shown, broken into ‘Add operations' from 0 to 60 seconds and 'Other
operations' from 60 to 100 seconds.

©zyBooks 05/16/25 23:08 2475274
Step 2: Improving add operations by 2x results in a program execution timefafii0\seconds, or a
speedup of 1.4. FIUEEL4709CSpring2025
The second bar chart is shown, broken into two segments, '‘Add operations' from 0 to 30 seconds
and 'Other operations' from 30 to 70 seconds. The text 'Improve add by 2x' is shown.

Step 3: Improving add operations by 4x results in a program execution time of 55 seconds, or a
speedup of 1.8.

The third bar chart is shown, broken into two segments, 'Add operations' from 0 to 15 seconds
and 'Other operations' from 15 to 55 seconds. The text 'Improve add by 4x' is shown.

Step 4: Even if add operations could be reduced to run in 0 seconds, the program still requires 40
seconds to execute, which is a speedup of 2.5.

The fourth bar chart is shown, containing only one segment, 'Other operations' from 0 to 40
seconds. The text 'Improve add to run in 0 sec' is shown.

Step 5: The performance enhancement possible with a given improvement is limited by the
amount that the improved feature is used.

The text formula, 'Execution time after improvement = Execution time affected by improvement /
Amount of improvement + Execution time unaffected' is shown next to the first bar chart.

Animation captions:

1. A program runs in 100 seconds on a computer. Add operations require 60 seconds and all
other instructions require 40 seconds.

2. Improving add operations by 2x results in a program execution time of 70 seconds, or a
speedup of 1.4.

3. Improving add operations by 4x results in a program execution time of 55 seconds, or a
speedup of 1.8. ©zyBooks 05/16/25 23:08 2475274

4. Even if add operations could be reduced to run in 0 seconds, the progtanmstillrrequires 40
seconds to execute, which is a speedup of 2.5. FIUEEL4709CSpring2025

5. The performance enhancement possible with a given improvement is limited by the
amount that the improved feature is used.

A simple design problem illustrates it well. Suppose a program runs in 100 seconds on a computer,
with multiply operations responsible for 80 seconds of this time. How much do | have to improve
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the speed of multiplication if I want my program to run five times faster?

The execution time of the program after making the improvement is given by the following simple
equation known as Amdahl's Law:

PARTICIPATION .
ACTIVITY 1.11.2: Amdahl's Law.
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025 Multiply ope
Other operz
Suppose a program runs in 100 seconds on a computer, with multiply operations responsible for
80 seconds of this time. How much do | have to improve the speed of multiplication if | want my
program to run five times faster?
Execution time affected
Execution time by improvement Execution time
after improvement Amount of improvement unaffected 0 20 40 60 80 10C
Execution time
100 sec - 80 sec + (100 - 80) sec
5 n
20 sec = 80 sec + 20 sec
n 0 20 40 60 80 10C
0 80 sec Execution time

n

Animation content:

Static figure: The text, 'Suppose a program runs in 100 seconds on a computer, with multiply
operations responsible for 80 seconds of this time. How much do | have to improve the speed of
multiplication if | want my program to run five times faster?' is shown. Two horizontal bar charts
are shown adjacent to the text. Each bar chart has a numbered range from 0 to 100 seconds and
each are labeled 'Execution time. The first bar chart is broken into two segments, ‘Multiply

operations' from 0 to 80 seconds and 'Other operations' from 8@%39@3%9?@% Jhesepond bar

chart is broken into one segment, 'Other operations' from 0 to 20 secondsldheun ¢alculations are
shown: FIUEEL4709CSpring2025
Execution time after improvement = Execution time affected by improvement / Amount of
improvement + Execution time unaffected

100 sec/5=80sec/n+ (100 -80) sec, where n is the amount of improvement

20 sec =80sec/n+20sec

0=80sec/n
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Step 1: A program runs in 100 seconds on a computer, with multiply operations responsible for
80 seconds of time.
The text, 'Suppose a program runs in 100 seconds on a computer, with multiply operations
responsible for 80 seconds of this time. How much do | have to improve the speed of
multiplication if I want my program to run five times faster?' is shown along with the first bar
chart.

©zyBooks 05/16/25 23:08 2475274
Step 2: Use Amdahl's Law to calculate the improvement needed for multiphoationioperations to
run the program five times faster. FIUEEL4709CSpring2025
Two calculations are shown:
Execution time after improvement = Execution time affected by improvement / Amount of
improvement + Execution time unaffected
100 sec/ 5=80sec/n+ (100 -80) sec, where n is the amount of improvement

Step 3: Solve for n.

The final 2 calculations are shown with 20 sec' crossed out:
20sec=80sec/n+ 20 sec

0=80sec/n

Step 4: Multiply operations must run in 0 seconds to run the program 5 times faster.
The second bar chart is shown.

Animation captions:

1. A program runs in 100 seconds on a computer, with multiply operations responsible for 80
seconds of time.

2. Use Amdahl's Law to calculate the improvement needed for multiplication operations to run
the program five times faster.

3. Solve for n.

4. Multiply operations must run in 0 seconds to run the program 5 times faster.

That is, there is no amount by which we can enhance multiply to achieve a fivefold increase in
performance, if multiply accounts for only 80% of the workload. The performance enhancement

possible with a given improvement is limited by the amount that @}%mgo(yg}:\ feature is used, n

everyday life this concept also yields what we call the law of diminishing returtmnsm Attri
FIUEEL4709CSpring2025

Amdahl's Law: A rule stating that the performance enhancement possible with a given
improvement is limited by the amount that the improved feature is used. It is a quantitative
version of the law of diminishing returns.

We can use Amdahl's Law to estimate performance improvements when we know the time
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consumed for some function and its potential speedup. Amdahl's Law, together with the CPU
performance equation, is a handy tool for evaluating potential enhancements. Amdahl's Law is
explored in more detail in the exercises.

Amdahl's Law is also used to argue for practical limits to the number of parallel processors. We
examine this argument in the Fallacies and Pitfalls section of COD Chapter 6 (Parallel Processor

from Client to Cloud).
©zyBooks 05/16/25 23:08 2475274

PARTICIPATION Jaheim Attri
ACTIVITY 1.11.3: Amdahl's Law. FIUEEL4709CSpring2025
1) A program runs in 100 seconds. D

Multiply operations are
responsible for 30 of those
seconds. If extensive designer
effort is applied such that
multiply operations are made to
run 2 times faster, what is the
program's new execution time?

sec

Check Show answer

2) If some aspect of a computer ]
accounts for 50% of program
execution time, what is the limit
on how many times faster
programs can run if engineers
focus on improving that aspect?

times

Check Show answer

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Power efficiency matters at low utilizations because server workloads vary. Utilization of servers in
Google's warehouse scale computer, for example, is between 10% and 50% most of the time and at
100% less than 1% of the time. Even given five years to learn how to run the SPECpower
benchmark well, the specially configured computer with the best results in 2020 still uses 33% of
the peak power at 10% of the load. Systems in the field that are not configured for the SPECpower
benchmark are surely worse.

Fallacy: Computers at low utilization use little power.
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Since servers' workloads vary but use a large fraction of peak power, Luiz Barroso and Urs Holzle
[2007] argue that we should redesign hardware to achieve "energy-proportional computing." If
future servers used, say, 10% of peak power at 10% workload, we could reduce the electricity bill of
datacenters and become good corporate citizens in an era of increasing concern about CO2
emissions.

Fallacy: Designing for performance and designing for&;gg% efficiency are ..,

unrelated goals. Jaheim Attri
FIUEEL4709CSpring2025

Since energy is power over time, it is often the case that hardware or software optimizations that
take less time save energy overall even if the optimization takes a bit more energy when it is used.
One reason is that all of the rest of the computer is consuming energy while the program is
running, so even if the optimized portion uses a little more energy, the reduced time can save the
energy of the whole system.

PARTICIPATION ‘ _
ACTIVITY 1.11.4: Fallacies. D
1) Google's warehouse scale computer D

uses 5% of the peak power when
running at 10% utilization.

) True
() False

2) Designers must choose between D
energy and performance. If a
computer is designed for improved
performance, then the computer's
energy consumption will increase.

) True
() False

Pitfall: Using a subset of the performance equation as a performance metric.
©zyBooks 05/16/25 23:08 2475274
We have already warned about the danger of predicting performance Haggﬂ@?ﬁm 'go%ezé)f clock
rate, instruction count, or CPIl. Another common mistake is to use only two of the three factors to
compare performance. Although using two of the three factors may be valid in a limited context,
the concept is also easily misused. Indeed, nearly all proposed alternatives to the use of time as the
performance metric have led eventually to misleading claims, distorted results, or incorrect

interpretations.

One alternative to time is MIPS (million instructions per second). For a given program, MIPS is
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simply

Instruction count

MIPS =

Execution time x 10°

Since MIPS is an instruction execution rate, MIPS specifies performance inversely to execution
time; faster computers have a higher MIPS rating. The good new@@@@%%ﬁ%%%ﬁ%ﬁ?@%@éé?%

understand, and faster computers mean bigger MIPS, which matche&ig‘gﬂ@gglrgsprmgm%

Million instructions per second (MIPS): A measurement of program execution speed based on
the number of millions of instructions. MIPS is computed as the instruction count divided by the
product of the execution time and 10°.

There are three problems with using MIPS as a measure for comparing computers. First, MIPS
specifies the instruction execution rate but does not take into account the capabilities of the
instructions. We cannot compare computers with different instruction sets using MIPS, since the
instruction counts will certainly differ. Second, MIPS varies between programs on the same
computer; thus, a computer cannot have a single MIPS rating. For example, by substituting for
execution time, we see the relationship between MIPS, clock rate, and CPI:

Instruction count Clock rate
MIPS = - =
Instruction count x CPI 6 CPI % 10°
x 10
Clock rate

The CPI varied by a factor of 4 for SPECspeed 2017 Integer on an Intel Core Xeon computer in COD
Figure 1.18 (SPECspeed 2017 Integer benchmarks running on a 1.8 GHz Intel Xeon E5-2650L), so
MIPS does as well. Finally, and most importantly, if a new program executes more instructions but
each instruction is faster, MIPS can vary independently from performance!

PARTICIPATION

ACTIVITY 1.11.5: Check yourself: MIPS.

Consider the following performance measurements for a program:

©zyBooks 05/16/25 23:08 2475274
Measurement  Computer A Computer B Jaheim Attri

FIUEEL4709CSpring2025
Instruction count = 10 billion 8 billion

Clock rate 4 GHz 4 GHz

CPI 1.0 1.7
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1) Which computer has the higher MIPS D
rating?

(O Computer A
(O Computer B

2) Which computer is faster for that D
program? ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
() Computer A FIUEEL4709CSpring2025

() Computer B

1.12 Concluding remarks

i Where ... the ENIAC is equipped with 18,000 vacuum tubes and weighs 30 tons,

computers in the future may have 1,000 vacuum tubes and perhaps weigh just 1% tons.
Popular Mechanics, March 1949

Although it is difficult to predict exactly what level of cost/performance computers will have in the
future, it's a safe bet that they will be much better than they are today. To participate in these
advances, computer designers and programmers must understand a wider variety of issues.

Both hardware and software designers construct computer systems in /\ ‘
hierarchical layers, with each lower layer hiding details from the level above. This o AS
great idea of abstraction is fundamental to understanding today's computer FU )
systems, but it does not mean that designers can limit themselves to knowing a : . EI
single abstraction. Perhaps the most important example of abstraction is the

interface between hardware and low-level software, called the instruction set [a
architecture. Maintaining the instruction set architecture as a constant enables ABSTRACTION
many implementations of that architecture—presumably varying in cost and

performance—to run identical software. On the downside, the architecture may preclude

introducing innovations that require the interface to change. ©zyBooks 05/16/25 23:08 2475274

There is a reliable method of determining and reporting performance p}gggfg?gh(%@s%gtt@agg time

of real programs as the metric. This execution time is related to other important measurements we
can make by the following equation:

Seconds  Instructions _ Clock cycles Seconds

= X X
Program Program Instructions  Clock cycle
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We will use this equation and its constituent factors many times. Remember, though, that
individually the factors do not determine performance: only the product, which equals execution
time, is a reliable measure of performance.

The Big Picture

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

o : . FIUEEL4709CSpring2025
Execution time is the only valid and unimpeachable measure of Pring

performance. Many other metrics have been proposed and found wanting.
Sometimes these metrics are flawed from the start by not reflecting
execution time; other times a metric that is valid in a limited context is
extended and used beyond that context or without the additional clarification
needed to make it valid.

The key hardware technology for modern processors is silicon. While silicon
fuels the advance of hardware, new ideas in the organization of computers have
improved price/performance. Two of the key ideas are exploiting parallelism in
the program, typically today via multiple processors, and exploiting locality of
accesses to a memory hierarchy, typically via caches.

A
AR
AR

HIERARCHY

Energy efficiency has replaced die area as the most critical resource of

microprocessor design. Conserving power while trying to increase performance
has forced the hardware industry to switch to multicore microprocessors,
thereby forcing the software industry to switch to programming parallel

hardware. Parallelism is now required for performance.

Computer designs have always been measured by cost and performance, as PARALLELISH
well as other important factors such as energy, dependability, cost of ownership,

and scalability. Although this chapter has focused on cost, performance, and energy, the best
designs will strike the appropriate balance for a given market among all the factors.

PARTICIPATION . h | .
ACTIVITY 1.12.1: Computer technologies. ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri
FIUEEL4709CSpring2025

&]

1) The most reliable method to evaluate
performance is execution time.

) True
() False

2) Software developers do not need an D
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understanding of hardware to write
efficient programs.

True

False

3) Die area is the most critical resource D

of microprocessor design. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
True FIUEEL4709CSpring2025

False

4) Power limitations have forced D
computer designers to exploit
parallelism to improve system
performance.

True

False

Road map for this book

At the bottom of these abstractions are the five classic components of a computer: datapath,
control, memory, input, and output. These five components also serve as the framework for the
rest of the chapters in this book:

e Datapath: COD Chapter 3 (Arithmetic for Computers), COD Chapter 4 (The Processor), COD
Chapter 6 (Parallel Processor from Client to Cloud), and COD Appendix C (Graphics and
Computing GPUs)

e Control: COD Chapter 4 (The Processor), COD Chapter 6 (Parallel Processor from Client to
Cloud), and COD Appendix C (Graphics and Computing GPUs)

e Memory: COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy)

e Input: COD Chapters 5 (Large and Fast: Exploiting Memory Hierarchy) and 6 (Parallel
Processor from Client to Cloud)

e Output: COD Chapters 5 (Large and Fast: Exploiting Memory Hierarchy) and 6 (Parallel

Processor from Client to Cloud)
©zyBooks 05/16/25 23:08 2475274

As mentioned above, COD Chapter 4 (The Processor) describes how FB[BEEE?%%W%QE”C“
parallelism, COD Chapter 6 (Parallel Processor from Client to Cloud) describes the expﬁcitly parallel
multicore microprocessors that are at the heart of the parallel revolution, and COD Appendix C
(Graphics and Computing GPUs) describes the highly parallel graphics processor chip. COD
Chapter 5 (Large and Fast: Exploiting Memory Hierarchy) describes how a memory hierarchy
exploits locality. COD Chapter 2 (Instructions: Language of the Computer) describes instruction
sets—the interface between compilers and the computer—and emphasizes the role of compilers
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and programming languages in using the features of the instruction set. COD Appendix A
(Assemblers, Linkers, and the SPIM Simulator) provides a reference for the instruction set of COD
Chapter 2. COD Chapter 3 (Arithmetic for Computers) describes how computers handle arithmetic
data. COD Appendix B (The Basics of Logic Design) introduces logic design.

1.13 Historical perspective and further.reading.

Jaheim Attri
FIUEEL4709CSpring2025

(f

An active field of science is like an immense anthill; the individual almost vanishes into
the mass of minds tumbling over each other, carrying information from place to place,
passing it around at the speed of light.

Lewis Thomas, "Natural Science," in The Lives of a Cell, 1974

For each chapter in the text, a section devoted to a historical perspective can be found online. We
may trace the development of an idea through a series of machines or describe some important
projects, and we provide references in case you are interested in probing further.

The historical perspective for this chapter provides a background for some of the key ideas
presented therein. Its purpose is to give you the human story behind the technological advances
and to place achievements in their historical context. By understanding the past, you may be better
able to understand the forces that will shape computing in the future. Each historical perspectives
section ends with suggestions for further reading, which are also collected separately in the online
section "Further Reading.'

The first electronic computers

J. Presper Eckert and John Mauchly at the Moore School of the University of Pennsylvania built
what is widely accepted to be the world's first operational electronic, general-purpose computer
called the ENIAC (Electronic Numerical Integrator and Calculator). This machine was funded by the
United States Army and became operational during World War Il but was not publicly disclosed
until 1946. ENIAC was a general-purpose machine used for computing artillery-firing tables. The
figure below shows the U-shaped computer, which was 80 feet long by 8.5 feet high and several

feet wide. Each of the 20 10-digit registers was 2 feet long. In total, ENIAC tised 18,000 yaaudmm 4

tubes. Jaheim Attri
FIUEEL4709CSpring2025

In size, ENIAC was two orders of magnitude bigger than machines built today, yet it was more than
eight orders of magnitude slower, performing 1900 additions per second. ENIAC provided
conditional jumps and was programmable, clearly distinguishing it from earlier calculators.
Programming was done manually by plugging cables and setting switches, and data was entered
on punched cards. Programming for typical calculations required from half an hour to a whole day.
ENIAC was a general-purpose machine, limited primarily by a small amount of storage and tedious
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programming.

Figure 1.13.1: ENIAC, the world's first general-purpose electronic computer
(COD Figure e1.12.7).

In 1944, John von Neumann was attracted to the ENIAC project. The group wanted to improve the
way programs were entered and discussed storing programs as numbers; von Neumann helped
crystallize the ideas and wrote a memo proposing a stored-program computer called EDVAC
(Electronic Discrete Variable Automatic Computer). Herman Goldstine distributed the memo and
put von Neumann's name on it, much to the dismay of Eckert and Mauchly, whose names were
omitted. This memo has served as the basis for the commonly used term von Neumann computer.
Several early pioneers in the computer field believe that this term gives too much credit to von
Neumann, who wrote up the ideas, and too little to the engineers, Eckert and Mauchly, who worked
on the machines. For this reason, the term does not appear elsewhere in this book or in the online
sections.

In 1946, Maurice Wilkes of Cambridge University visited the Moore School to attend the latter part
of a series of lectures on developments in electronic computers. When he returned to Cambridge,
Wilkes decided to embark on a project to build a stored—program%@f‘ﬁ%‘ﬁh@%ﬁﬁ%@ggﬁﬁéﬂwm
(Electronic Delay Storage Automatic Calculator). EDSAC became operational ind949ianghwas the
world's first full-scale, operational, stored-program computer [Wilkes, 1985]. (A small prototype
called the Mark-I, built at the University of Manchester in 1948, might be called the first operational
stored-program machine. ) COD Section 2.5 (Representing instructions in the Computer) in COD
Chapter 2 (Instructions: Language of the Computer) explains the stored-program concept.

In 1947, Eckert and Mauchly applied for a patent on electronic computers. The dean of the Moore
School demanded that the patent be turned over to the university, which may have helped Eckert
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and Mauchly conclude that they should leave. Their departure crippled the EDVAC project, delaying
completion until 1952.

Goldstine left to join von Neumann at the Institute for Advanced Study (IAS) at Princeton in 1946.
Together with Arthur Burks, they issued a report based on the memo written earlier [Burks et al,
1946]. The paper was incredible for the period; reading it today, you would never guess this
landmark paper was written more than 70 years ago, because it discusses most of the
architectural concepts seen in modern computers(We quote frorAZHataex? ibrally 18- 60D Chalter
2). This paper led to the IAS machine built by Julian Bigelow. It had a ‘qq{@@%ﬁ?%s%ﬁ;@ﬁﬁgrds and
was roughly 10 times faster than ENIAC. The group thought about uses for the machine, published
a set of reports, and encouraged visitors. These reports and visitors inspired the development of a
number of new computers.

Recently, there has been some controversy about the work of John Atanasoff, who built a small-
scale electronic computer in the early 1940s. His machine, designed at lowa State University, was a
special-purpose computer that was never completely operational. Mauchly briefly visited Atanasoff
before he built ENIAC. The presence of the Atanasoff machine, together with delays in filing the
ENIAC patents (the work was classified and patents could not be filed until after the war) and the
distribution of von Neumann's EDVAC paper, was used to break the Eckert-Mauchly patent. Though
controversy still rages over Atanasoff's role, Eckert and Mauchly are usually given credit for building
the first working, general-purpose, electronic computer [Stern, 1980].

Another early machine that deserves credit was a special-purpose machine built by Konrad Zuse in
Germany in the late 1930s and early 1940s. Although Zuse had the design for a programmable
computer ready, the German government decided not to fund scientific investigations taking more
than two years because the bureaucrats expected the war would be won by that deadline.

Across the English Channel, during World War Il special-purpose electronic computers were built to
decrypt the intercepted German messages. A team at Bletchley Park, including Alan Turing, built
the Colossus in 1943. The machines were kept secret until 1970; after the war, the group had little
impact on commercial British computers.

While work on ENIAC went forward, Howard Aiken was building an electro-mechanical computer
called the Mark-I at Harvard (a name that Manchester later adopted for its machine). He followed
the Mark-1 with a relay machine, the Mark-Il, and a pair of vacuum tube machines, the Mark-IIl and
Mark-1V. In contrast to earlier machines like EDSAC, which used a single memory for instructions
and data, the Mark-Ill and Mark-IV had separate memories for instructions and data. The machines
were regarded as reactionary by the advocates of stored-prograrfi edwipiaters’ teteémn Harvard*
architecture was coined to describe machines with separate memori%E@ﬁ/j&@%ﬁéfﬁgg&@story
this term is used today in a different sense to describe machines with a single main memory but

with separate caches for instructions and data.

The Whirlwind project was begun at MIT in 1947 and was aimed at applications in real-time radar
signal processing. Although it led to several inventions, its most important innovation was
magnetic core memory. Whirlwind had 2048 16-bit words of magnetic core. Magnetic cores served
as the main memory technology for nearly 30 years.
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PARTICIPATION : .
ACTIVITY 1.13.1: First electronic computers.

1) The is the abbreviation
for what is considered the
world's first operational
electronic, general-purpose
computer.

Check Show answer

2) The ENIAC was developed in the
1940s at the University of

Check Show answer

3) Ateam including Alan Turing
built Colossus to decrypt
messages during
World War II.

Check Show answer

4) The Mark-1Il and Mark-1V
computers developed at
Harvard used separate
memories for instructions and
data. A computer using similar
separate memories is known as
a____ architecture.

Check Show answer
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Commercial developments

In December 1947, Eckert and Mauchly formed Eckert-Mauchly Computer Corporation. Their first
machine, the BINAC, was built for Northrop and was shown in August 1949. After some financial
difficulties, their firm was acquired by Remington-Rand, where they built the UNIVAC | (Universal

Automatic Computer), designed to be sold as a general-purpose éorgguterogsﬁg%rg 9?'6)@/\9417:3'{23}4

oks
delivered in June 1951, UNIVAC I sold for about $1 million and was the first suegessful commercial

computer—48 systems were built! This early computer, along with manytathetfdsematia¢’pieces of
computer lore, may be seen at the Computer History Museum in Mountain View, California.

Figure 1.13.2: UNIVAC |, the first commercial computer in the United States
(COD Figure e1.12.2).

UNIVAC correctly predicted the outcome of the 1952 presidential election, but its initial
forecast was withheld from broadcast because experts doubted the use of such early
results.

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
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IBM had been in the punched card and office automation business but didn't start building
computers until 1950. The first IBM computer, the IBM 701, shipped in 1952, and eventually 19
units were sold. In the early 1950s, many people were pessimistic about the future of computers,
believing that the market and opportunities for these "highly specialized" machines were quite
limited.
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In 1964, after investing S5 billion, IBM made a bold move with the announcement of the
System/360. An IBM spokesman said the following at the time:

We are not at all humble in this announcement. This is the most important product announcement
that this corporation has ever made in its history. It's not a computer in any previous sense. It's not a
product, but a line of products ... that spans in performance from the very low part of the computer

line to the very high.
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

Figure 1.13.3: IBM System/360 computers: models 40!'56-68atd"75 Were
all introduced in 1964 (COD Figure e1.12.3).

The IBM System/360 is a family of computers developed to address a wide range of
computing needs. These four models varied in cost and performance by a factor of
almost 10; it grows to 25 if we include models 20 and 30 (not shown). The clock rate,
range of memory sizes, and approximate price for only the processor and memory of
average size: (a) model 40, 1.6 MHz, 32 KB-256 KB, $225,000; (b) model 50, 2.0MHz,
128KB-256KB, $550,000; (c) model 65, 5.0MHz, 256KB-1MB, $1,200,000; and (d) model
75, 5.1MHz, 256KB-1MB, $1,900,000. Adding I/0 devices typically increased the price by
factors of 1.8 to 3.5, with higher factors for cheaper models.

b. d.
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Moving the idea of the architecture abstraction into commercial reality, IBM
announced six implementations of the System/360 architecture that varied
in price and performance by a factor of 25. The figure above shows four of
these models. IBM bet its company on the success of a computer family,
and IBM won. The System/360 and its successors dominated the large
computer market. It's descendants are still a $10B annual busin@éyﬁﬂolﬁﬂ@%; D/
making the IBM System/360 the oldest surviving instruction set FIUEELA7
architecture. Fred Brooks, Jr. won the 1999 ACM A.M. Turing Award in part

for leading the IBM System/360 project.

ABSTRACTION
About a year later, Digital Equipment Corporation (DEC) unveiled the PDP-8
in 1965, the first commercial minicomputer. The minicomputer was a small machine that was a
breakthrough in low-cost design, allowing DEC to offer a computer for under $20,000.
Minicomputers were the forerunners of microprocessors, with Intel inventing the first
microprocessor in 1971—the Intel 4004.

In 1963 came the announcement of the first supercomputer, an extremely fast computer targeted
to perform a large number of computations typically needed by scientific applications. This
announcement came neither from the large companies nor even from the high tech centers.
Seymour Cray led the design of the Control Data Corporation CDC 6600 in Minnesota. Seymour
Cray is often credited as the "father of supercomputing” and regarded as a pioneer of
supercomputing. This machine included many ideas that are beginning to be found in the latest
microprocessors. Cray later left CDC to form Cray Research, Inc., in Wisconsin. In 1976, he
announced the Cray-1 (figure below). The Cray-1 was simultaneously the fastest in the world, the
most expensive, and the computer with the best cost/performance for scientific programs. The
Cray-1 would be on any list of the greatest computers of all time, through the total lifetime sales
was a little over 80 supercomputers.

Figure 1.13.4: Cray-1, the first commercial vector supercomputer,
announced in 1976 (COD Figure e1.12.4).

This machine had the unusual distinction of being both the fastest computer for scientific
applications and the computer with the best price/performanc&{%ggl%sgs%) }5\5859%2475274
Viewed from the top, the computer looks like the letter C. Seymour Cray passed away in

1996 because of injuries sustained in an automobile accident. At the tirRe’dPRis"aeas othis
70-year-old computer pioneer was working on his vision of the next generation of
supercomputers. (See www.cray.com for more details.)
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PARTICIPATION . .
ACTIVITY 1.13.2: Commercial development of computers.

How to use this tool Vv

PDP-8 Cray-1 IBM System/360 Intel 4004

Product line of computers with
varying cost and performance.

Minicomputer
Supercomputer
Microprocessor

Reset

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

While Seymour Cray was creating the world's most expensive computey istherdesignerstaround
the world were looking at using the microprocessor to create a computer so cheap that you could
have it at home. There is no single fountainhead for the personal computer, but in 1977, the Apple
llc (figure below) from Steve Jobs and Steve Wozniak set standards for low cost, high volume, and
high reliability that defined the personal computer industry. Between 1977 and 1993, Apple
produced about six million of these computers.
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Figure 1.13.5: The Apple Ilc Plus (COD Figure e1.12.5).

Designed by Steve Wozniak, the Apple Ilc set standards of cost and reliability for the
industry.

16/25 23:08 2475274
= ° bheim Attri
; 709CSpring2025

“° i "
Meet the Apple Ilc Phes
It's reached new heights

o,
b,.‘.. S8

But even with a four-year head start, Apple's personal computers finished
second in popularity. The IBM Personal Computer, announced in 1981,
became the best-selling computer of any kind; its success gave Intel the
most popular microprocessor and Microsoft the most popular operating
system. In the next decade, the most popular CD was the Microsoft -
operating system, even though it costs many times more than a music CD!

Of course, over the more than 30 years that the IBM-compatible personal HIERARCHY
computer has existed, it has evolved greatly. In fact, the first personal

computers had 16-bit processors and 64 kilobytes of memory, and a low-density, slow floppy disk
was the only nonvolatile storage! Floppy disks were originally developed by IBM for loading
diagnostic programs in mainframes, but were a major 1/0 device in personal computers for almost
20 years before the advent of CDs and networking made them obsolete as a method for
exchanging data.

Intel microprocessors have also evolved since the first PC, which@ﬁgg(@(g 6rbitepracessonwith an 8-
bit external interface! In COD Chapter 2 (Instructions: Language of the Compaiterr), wieiwrite about

the evolution of the Intel architecture. FIUEEL4709CSpring2025

Figure 1.13.6: The Xerox Alto was the primary inspiration for the modern
desktop computer (COD Figure €1.12.6).
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It included a mouse, a bit-mapped scheme, a Windows-based user interface, and a local
network connection.

BB s 05/16/25 23:08 2475274
$% Jaheim Attri
EEL4709CSpring2025

The first personal computers were quite simple, with little or no graphics capability, no pointing
devices, and primitive operating systems compared to those of today. The computer that inspired
many of the architectural and software concepts that characterize the modern desktop machines
was the Xerox Alto, shown in the figure above. The Alto was created as an experimental prototype
of a future computer; there were several hundred Altos built, including a significant number that
were donated to universities. Among the technologies incorporated in the Alto were:

« Abit-mapped graphics display integrated with a computer @atfierlgraphies’digplaysactédias
terminals, usually connected to larger computers) FIUEEE;;%@ST):%ZO%

¢ A mouse, which was invented earlier, but included on every Alto and used extensively in the
user interface

e Alocal area network (LAN), which became the precursor to the Ethernet

o Auser interface based on Windows and featuring a WYSIWYG (what you see is what you get)

editor and interactive drawing programs
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In addition, both file servers and print servers were developed and interfaced via the local area
network, and connections between the local area network and the wide area ARPAnet produced the
first versions of Internet-style networking. The Xerox Alto was incredibly influential and clearly
affected the design of a wide variety of computers and software systems, including the Apple
Macintosh, the IBM-compatible PC, MacOS and Windows, and Sun and other early workstations.
Like the Cray-T, the Alto would be on any list of the greatest computers of all time, despite its total

production being only about 2000. Chuck Thacker won the 2009@8%&@/1()@5){@/@%@ prirparily

for creating the Alto. Jaheim Attri
FIUEEL4709CSpring2025

PARTICIPATION
ACTIVITY 1.13.3: Personal computers.
1) Inthe 1980's, the was the most D
popular personal computer.
O Applelic
) Microsoft
() IBM Personal Computer
2) The first personal computers did not D
come with a pointing device, such as
a mouse.
O True
() False
3) ____ were the only nonvolatile ]
storage in the first personal
computers.

() Floppy drives
() Flash drives
() CD-ROMs

Measuring performance

©zyBooks 05/16/25 23:08 2475274
From the earliest days of computing, designers have specified performance‘@@é’f%AEWIAC was to
. (%% EL4 09CSgrjlr‘6;& 25
be 1000 times faster than the Harvard Mark-I, and the IBM Stretch (7 wastob imes
faster than the fastest computer then in existence. What wasn't clear, though, was how this

performance was to be measured.

The original measure of performance was the time required to perform an individual operation,
such as addition. Since most instructions took the same execution time, the timing of one was the
same as the others. As the execution times of instructions in a computer became more diverse,
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however, the time required for one operation was no longer useful for comparisons.

To consider these differences, an instruction mix was calculated by measuring the relative
frequency of instructions in a computer across many programs. Multiplying the time for each
instruction by its weight in the mix gave the user the average instruction execution time. (If
measured in clock cycles, average instruction execution time is the same as average CPI.) Since
instruction sets were similar, this was a more precise comparison than add times. From average
instruction execution time, then, it was only a small step to MIPSSRIPS kadtHéAdrtde &f Being easy

. . . Jaheim Attri
to understand; hence, it grew in popularity. FIUEEL4709CSpring2025

The quest for an average program

As processors were becoming more sophisticated and relied on memory hierarchies (the topic of
COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy)) and pipelining (the topic of COD

Chapter 4 (The Processor)), a single execution time for each instruction no longer existed; neither
execution time nor MIPS, therefore, could be calculated from the instruction mix and the manual.

Although it might seem obvious today that the right thing to do would have been to develop a set of
real applications that could be used as standard benchmarks, this was a difficult task until the late
1980s. Variations in operating systems and language standards made it hard to create large
programs that could be moved from computer to computer simply by recompiling.

Instead, the next step was benchmarking using synthetic programs. The Whetstone synthetic
program was created by measuring scientific programs written in Algol-60 (see Curnow and
Wichmann's [1976] description). This program was converted to Fortran and was widely used to
characterize scientific program performance. Whetstone performance is typically quoted in
Whetstones per second—the number of executions of a single iteration of the Whetstone
benchmark! Dhrystone is another synthetic benchmark that is still used in some embedded
computing circles (see Weicker's [1984] description and methodology).

About the same time Whetstone was developed, the concept of kernel benchmarks gained
popularity. Kernels are small, time-intensive pieces from real programs that are extracted and then
used as benchmarks. This approach was developed primarily for benchmarking high-end
computers, especially supercomputers. Livermore Loops and Linpack are the best-known
examples of kernel benchmarks. The Livermore Loops consist of a series of 21 small loop
fragments. Linpack consists of a portion of a linear algebra subroutine package. Kernels are best
used to isolate the performance of individual features of a computer and to explain the reasons for
) . . ©zyBooks 05/16/25 23:08 247527
differences in the performance of real programs. Because scientific applicaiions.often use smal
pieces of code that execute for a long time, characterizing performancé/inith k&rhelsiigaiast
popular in this application class. Although kernels help illuminate performance, they often overstate

the performance on real applications.

SPECulating about performance

An important advance in performance evaluation was the formation of the System Performance
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Evaluation Cooperative (SPEC) group in 1988. SPEC comprises representatives of many computer
companies—the founders being Apollo/Hewlett-Packard, DEC, MIPS, and Sun—who have agreed on
a set of real programs and inputs that all will run. It is worth noting that SPEC couldn't have come
into being before portable operating systems and the popularity of high-level languages. Now
compilers, too, are accepted as a proper part of the performance of computer systems and must
be measured in any evaluation.

History teaches us that while the SPEC effort may be useful vv|th%|3@ﬁ‘f%@5ﬁlﬁ!‘?e?§310§/ﬁl“ﬁé¥74
meet the needs of the next generation without changing. In 1991, a tk\f@é@fﬂ@&@eﬁga%ﬁ&fﬁgs
added, based on running multiple versions of the benchmark. It is most useful for evaluating
timeshared usage of a uniprocessor or a multiprocessor. Other system benchmarks that include
OS-intensive and I/0-intensive activities have also been added. Another change was the decision to
drop some benchmarks and add others. One result of the difficulty in finding benchmarks was that
the initial version of the SPEC benchmarks (called SPEC89) contained six floating-point
benchmarks but only four integer benchmarks. Calculating a single summary measurement using
the geometric mean of execution times normalized to a VAX-11/780 meant that this measure

favored computers with strong floating-point performance.

In 1992, a new benchmark set (called SPEC92) was introduced. It incorporated additional
benchmarks, dropped matrix300, and provided separate means (SPEC INT and SPECFP) for integer
and floating-point programs. In addition, the SPECbase measure, which disallows program-specific
optimization flags, was added to provide users with a performance measurement that would more
closely match what they might experience on their own programs. The SPECFP numbers show the
largest increase versus the base SPECFP measurement, typically ranging from 15% to 30% higher.

In 1995, the benchmark set was once again updated, adding some new integer and floating-point
benchmarks, as well as removing some benchmarks that suffered from flaws or had running times
that had become too small given the factor of 20 or more performance improvement since the first
SPEC release. SPEC95 also changed the base computer for normalization to a Sun SPARC Station
10/40, since operating versions of the original base computer were becoming difficult to find!

The most recent version of SPEC is SPEC2017. SPEC CPU needed 82 programs over its six
generations with 47(57%) used just one generation and only 6(7%) lasting three or more. The sole
survivor from SPEC89 is the gcc compiler.

SPEC has also added benchmark suites beyond the original suites targeted at CPU performance. In
2008, SPEC provided benchmark sets for graphics, high-performance scientific computing, object-
oriented computing, file systems, Web servers and clients, Java, @ﬁ@ﬁi@@éﬁﬁ?@ﬁ/@%@)@@@a&ﬁﬁ@énd

aheim Attri
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PARTICIPATION .
ACTIVITY 1.13.4: Evaluating performance. L

1) Comparing the time required to ]
perform an add instruction is a
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reliable method to evaluate
performance between computers.

True

False
2) Computer A is faster than Computer D
B. ©zyBooks 05/16/25 23:08 2475274

Jaheim Attri

FIUEEL4709CSpring2025
Benchmark results:

Computer A: 10 Whetstones per
second
Computer B: 12 Whetstones per
second.

True

False

3) The SPEC benchmarks change as D
computers evolve.

True

False

The growth of embedded computing

Embedded processors have been around for a very long time; in fact, the first minicomputers and
the first microprocessors were originally developed for controlling functions in a laboratory or
industrial application. For many years, the dominant use of embedded processors was for
industrial control applications, and although this use continued to grow, the processors tended to
be very cheap and the performance relatively low. For example, the best-selling processor in the
world remains an 8-bit micro controller used in cars, some home appliances, and other simple
applications.

The late 1980s and early 1990s saw the emergence of new opportunities for embedded
processors, ranging from more advanced video games and set-top boxes to cell phones and
personal digital assistants. The rapidly increasing number of infopmatiorsappliancesandthes274
growth of networking have driven dramatic increases in the number of emb&ddéd protessors, as
. FIUEEL4/709CSpring2025
well as the performance requirements. To evaluate performance, the embedded community was
inspired by SPEC to create the Embedded Microprocessor Benchmark Consortium (EEMBC).
Started in 1997, it consists of a collection of kernels organized into suites that address different
portions of the embedded industry. They announced the second generation of these benchmarks
in 2007. In 2019, a consortium of academics and practitioners developed a suite of free programs

called Embench, with the explicit goal of replacing the widespread use of synthetic programs like
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Dhrystone as benchmarks for embedded computing.

A half-century of progress

Since 1951, there have been thousands of new computers using a wide range of technologies and
having widely varying capabilities. The table below summarizes the key characteristics of some
machines mentioned m th_|s sect|‘on ahd sho‘ws the dramatic Cha@%,%%m%to%%’g/%%?6%%%’7%&3}4 .
over 50 years. After adjusting for inflation, price/performance has improved ayainest 100 billion in
55 years, or about 58% per year. Another way to say it is we've seen afaétordP9000092025

improvement in cost and a factor of 10,000,000 improvement in performance.

Table 1.13.1: Characteristics of key commercial computers since 1950, in
actual dollars and in 2007 dollars adjusted for inflation (COD Figure
el1.12.7).

The last row assumes we can fully utilize the potential performance of the four cores in Barcelone
here the price of the IBM S/360 model 50 includes 1/0 devices.

Size Price/
Power Performance Memory .
Year Name (cu. (watts) (adds/sec) (KB) Price performance
ft.) vs. UNIVAC
1951 UNIVACI 1,000 125,000 2,000 48 $1,000,000
IBM
1964 S/360 60 10,000 500,000 64 $1,000,000 26
model 50
1965 PDP-8 8 500 330,000 4 $16,000 10,85
1976 Cray-1 58 60,000 166,000,000 32,000 $4,000,000 21,84
1981 IBMPC 1 150 240,000 0209 0ks 05939997508 2475042.10
Jaheim Attri
HP 9000/ FIUEEL4709CSpring2025
1991 model 2 500 50,000,000 16,384 $7,400 3,556,18
750
Intel PPro
1996 PC (200 2 500 400,000,000 16,384 $4,400 47,846,89
MHz)
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Intel
Pent]
2003 | Codum 2 500 6,000000,000 262144 $1600 187500000
4PC (30
GHz)
AMD
Barcel .
o007 _areeiona 2 250 20,000,000000 2,097 1530k 0%/ 168802595 366666,00
PC (2.5 Jahem Attri
GHZ) FIUEEL4709CSpring2025

(Source: The Computer History Museum and Producer Price Index for Industrial Commodities.)

PARTICIPATION

ACTIVITY 1.13.5: Commercial computer trends. L

Refer to the table above.

1) Computers first became affordable to D
the general public around 1970.
O True
O False
2) The 1996 Intel PPro PC was able to D

perform more add instructions per
second than the first Cray
supercomputer of 1976.

) True
() False

Readers interested in computer history should consult Annals of the History of Computing, a
journal devoted to the history of computing. Several books describing the early days of computing
have also appeared, many written by the pioneers including Goldstine [1972]; Metropolis et al.,

[1980]; and Wilkes [1985].
©zyBooks 05/16/25 23:08 2475274

. Jaheim Attri
Further readlng FIUEEL4709CSpring2025

Barroso, L. and U. Holzle [2007]. "The case for energy-proportional computing,’ IEEE Computer, December.
A plea to change the nature of computer components so that they use much less power when lightly utilized.

Bell, C. G. [1996]. Computer Pioneers and Pioneer Computers, ACM and the Computer Museum, videotapes.
Two videotapes on the history of computing, produced by Gordon and Gwen Bell, including the following machines and
their inventors: Harvard Mark-I, ENIAC, EDSAC, IAS machine, and many others.
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Burks, A. W, H. H. Goldstine, and J. von Neumann [1946]. "Preliminary discussion of the logical design of an
electronic computing instrument,” Report to the U.S. Army Ordnance Department, p. 1; also appears in Papers of
John von Neumann, W. Aspray and A. Burks (Eds.), MIT Press, Cambridge, MA, and Tomash Publishers, Los Angeles,
1987,97-146.
A classic paper explaining computer hardware and software before the first stored-program computer was built. We
quote extensively from it in COD Chapter 3 (Arithmetic for Computers). It simultaneously explained computers to the
world and was a source of controversy because the first draft did not give credcét Zt%:'ocgﬁgt 8@71%’%&% 08 2475274
Jaheim Attri
Campbell-Kelly, M. and W. Aspray [1996]. Computer: A History of the Information Viachine, BasicBoeks, Mew York.
Two historians chronicle the dramatic story. The New York Times calls it well written and authoritative. Ceruzzi, P. F.
[1998]. A History of Modern Computing, MIT Press, Cambridge, MA.
Contains a good description of the later history of computing: the integrated circuit and its impact, personal computers,
UNIX, and the Internet.

Curnow, H. J. and B. A. Wichmann [1976]. "A synthetic benchmark," The Computer J. 19 (1):80.
Describes the first major synthetic benchmark, Whetstone, and how it was created.

Flemming, P. J. and J. J. Wallace [1986]. "How not to lie with statistics: The correct way to summarize benchmark
results, Comm. ACM 29:3 (March), 218-21.
Describes some of the underlying principles in using different means to summarize performance results.

Goldstine, H. H. [1972]. The Computer: From Pascal to von Neumann, Princeton University Press, Princeton, NJ.
A personal view of computing by one of the pioneers who worked with von Neumann.

Hayes, B. [2007]. "Computing in a parallel universe," American Scientist, Vol. 95 (November—December), 476-480.
An overview of the parallel computing challenge written for the layman.

Hennessy, J. L. and D. A. Patterson [2007]. COD Chapter 1 (Computer Abstractions and Technology) of Computer
Architecture: A Quantitative Approach, fourth edition, Morgan Kaufmann Publishers, San Francisco.

COD Section 1.5 (Technologies for building processors and memory) goes into more detail on power, COD Section 1.6
(Performance) contains much more detail on the cost of integrated circuits and explains the reasons for the difference
between price and cost, and COD Section 1.8 (The Sea Change: The Switch from Uniprocessors to Multiprocessors)
gives more details on evaluating performance.

Lampson, B. W. [1986]. "Personal distributed computing; The Alto and Ethernet software." In ACM Conference on the
History of Personal Workstations (January).

Thacker, C. R. [1986]. "Personal distributed computing: The Alto and Ethernet hardware," In ACM Conference on the

History of Personal Workstations (January).

These two papers describe the software and hardware of the landmark Alto. ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

Metropolis, N., J. Howlett, and G.-C. Rota (Eds.) [1980]. A History of Computing in tHe Biehtiedt Sentuny, Academic

Press, New York.

A collection of essays that describe the people, software, computers, and laborato ries involved in the first experimental

and commercial computers. Most of the authors were personally involved in the projects. An excellent bibliography of

early reports concludes this interesting book.

Public Broadcasting System [1992]. The Machine That Changed the World, videotapes.
These five one-hour programs include rare footage and interviews with pioneers of the computer industry.
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Slater, R. [1987]. Portraits in Silicon, MIT Press, Cambridge, MA.
Short biographies of 31 computer pioneers.

Stern, N. [1980]. "Who invented the first electronic digital computer?" Annals of the History of Computing 2:4
(October), 375-76.
A historian's perspective on Atanasoff versus Eckert and Mauchly.

Weicker, R. P [1984]. Dhrystone: a synthetic systems programming benchmgﬁygg%ﬁgﬁéégéﬁ%% r‘:fﬂg Kéﬁ%@% 0),

1073-1030. FIUEEL4709CSpring2025
Description of a synthetic benchmarking program for systems code.

Wilkes, M. V. [1985]. Memoirs of a Computer Pioneer, MIT Press, Cambridge, MA.
A personal view of computing by one of the pioneers.

1.14 Self study

Mapping great ideas in architecture to the real world. Find the best match the seven great ideas
from computer architecture to these real-world examples:

1. Assembly lines in automobile manufacturing

2. Cables of a suspension bridge

3. Aircraft navigation systems that incorporate jet stream direction and other wind information

4. Express elevators in buildings

5. Reserved book desk in a library

6. Automobile powered by an electric motor on all four wheels

7. Optional self-driving automobile mode that requires purchase of smart cruise control and
navigation options

How do you measure fastest? Consider three different processors P1, P2, and P3 executing the
same instruction set. P1 has a clock cycle time of 0.33 ns and a CPI of 1.5; P2 has a clock cycle
time of 0.40 ns and a CPI of 1.0; P3 has a clock cycle time of 0.25 ns and has a CPI of 2.2.

1. Which has the highest clock rate? What is it?

2. Which is the fastest computer? If answer is different than above, explain why. Which is
slowest? ©zyBooks 05/16/25 23:08 2475274

3. How do the answers to a. And b. reflect the importance of bencpm@é}ﬁjﬁ%@sﬁﬂgzozfs

Amdahl's Law and brotherhood. Amdahl's Law is basically the Law of Diminishing Returns, which
applies to investments as well as computer architecture. Your brother has joined a startup and is
trying to convince you to invest some of your savings, since he claims "it's a sure thing!".

1. You decide to invest 10% of your savings. What must be the return on your investment of the
startup to double your overall wealth, assuming the startup was your only investment?
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2. Assuming the startup investment delivers the return you calculated in a., how much of your
savings would you have to invest to realize 90% of startup's increase? How about 95%?

3. How do the results relate to Amdahl's observation about computer? What does it say about
brotherhood?

DRAM price versus cost. The figure below plots the price of DRAM chips from 1975 to 2020 while
COD Figure 1.11 shows capacity per DRAM chip over the same period. They show a millionfold
increase in capacity (16 Kbit to 16Gbit) and a 25-millionfold redugt%%%kps)r?éé?ééﬁ&%fﬁ%@tzeﬁss%ﬁl\/I
to S4). Note that the price per GiB fluctuates up and down over time whileccapaeitgpersehiphas a
smooth growth curve.

1. Can you see evidence of the slowing of Moore's Law in the figure below?

2. Why might price improve by a factor of 25 higher than capacity per chip improved? What
might be other reasons than increasing chip capacity?

3. Why do you think price per gigabyte fluctuates over three- to five- year periods? Is it related to
the chip cost formulas on page 28 or to other forces in the marketplace?

Figure 1.14.1: (COD Figure 1.27)Price of memory per gigabyte between
1975 and 2020. (Source: https://jcmit.net/memoryprice.htm).

Price of DRAM Memory over Time

$10,00,00,000
$1,00,00,000 -
)
2 $10,00,000
- E
.% $1,00,000
- i Sy
& $10,000 h\
Pl 3 \,\
=} -
£ $1,000 4
= i
Z $100 4 %
8 3 '\/
$10 : '\w\/\
$1 e
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Answers to Self-Study

Mapping great ideas in architecture to the real world.

1. Performance via Pipelining
2. Dependability via Redundancy (although you could argue it's also a use of Performance via
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Parallelism)
3. Performance via Prediction
4. Make the Common Case Fast
5. Hierarchy of Memories
6. Performance via Parallelism (although you could argue it's also a use of Dependability via

Redundancy)
7. Use Abstraction to Simplify Design ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
Fastest Computer FIUEEL4709CSpring2025

1. The clock rates are the inverse of the clock cycle time. P1 = 1/(0.33x10 seconds) = 3GHz;
P2 = 1/(0.40xto® seconds) = 2.5GHz; P3 = 1/(0.25x10°) = 4 GHz. P3 has the highest clock
rate.

2. SInce they all have the same instruction set architecture, their programs all have the same
instruction count, so we can measure performance as the product of the average clock
cycles per instruction(CPI) times clock cycle time. Which is also the average time of an
instruction:

o P1=1.5x0.33ns =0.495ns. ()You could also calculate average instruction time using
CPl/clock rate, or 1.5/3,0GHz = 0.495 ns)
o P2=1.0x0.40 ns = 0.400 ns (or 1.0/2.5GHz = 0.400 ns)
o P3=22x0.25ns =0.550ns (or 1.0/4.0GHz = 0.550 ns)
P2 is fastest and P3 is slowest. Despite having the highest clock ate, on average P3 takes so
many more clock cycles that it loses the benefit of a higher clock rate.

3. The CPI calculation was based on running some benchmarks. If they are representative of
real workloads, then these answers to these questions are correct. If the benchmarks are
unrealistic, then they may not. The difference between things easy to advertise like clock rate
versus actual performance highlights the importance of developing good benchmarks.

Brotherhood and Amdahl's Law

1. T1x return on investment to double your savings: 90%*1 + 10%*11 = 2.0.

2. You must invest 89% of your wealth to get 90% of the full return. 90% of 11x = 9.9x and
11%*1 +89%*11 = 9.9. You must invest 94.5% of wealth to get 95% return. 95% of 11x =
10.45x and 5.5%*1 + 94.5%*11 = 10.45.

3. Just as the part you don't invest limits the return on investment even for high returns for a
successful startup, the part of the computer that you don't gcgeleratedimits the benefits of
acceleration, no matter how much faster you make that improved piedehd@he/dmount you
invest will be influenced by your faith in your brother's judgemeﬁﬂ,uﬁﬁég%?gsﬁ%%z%éo of
startups don't succeed!

Price vs Cost of Memory

1. Although the prices fluctuate, it does look like pricing is flatter out since 2013, which is
consistent with the slowing of Moore's Law. For example, DRAM was $4/GB in 2013 and
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2015 as well as 2019. There is no other such long period as flat in the past.

2. Neither figure mentions the volume of DRAM chips which can explain why price improves
more than capacity per chip. There are typically manufacturing learning curves where every
factor of ten increase in volume can result in, say, a factor of two reduction in cost. There
were also innovations in packaging of the chips which can lower costs and thus prices over
this long time period.

3. DRAMSs are commodity parts, as there are multiple compar@g%mq%twﬁgﬁjb@i@[75274
products, and thus they are subject to market pressures and fluctuatinghpricéstrPrices go up
when diamond exceeds supply and they fall when vice versa. THIS fid($tty has 2% {&4ary of
periods where DRAMSs are very profitable so they build more manufacturing lines until there is
an oversupply and prices drop, and so they cut back new manufacturing lines.

1.15 Exercises

The relative time ratings of exercises are shown in square brackets after each exercise number. On
average, an exercise rated [10] will take you twice as long as one rated [5]. Sections of the text that
should be read before attempting an exercise will be given in angled brackets; for example, <COD
§1.4> means you should have read COD Section 1.4, Under the covers, to help you solve this
exercise. Because this interactive zyBook version may have been re-ordered and hence sections
renumbered, section numbers below labeled with COD refer to the original hardcopy book's section
numbers.

’& EXERCISE | 1.15.1:[2] <COD §1.1>. @

(a) List and describe three types of
computers.

Solution Vv

’& EXERCISE | 1.15.2:[5] <COD §1.2>. @ ©zyBooks 05/16/25 23:08 2475274
Jaheim Attri

FIUEEL4709CSpring2025

(a) The seven great ideas in computer architecture are similar to ideas from other fields.
Match the seven ideas from computer architecture, "Use Abstraction to Simplify

Design’, "Make the Common Case Fast’,

via Pipelining", "Performance via Prediction’, "Hierarchy of Memories", and
"Dependability via Redundancy" to the following ideas from other fields:

Performance via Parallelism", "Performance
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a. Assembly lines in automobile manufacturing

b. Suspension bridge cables

c. Aircraft and marine navigation systems that incorporate wind information

d. Express elevators in buildings

e. Library reserve desk

f. Increasing the gate area on a CMOS transistor to decrease its switching time

g. Building self-driving cars whose control systems p%gy@élé(orkesl)ogﬂ EXIStNG)s 2475274
sensor systems already installed into the base vehicle, such asdarnendeparture
systems and smart cruise control systems FIUEEL4709CSpring2025

Solution Vv

K, exercist | 1.15.3:[2]<COD§1.3> @

(a) Describe the steps that transform a program written in a high-level language such as
C into a representation that is directly executed by a computer processor.

Ry Exeroise | 1.15.4:[2]<COD§1.4> @

(a) Assume a color display using 8 bits for each of the primary colors (red, green, blue)
per pixel and a frame size of 1280 x 1024.
a. What is the minimum size in bytes of the frame buffer to store a frame?
b. How long would it take, at a minimum, for the frame to be sent over a 100 Mbit/
s network?

K¢ Bxeroise | 1.155:[4]<COD §1.6>. @

(a) Consider three different processors P1, P2, and P3 executing the same instruction
set. P1 has a 3 GHz clock rate and a CPI of 1.5. P2 has a 2.5 GHz clock rate and a
CPI of 1.0. P3 has a 4.0 GHz clock rate and has a CPI of ?ﬁYBOOkS Oj’é;gﬁif’r}og 2475274
a. Which processor has the highest performance expressedininsactions ger? 5
second?
b. If the processors each execute a program in 10 seconds, find the number of
cycles and the number of instructions.
c. We are trying to reduce the execution time by 30% but this leads to an increase

of 20% in the CPI. What clock rate should we have to get this time reduction?
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Solution Vv

Ry exerose | 1.156:(5. @

(a) Consider the table given next, which tracks several perfor@ﬁé?\%%%%j’ééﬁéﬁ%@%%%@kﬁop
processors since 2010. FIUEEL4709CSpring2025
The "Tech" column shows the minimum feature size of each processor's fabrication
process. Assume that the die size has remained relatively constant and the number of
transistors that comprise each processor scales at (1/ )2, where t = the minimum feature
size.
For each performance indicator, calculate the average rate of improvement from 2010 to
2019, as well as the number of years required to double each at that corresponding rate.

P
Max. Integer Max. ﬂoitin L3
Desktop Clock 9 DRAM . 9
Year  Tech IPC/ Cores . point Cache
processor Speed core Bandwidth (Gflop/  (MiB)
(GH2) (GB/s) P
s)
Westmere
7-620 2010 32 3.33 4 2 17.1 107 4
lvy Bridge
7.3770K 2013 22 3.90 6 4 25.6 250 8
Broadwell
7-6700k 2015 14 4.20 8 4 34.1 269 8
Kaby
Lake 2017 14 4.50 8 4 38.4 288 8
i7-7700k
Coffee
Lake 2019 14 4.90 8 8 42.k7 627 12
- ©zyBooks 05/16/25 23:08 2475274
17-9700k Jaheim Attri
FIUEEL4709CSpring2025
Imp./year _% —% _% _% _% _% _%
Doubles every  __years __.years _.years _.years __years __years __years
Solution Vv
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K, ExercisE | 1.157:[20]<COD §1.6>. (@

(a) Consider two different implementations of the same instruction set architecture. The

instructions can be divided into four classes according to their CPI (class A, B, C, and
D). P1 with a clock rate of 2.5 GHz and CPIs of 1, 2, 3, and 3, and P2 with a clock rate
of 3 GHz and CPIs of 2,2, 2, and 2. ©zyBooks 05/16/25 23:08 2475274
Given a program with a dynamic instruction count of 1.0E6 instructichgdiAdéd into
classes as follows: 10% class A, 20% class B, 50% class C, anél%%ggsgso%?r\'/\?ﬁ%%%
implementation is faster?

a. What is the global CPI for each implementation?

b. Find the clock cycles required in both cases.

Solution Vv

Ky Exercise | 1.15.8:[15] <COD §1.6>. @)

(a) Compilers can have a profound impact on the performance of an application.
Assume that for a program, compiler A results in a dynamic instruction count of
1.0E9 and has an execution time of 1.1 s, while compiler B results in a dynamic
instruction count of 1.2E9 and an execution time of 1.5 s.

a. Find the average CPI for each program given that the processor has a clock
cycle time of 1 ns.

b. Assume the compiled programs run on two different processors, and the CPI
for each program remains the same. If the execution times on the two
processors are the same, how much faster is the clock of the processor
running compiler A's code versus the clock of the processor running compiler
B's code?

c. A new compiler is developed that uses only 6.0E8 instructions and has an
average CPI of 1.1. What is the speedup of using this new compiler versus
using compiler A or B on the original processor?

Solution Vv

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Ky EXErCISE | 1.15.9:[5]<COD §1.7>. ®

The Pentium 4 Prescott processor, released in 2004, had a clock rate of 3.6 GHz and
voltage of 1.25 V. Assume that, on average, it consumed 10 W of static power and 90 W
of dynamic power.
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The Core i5 Ivy Bridge, released in 2012, had a clock rate of 3.4 GHz and voltage of 0.9 V.
Assume that, on average, it consumed 30 W of static power and 40 W of dynamic power.

(a) For each processor find the average capacitive loads.

Solution Vv

(b) Fln.d the percentage of the totgl dissipated power Compr@g%%%%%%%%?%ebggg2‘[51;5274
ratio of static power to dynamic power for each technology. Jaheim Attri

. FIUEEL4709CSpring2025
Solution Vv pring

(c) If the total dissipated power is to be reduced by 10%, how much should the voltage
be reduced to maintain the same leakage current? Note: power is defined as the
product of voltage and current.

Solution Vv

& EXERCISE | 1.15.10: [5] <COD §1.7>. @

Assume for arithmetic, load/store, and branch instructions, a processor has CPIs of 1, 12,
and 5, respectively. Also assume that on a single processor a program requires the
execution of 2.56E9 arithmetic instructions, 1.28E9 load/store instructions, and 256
million branch instructions. Assume that each processor has a 2 GHz clock frequency.

Assume that, as the program is parallelized to run over multiple cores, the number of
arithmetic and load/store instructions per processor is divided by 0.7 x p (where p is the
number of processors) but the number of branch instructions per processor remains the
same.

(@) Find the total execution time for this program on 1, 2, 4, and 8 processors, and show
the relative speedup of the 2, 4, and 8 processor result relative to the single
processor result.

Solution Vv

(b) If the CPI of the arithmetic instructions was doubled, what would the impact be on
o ©z§§ooks 05/16/25 23:08 2475274
the execution time of the program on 1, 2, 4, or 8 processors? Jaheim Attri

Solution Vv FIUEEL4709CSpring2025

(c) To what should the CPI of load/store instructions be reduced in order for a single
processor to match the performance of four processors using the original CPI
values?

Solution Vv
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Ry Exeroise | 1.15.11:(10]<COD §1.5>. @

Assume a 15 cm diameter wafer has a cost of 12, contains 84 dies, and has 0.020
defects/cm?. Assume a 20 cm diameter wafer has a cost of 15, contains 100 dies, and

has 0.031 defects/cm?. ©zyBooks 05/16/25 23:08 2475274
) ) Jaheim Attri
(@) Find the yield for both wafers. FIUEEL4709CSpring2025

(b) Find the cost per die for both wafers.

(c) If the number of dies per wafer is increased by 10% and the defects per area unit
increases by 15%, find the die area and yield.

(d) Assume a fabrication process improves the yield from 0.92 to 0.95. Find the defects
per area unit for each version of the technology given a die area of 200 mm?.

K¢ EXercise | 1.15.72:[5]<COD §§1.6,1.9>. ®@

The results of the SPEC CPU2006 bzip2 benchmark running on an AMD Barcelona has an
instruction count of 2.389E12, an execution time of 750 s, and a reference time of 9650 s.

(@) Find the CPI if the clock cycle time is 0.333 ns.

Solution Vv

(b) Find the SPECratio.

Solution Vv

(c) Find the increase in CPU time if the number of instructions of the benchmark is
increased by 10% without affecting the CPI.

Solution Vv

(d) Findthe increase in CPU time if the number of instructions, of thesbenebmankiss 2475274

increased by 10% and the CPl is increased by 5%. Jaheim Attri
FIUEEL4709CSpring2025
Solution Vv

(e) Find the change in the SPECratio for this change.

Solution Vv

(f) Suppose that we are developing a new version of the AMD Barcelona processor with
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a 4 GHz clock rate. We have added some additional instructions to the instruction set
in such a way that the number of instructions has been reduced by 15%. The
execution time is reduced to 700 s and the new SPECratio is 13.7. Find the new CPI.

Solution Vv

(g) This CPI value is larger than obtained in 1.11.7 as the clock rate was increased from
3 GHz to 4 GHz. Determine whether the increase in the CPki$ sirrilabtoothat’sfihes 75274

S Jaheim Attri
?
clock rate. If they are dissin nIar, Why. FIUEEL4709CSpring2025

Solution Vv

(h) By how much has the CPU time been reduced?

Solution Vv

(i) For a second benchmark, libquantum, assume an execution time of 960 ns, CPI of
1.67, and clock rate of 3 GHz. If the execution time is reduced by an additional 10%
without affecting to the CPI and with a clock rate of 4 GHz, determine the number of
instructions.

Solution Vv

(j)) Determine the clock rate required to give a further 10% reduction in CPU time while
maintaining the number of instructions and with the CPI unchanged.

Solution Vv

(k) Determine the clock rate if the CPl is reduced by 15% and the CPU time by 20% while
the number of instructions is unchanged.

Solution Vv

Ky EXERCISE | 1.15.13:[5]<COD §§1.6,1.17>. @

COD Section 1.11 (Fallacies and pitfalls) cites as a pitfall the utilization of a subset of the

performance equation as a performance metric. To illustrate @QB%%@]@%%&%'M@%SZM
two processors. P1 has a clock rate of 4 GHz, average CPI of 0.9, and requirestheri

execution of 5.0E9 instructions. P2 has a clock rate of 3 GHz, an aVérage CPY of §75284d
requires the execution of 1.0E9 instructions.

(@) One usual fallacy is to consider the computer with the largest clock rate as having
the highest performance. Check if this is true for P1 and P2.

Solution Vv
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(b) Another fallacy is to consider that the processor executing the largest number of
instructions will need a larger CPU time. Considering that processor P1 is executing a
sequence of 1.0E9 instructions and that the CPI of processors P1 and P2 do not
change, determine the number of instructions that P2 can execute in the same time
that P1 needs to execute 1.0E9 instructions.

Solution Vv
©zyBooks 05/16/25 23:08 2475274

(c) A common fallacy is to use MIPS (millions of instructio.ns per ﬁ%%%ﬁ@fé%ﬂﬂ)gaﬁ%
the performance of two different processors, and consider that the processor with

the largest MIPS has the largest performance. Check if this is true for P1 and P2.

Solution Vv

(d) Another common performance figure is MFLOPS (millions of floating-point
operations per second), defined as

MFLOPS = No. FP operations / (execution time x TE6)

but this figure has the same problems as MIPS. Assume that 40% of the instructions
executed on both P1 and P2 are floating-point instructions. Find the MFLOPS figures
for the programs.

Solution Vv

K, Exercist | 1.15.14:[5]<COD §1.11>. @

Another pitfall cited in COD Section 1.11 (Fallacies and pitfalls) is expecting to improve
the overall performance of a computer by improving only one aspect of the computer.
Consider a computer running a program that requires 250 s, with 70 s spent executing FP
instructions, 85 s executing L/S instructions, 40 s executing branch instructions, and the
remaining time is spent executing integer instructions.

(a) By how much is the total time reduced if the time for FP operations is reduced by
20%?

©zyBooks 05/16/25 23:08 2475274
Jaheim Attri
FIUEEL4709CSpring2025

(b) By how much is the time for INT operations reduced if the total time is reduced by
20%? Assume the time for other operations remains the same.

Solution Vv

Solution Vv

(c) Can the total time be reduced by 20% by reducing only the time for branch
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instructions?

Solution Vv

Ry oxercse | 1.1515:[10]<COD §1.11>. (@

©zyBooks 05/16/25 23:08 2475274

Assume a program requires the execution of 50 x 10° FP instructions, HJ@h%T@NNTZOZ
instructions, 80 x 10° L/S instructions, and 16 x 10° branch instruc':tigﬁg‘%e 813-’%%9 eac
type of instructionis 1, 1, 4, and 2, respectively. Assume that the processor has a 2 GHz

clock rate.

(a) By how much must we improve the CPI of FP instructions if we want the program to
run two times faster?

Solution Vv

(b) By how much must we improve the CPI of L/S instructions if we want the program to
run two times faster?

Solution Vv

(c) By how much is the execution time of the program improved if the CPI of INT and FP
instructions is reduced by 40% and the CPI of L/S and Branch is reduced by 30%?

Solution Vv

Ky EXErcISE = 1.15.16:[5] <COD §1.8>. @)

(@) When a program is adapted to run on multiple processors in a multiprocessor
system, the execution time on each processor is comprised of computing time and
the overhead time required for locked critical sections and/or to send data from one
processor to another.
Assume a program requires t = 100 s of execution time on one processor. When run
p processors, each processor requires t/p s, as well as a%@%@?@@%%&%ﬁ%@%%zm
irrespective of the number of processors. Compute the per-processosrexecttion time
for 2,4, 8,16, 32, 64, and 128 processors. For each case, list the/EBresonaIHy202°
speedup relative to a single processor and the ratio between actual speedup versus
ideal speedup (speedup if there was no overhead).
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