LOMPUTER
SCIENCE
TAPESTRERY




June 7,1999 10:10 owltex  Sheet number 2 Page numbemiiagentablack

A Computer Science Tapestry

Exploring Programming and Computer Science
with C++

Second Edition

Owen L. Astrachan
Duke University

-

r
-

Boston Burr Ridge,IL Dubuque,lA Madison,WI New York San Francisco St. Louis
Bankok Bogota Caracas Lisbon London Madrid
Mexico City Milan New Delhi Seoul Singapore Sydney Taipei Toronto



June 7,1999 10:10

owltex  Sheet number 3 Page numberiiiagentalack

Front matter



June 7,1999 10:10 owltex  Sheet number 4 Page numberivagentalack

Copyright information



June 7,1999 10:10

owltex  Sheet number 5 Page numbenvagentelack

About the Author

Owen L. Astrachan is Associate Professor of the Practice of Computer Science at Duke
University and the department’s Director of Undergraduate Studies for Teaching and
Learning. After receiving his A. B. degree from Dartmouth College, he taught high
school for seven years before returning to graduate school. He received his Ph.D. in
Computer Science from Duke in 1992. Professor Astrachan was a member of the Duke
programming team that placed fourth in the world in the ACM programming contest
in 1989 and coached the third place team in 1994. He was the chief Reader for the
Advanced Placement Computer Science Exam from 1990 to 1994. Professor Astra-
chan has written many technical and pedagogical articles and has been the Principal
Investigator in three NSF-sponsored educational projects: “The Applied Apprenticeship
Approach: An Object-Oriented/Object-Based Framework for CS2,” “CURIOUS: Cen-
ter for Undergraduate Education and Research: Integration through Performance and
Visualization,” and “Using and Developing Design Patterns.” A well-regarded teacher,
Professor Astrachan received the 1995 Robert B. Cox Distinguished Teaching in Science
Award.



June 7,1999 10:10 owltex  Sheet number 6 Page numbermiagentalack

Vi

To my teachers, colleagues, and friends, especially to those who are all three, for
educating, arguing, laughing, and helping.

To Laura and Ethan



June 7, 1999 10:10

owltex  Sheet number 7 Page number viiagenteblack

The Tapestry Viewed from Afar

This book is designed for a first coutse computer science that uses C++ as the language
by which programming is studied. My goal in writing the book has not been to cover
the syntax of a large language like C++, but to leverage the best features of the language
using sound practices of programming and pedagogy in the study of computer science
and software design. My intent is that mastering the material presented here will provide:

] A strong grounding in the analysis, construction, and design of programs and
programming.

] A means for honing problem-solving skills associated with the study of computer
programming and a taste of both the science and engineering aspects of program-
ming.

] An introduction to computer science that gives the student more of an idea of what
the discipline is about than most introductory programming texts.

In particular, this is a book designed to teach programming using C++, not a book de-
signed to teach C++. Nevertheless, | expect students who use this book will become
reasonably adept C++ programmers. Object-oriented programming is not a program-
mer’s panacea, although it can make some jobs much easier. To mix metaphors, learning
to program is a hard task, no matter how you slice it—it takes time to master, just as
bread takes time to rise.

The material here is grounded in the concept that the study of computer science
should be part of the study of programming. | also want students to use classes before
writing them, so a library of useful classes is integrated into the text. Students will
better appreciate good design by seeing it in practice than by simply reading about
it. This requires studying and using classes that actually do something and that are
easy for novice programmers to use. For example, | don’'t use any examples about
bank accounts or Automated Teller Machines. These traditional examples work well in
explaining concepts, but it's not possible to implement a real bank account class or an
ATM in the first programming course. | do supply classes for calendar dates, unbounded
integers, timing program segments, reading directories, random numbers, and several
others. These classes can be used early (or late) in a semester, allowing students to write
more interesting programs without writing more code. For example, usinDate
class students can write a three-line program to determine how many days old they are
whenever they run the program, an eight-line program to find out what day Thanksgiving
falls on in any year, and a forty-line program to print a calendar for any year. Using

1This first course has traditionally been called CS1 after early ACM guidelines.
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the classes for reading directories makes it possible to write a twenty-line program for
finding all files that are large, or were last modified yesterday, or a host of other problems.

Most importantly, this book takes the view that the study of computer science should
involve hands-on activity and be fun. The study of programming must cover those areas
that are acknowledged as fundamental to computer science, but the foundation that is
constructed during this study must be solid enough to support continued study of a rapidly
changing programming world, and the process of studying should make students want
to learn more. Support for this position can be found in several places; | offer two quotes
that express my sentiments quite well.

Having surveyed the relationships of computer science with other disciplines, it
remains to answer the basic questions: What is the central core of the subject?
What is it that distinguishes it from the separate subjects with which it is related?
What is the linking thread which gathers these disparate branches into a single
discipline? My answer to these questions is simple—it is the art of programming
a computer. It is the art of designing efficient and elegant methods of getting
a computer to solve problems, theoretical or practical, small or large, simple or
complex. It is the art of translating this design into an effective and accurate
computer program. This is the art that must be mastered by a practising computer
scientist; the skill that is sought by numerous advertisements in the general and
technical press; the ability that must be fostered and developed by computer science
courses in universities.

C. A.R. Hoare
Computer Scienc@eprinted in [Hoa89])

A supporting view is expressed in the following quote:

Programming is unquestionably the central topic of computing.

In addition to being important, programming is an enormously exciting in-
tellectual activity. In its purest form, it is the systematic mastery of complexity.
For some problems, the complexity is akin to that associated with designing a fine
mechanical watch, i.e., discovering the best way to assemble a relatively small
number of pieces into a harmonious and efficient mechanism. For other problems,
the complexity is more akin to that associated with putting a man on the moon,
i.e., managing a massive amount of detail.

In addition to being important and intellectually challenging, programming is
a great deal of fun. Programmers get to build things and see them work. What
could be more satisfying?

John V. Guttag
Why Programming Is Too Hard and What to Do aboutlfMGRS91]

Programming and Computer Science

This

is more than a book about programming. Although its principal focus is on pro-

gramming using C++, this is also a book about computer science. However, this is
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neither a book that adopts what some have called a breadth-first approach to computer
science, nor is it a book whose only purpose is to teach object-oriented programming in
the first course (although glimpses of both approaches will be evident).

Introductory courses are evolving to take advantage of new and current trends in
software engineering and programming language design, specifically object-oriented
design and programming. Some schools will adopt the approach that learning object-
oriented design principles should be the focus of a first programming course. Although
this approach certainly has some merit, students in the first course traditionally have
a very difficult time with the design of loops, functions, and programs. | believe that
attempting to cover object-oriented design in addition to these other design skills will not
be as conducive to a successful programming experience as will using object-oriented
concepts in the context of learning to program by reading and using classes before writing
them. This may seem a subtle distinction, but if the focus of the course is on learning
about the design and use of objects, there may be a tendency to delve too quickly and
too deeply into the details of C++.

The approach taken in this book is that C++ and OOP permit students with little
or no programming background to make great strides toward developing foundational
knowledge and expertise in programming. In subsequent courses students will hone the
skills that are first learned in the study of the material in this book and will expand the
coverage of computer science begun here. Computer science is not just programming,
and students in a first course in computer science must be shown something of what the
discipline is about. At the same time, programming provides a means of relating the
subdisciplines that compose compter science. Many of the examples and programs in
this book rely on classes, code, and libraries that are documented and supplied with the
book.

A major tenet of the approach used here is that students should read, modify, and
extend programs in conjunction with designing and writing from scratch. Thisis enabled
to a large extent by using the object-oriented features of C++ whenever appropriate. |
view C++ as a tool to be used rather than studied. One of the most important ideas
underlying the use of classes and objects in C++, and one of the most important concepts
in computer science, is the ideaaifstraction.

Its [computer science’s] study involves development of the ability to abstract the
essential features of a problem and its solution, to reason effectively in the abstract
plane, without confusion by a mass of highly relevant detail. The abstraction must
then be related to the detailed characteristics of computers as the design of the
solution progresses; and it must culminate in a program in which all the detail
has been made explicit; and at this stage, the utmost care must be exercised to
ensure a very high degree of accuracy. ... The need for abstract thought together
with meticulous accuracy, the need for imaginative speculation in the search for a
solution, together with a sound knowledge of the practical limitations of the tools
available for its implementation, the combination of formal rigour with a clear
style for its explanation to others—these are the combinations of attributes which
should be inculcated and developed in a student ... and which must be developed
in high degree in students of computer science.

C. A. R. Hoare (reprinted in [Hoa89])
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Students and teachers of computer science are not obliged to understand the IEEE
standards for floating-point numbers in order to write code that uses such numbers. Al-
though at one time a deep understanding of machine architecture was necessary in order
to write programs, this is no longer the case. Just as Hoare exhorts the programmer to be
articulate about his or her activity, this book is designed to bring the novice programmer
and student of computer science and program design to a point where such behavior is
possible. The use of C++ provides a mechanism for doing so in which details can be
revealed if and when it is appropriate to do so and hidden otherwise.

Programming in C++

Although this book uses C++ as a tool to be used rather than studied, students coming
out of a first course must be well prepared for subsequent courses in computer science
and other disciplines. Therefore, the essential features of C++ must be used, studied,
and mastered. The syntactic and semantic features of C++ sufficient for an introductory
course are thoroughly covered. At Duke, we teach our first courses using C++, and then
we move to Java. We have had great success with this approach. This book uses C++,
not C. In particular, there is no coverage of I/0 usprgntf  andscanf | there is no
coverage of C-style (char *) strings, and the coverage of C-style arrays is minimal and
included only because initializing an array with several values shortens code. Instead,
we use streams for 1/O, the standard C++ cligsag , and a modification of the STL
vector class calledvector that performs range-checking on all vector accesses.

Many thought and programming exercises are integrated in the text, particularly in
the pause and reflect sections. These exercises are designed to make students think
about what they're doing and to cover some of the messier language details in thought-
provoking and interesting ways. On-line materials accessible via the World Wide Web
provide supporting programming lab assignments.

B A CloserView of the CS Tapestry

This book is different from most other introductory programming contexts in several
ways:

| Functions are introduced very early, but in a natural way that makes programming
with functions easier than without.

| Strings are used before ints or doubles, though all are introduced early in the text
so that numerical examples can be mixed with text and string examples.

| Whenever possible, the computer is exploited—small programs do not necessarily
equate with toy programs. The classes included in the text make this possible.

| A large number of classes, programs, and libraries are supplied with the book.
Students will use the classes first, studying only their interfaces, before delving
into implementation and design issues.

] Features of C++ that simplify programming are used, but not all features of C++
are emphasized. For example, since we use string and vector classes rather than
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pointer-based C-style objects, there is no reason to cover copy constructors or as-
signment operators. These topics are covered in the text, but there’s no compelling
reason to cover them.

B How to Use the Book

I do not cover every section of the book in my courses, and instructors who used the first
edition indicated that they skip some sections as well. I'll provide an overview of how
chapters can be covered, but the best recommendations will be your own after looking
at the material. I'll also post sample syllabi on the book’s web site as people using the
book send the syllabi to me.

The How to Sections

The How to sections are new to this second edition. One of the common complaints from
users of the first edition was that it was not an ideal reference. Material on language-
specific features of C++ was introduced as needed so that related material was not
always found together. To address this valid concern, | have created How to sections
that condense C++ specific topics into a series of appendices, making it easier to use the
book as a reference as well as a textbook. The How to sections are referenced in the text
by a flying carpeticon as shown to the left, with the relevant How to referenced in the text.
For example, How to B provides detailed information on using streams and formatting
output. By including the material in the How to appendix, it can be found quickly and it
doesn't clutter a more general discussion of computer science and programming design
with C++ specifics.

Chapter Coverage and Dependencies

Chapter 1 is an overview of computer science and programming. None of the material
is used in subsequent chapters, though covering Chapter 1 doesn’t take much time and
sets a tone for using the book.

Part 1: Foundations of C++ Programming

Chapters 2 through 5 cover material essential to what is covered in the rest of the text.
However certain sections in this part can be skipped or treated less thoroughly since the
material is repeated in other contexts later. Badloon class used in Section 3.4
introduces a simple and compelling class, but the section can be skipped since the
material on classes is studied again in Section 5.4. It's also possible to cover all the
control statements early, then use the examples and classes introduced in Chapters 2
through 5. Chapters 2 through 5 should take less time to cover than Chapters 6 through
8. In general, the chapters later in the book take more time to digest than the earlier
chapters, but offer more material.
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Part 2: Program and Class Construction: Extending the Foun-
dation

The material in Chapters 6 through 8, combined with earlier material, will form the basis
of many first courses. It's possible to use sections of chapters from Part 3 to augment
the material in the first eight chapters as noted below.

For those who prefer to cover vectors early, it's possible to cover Sections 6.1, 6.2
and 7.4, then cover Chapter 8. The material in Section 8.4 on built-in arrays is completely
optional. The classvector is modeled after the STL clas®ctor , but performs
range-checking for the overloaded indexing operator. The discussieeadbr relies
on the methogush_back for adding elements to a vector so that the vector resizes
itself as needed. The differences between size and capacity for vectors are emphasized

in Chapter 8.
The clasaVordStreamlterator introduced in Section 6.3 can be omitted each
~_  time it's used, though it's much easier to use the class to read a file more than once
E gi‘:y within the same program than using the stream functions described in How to B to reset
= a stream. The material on sets of strings in Section 6.5 is used in later chapters, but it

can be skipped each time it's covered. The random walk classes discussed in Section 7.3
can be skipped, though they're used later in discussing inheritance and pointers.

Part 3: Design, Use, and Analysis: Building on the Foundation

Chapters 9 through 13 provide a wealth of material. It's unlikely that all the chapters
can be covered in a single semester.

In general, most of the chapters in this part are independent of each other, though not
completely. The material in Chapter 13 can be covered early, though it uses pointers.
A quick discussion of allocation usingew can finesse the use of pointers since the
pointers are used to store vectors of elements in an inheritance hierarchy, not for linked
structures.

Chapter 9, which covergetline , string streams, and overloaded operators, and
Chapter 10 on recursion, can be covered in any order. Most of the material is not used
in subsequent chapters, though getline  function is used in several examples and
recursion is used in quick sort. These chapters could be covered before Chapter 8 on
vectors except that the example of recursion in Section 10.3.3 that permutes the elements
in a vector. The material on immutable lists in Section 10.5 can be skipped though it is
used in a few examples in later chapters.

Most of material in Chapter 11 can be skipped entirely or covered immediately after
covering vectors. Section 11.3 on function objects is optional, though it's the right way
of sorting by several criteria and function objects are important in the STL and the Java
Collections classes.

B Thanks

Many people have contributed to this book and the material in it, and | hope that many
more will. | must single out several people who have offered criticisms and suggestions
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that have been extremely useful during the development of this project: Rich Pattis
(Carnegie Mellon University) and Dave Reed (Dickinson College). At Duke, Susan
Rodger taught using a draft of the first edition, waited patiently while chapters were
revised, and offered a nearly uncountable number of exercises, improvements, and pro-
grams. Her efforts have been very important in the development of this material. Greg
Badros (then at Duke) reviewed the entire manuscript of the first edition and offered abso-
lutely wonderful suggestions; he astonished me with his perspicacity. In the fall of 1995
David Levine used the first edition at Gettysburg College and made many constructive
suggestions based on this use. In the fall of 1996 Dee Ramm learned and taught using the
final draft, and made many useful suggestions. Through the auspices of McGraw-Hill,
Marjorie Anderson offered wonderful suggestions for improving the quality of the first
edition. Although | haven't vanquished the passive voice, any progress is due to her
diligence, and all stylistic blunders are my own. Among the users of the first edition,
Beth Katz at Millersville University stands out for providing feedback that I've tried to
incorporate into this second edition.

The folks from McGraw-Hill involved with the second edition have been absolutely
wonderful. Betsy Jones, Emily Gray, and Amy Hill have helped with time, patience, and
support throughout the development of the second edition. John Rogosich at Techsetters
created ATEX macros and supplied support for those macros with great alacrity. Pat
Anton was my contact about the artwork at Techsetters; if it looks good it's due to her,
and if it doesn't it's because | originated it all.

In addition, the following people have reviewed the material and offered many useful
suggestions both for the first edition and for this second edition (if I've left someone
out, | apologize): Robert Anderson, Deganit Armon, John Barr, Gail Chapman, Mike
Clancy, Robert Duvall, Arthur Farley, Sarah Fix, Donald Gotterbarn, Karen Hay, Andrew
Holey, Judy Hromcik, Beth Katz, David Kay, Joe Kmoch, Sharon Lee, Henry Leitner,
David Levine, Clayton Lewis, John McGrew, Jerry Mead, Judy Mullins, David Mutchler,
Richard Nau, Jeff Naughton, Chris Nevison, Bob Noonan, Richard Pattis, Robert Plantz,
Richard Prosl, Dave Reed, Margaret Reek, Stuart Reges, Stephen Schach, David Teague,
Beth Weiss, Lynn Zeigler

Development

The ideas and exercises in this book have been tested in the first course for majors at
Duke since 1993. Many people using the first edition contributed thoughts and ideas.
I'm grateful to all of them, especially students at Duke who saw many versions of the
material before it was a book.

Versions of all the programs used in the book are available for Windows, Unix, and
Macintosh operating systems. The software is currently available via anonymous ftp
from ftp.cs.duke.edu in pub/ola/book/ed2/code . Itis also accessible via
the web at:

http://www.cs.duke.edu/csed/tapestry.

Although the first edition of the book went through extensive classroom testing, there are
undoubtedly errors that persist and new ones introduced with this edition. Nevertheless,
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all code has been compiled and executed and is reproduced directly from the sources; it
is not retyped.

I will respond to all email regarding errors and will attempt to fix mistakes in subse-
quent printings. | would be ecstatic to hear about suggestions that might improve certain
sections, or comments about sections that caused problems even without suggestions for
improvement. Of course | love to hear that something worked well.

Please send all comments by email to

ola@cs.duke.edu

I will try to acknowledge all mail received. Materials for the book are also accessible
via the World Wide Web from the URL

http://www.cs.duke.edu/csed/tapestry/

A mailing list is available for discussing any aspects of the book or the course. To
subscribe, send email with the message

subscribe tapestry
as the message body to
majordomo@acpub.duke.edu
To unsubscribe, send the message
unsubscribe tapestry
to the same address. To send mail to the list, use the address

tapestry@acpub.duke.edu

Details

The second edition of the book was prepared usingdfEXlpackage fron Y & Y, Inc.
Macros andATEX support were supplied by Techsetters, Inc. | used hardware donated
by Intel to Duke University running Windows NT donated by Microsoft. | also used
RedHat Linux 5.1 running on a (now old) Pentium 100. | tested all programs using
Codewarrior donated by Metrowerks, Visual C++ donated by Microsoft, and egcs C++
under Linux which is free from Cygnus Software. | used Emacs running under Windows
NT and the Unix-like shell for NT created by Cygnus; both were indispensable (I could
not survive without grep, for example). Screen images were captured using Snagit/32
and processed using SmartDraw Professional running under Windows NT. | also used
XV and Xfig running under Linux to create drawings that were ultimately massaged by
Techsetters using Adobe Photoshop. | printed preliminary versions of the manuscript
on a Tektronix Color Laser/Phaser 740 and used Adobe Distiller to create pdf files from
postscript.
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The computer is no better than its program.
Elting EImore Morison
Men, Machines and Modern Times

Science and technology, and the various forms of art, all unite humanity in a single and
interconnected system.
Zhores Medvedev The Medvedev Papers

| want to reach that state of condensation of sensations which constitutes a picture.
Henri Matisse
Notes d’'un Peintre

In this chapter we introduce you to computer science. Ideally, we would begin with a
simple definition that could be expanded and refined throughout the book. Unfortunately,
computer science, like other disciplines, has no simple definition. For example, we might
say that biology is the study of life. But that doesn’t explain much about the content
of such subdisciplines as animal behavior, immunology, or genetics—all of which are
part of biology. Nor does it explain much about the contributions that these disciplines
make to biology in general. Similarly, is English the study of grammar and spelling, the
reading of Shakespeare’s plays, or the writing of poems and stories? In many cases it
is easier to consider the subfields within an area of study than it is to define the area of
study. So itis with computer science.

B 1.1 whatls Computer Science?

In some respects, computer science is a new discipline; it has grown and evolved along
with the growth of computing technology and the cheaper, faster, and more accessible
processing power of modern-day computers. As recently as 1970, many colleges and
universities did not even have departments of computer science. But computer science
has benefited from work done in such older disciplines as mathematics, psychology,
electrical engineering, physics, and linguistics. Computer science inherits characteristics
from all these fields in ways that we’ll touch on in this book, but the thread that links
these and the many subdisciplines of computer science is computer programming.
Some people prefer the term used in many European languag@snatics over
what is calledcomputer sciencen the United States. Computer science is more the
study of managing and processing information than it is the study of computers. Com-
puter science is more than programming, but programming is at the core of information
processing and computer science.
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Chapter 1 Computer Science and Programming

This book will guide you through the study of the design, building, and analysis of
computer programs. Although you won't become an expert by working through this
book, you will lay a foundation on which expertise can be built. Wherever possible,
the programming examples will solve problems that are difficult to solve without a
computer: a program might find the smallest of 10,000 numbers, rather than the smallest
of 2 numbers. Longer examples are taken from various core areas of computer science.
As this is a book about the design and analysis of computer programs, it must be used
in conjunction with a computer. Reading alone cannot convey the same understanding
that using, reading, and writing programs can.

1.1.1 TheTapestry of Computer Science

This chapter introduces computer science using a tapestry metaphor. A tapestry has
much in common with computer science. A tapestry has many intricate scenes that
form a whole. Similarly, computer science is a broad discipline with many intricate
subdisciplines. In studying a tapestry, we can step back and view the work as a whole,
move closer to concentrate on some particularly alluring or colorful region, and even
study the quality of the fabric itself. We’ll similarly explore computer science—studying
some things in detail, but stepping back to view the whole when appropriate. We'll
view programs as tapestries too. You'll study programs written by others, add to these
programs to make them more useful, and write your own programs. You’'ll see that
creating and developing programs is not only useful but is immensely satisfying, and
often entertaining as well.

Several unifying threads run through a tapestry, and the various scenes and sections
originate from and build on these threads. Likewise in computer science, we find basic
themes and concepts on which the field is built and that we use to write programs and
solve problems. In this chapter we introduce the themes of computer science, which are
like the scenes in a tapestry, and the concepts, which are like the unifying threads.

Contextureis a word meaning both “an arrangement of interconnected parts” and
“the act of weaving (assembling) parts into a whole.” It can apply to tapestries and to
computer programming. This book uses a contextural approach in which programming
is the vehicle for learning about computer science. Although it is possible to study
computer science without programming, it would be like studying food and cooking
without eating, which would be neither as enjoyable nor as satisfying.

Computer science isotjust programming. Too often this is the impression left after
an initial exposure to the field. | want you to learn something of what a well-read and
well-rounded computer scientist knows. You should have an understanding of what has
been done, what might be done, and what cannot be done by programming a computer.
After a brief preview of what is ahead, we’ll get to it.
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1.2 Algorithms 5

Alan Turing (1913-1954)

Alan Turing was one of the founders of computer science, studying it before there
were computers! To honor his work, the highest achievement in the field of com-
puter science—and the equivalent in stature to a Nobel prize—is the Turing award,
given by the Association for Computing Ma-
chinery (the ACM).

In 1937, Turing published the pap&n
Computable Numbers, with an Application
to the Entscheidungsproblerm this paper
he invented an abstract machine, now known
as aTuring Machine that is (theoretically)
capable of doing any calculation that today’s
supercomputers can. He used this abstract
machine to show that there are certain prob-
lems in mathematics whose proofs cannot
be found. This also shows that there are
certain problems that cannot be solved with
any computer. In particular, a program can-

; not be written that will determine whether
an arbltrary program will eventually stop. This is called tzdting problem.

During World War II, Turing was instrumental in breaking a German coding
machine called thEnigma He was also very involved with the design of the first
computers in England and the United States. During this time, Turing practiced
one of his loves—Ilong-distance running. A newspaper account said of his second-
place finish (by 1 foot) in a 3-mile race in atime of 15:51: “Antithesis of the popular
notion of a scientist is tall, modest, 34-year-old bachelor Alan M. Turing....Turing
is the club’s star distance runner...[and] is also credited with the original idea for
the Automatic Computing Engine, popularly known as the Electronic Brain.”

Turing was also fond of playing “running-chess,” in which each player alter-
nated moves with arun around Turing’s garden. Turing was gay and, unfortunately,
the 1940s and 50s were not a welcome time for homosexuals. He was found guilty
of committing “acts of gross indecency” in 1952 and sentenced to a regimen of
hormones as a “cure.” More than a year after finishing this “therapy,” and with no
notice, Turing committed suicide in 1954.

For a full account of Turing’s life see[Hod83].

1.2 Algorithms

To develop aninitial understanding of the themes and concepts that make up the computer
science tapestry, we’'ll work through an example. Consider two similar tasks of arranging
objects into some predetermined order:
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6 Chapter 1 Computer Science and Programming

Arranging Cards

| Arrange cards into four groups by suit: spades, hearts, clubs, diamonds
| Sort each group. To sort a group:
For each rank (2, 3, 4, ..., 10, J, Q, K, A) put the 2 first, followed

by the 3, the 4, ..., followed by the 10, J, Q, K, A (if any rank is
missing, skip it)

Figure 1.1 Arranging cards in order.

1.  Ahand of cards (arrange by rank and suit)
2. 100,000 exams (arrange by six-digit student ID number)

Card players often do the first task because it makes playing much simpler than if
the cards in their hands are arranged in a random order. The second task is part of
the administration of the Advanced Placement exams given each year to high school
students. Many people are hired to sort the exam booklets by student ID number before
the scores are entered into a computer. In both cases people are doing the arranging. The
differences in the scale of the tasks and the techniques used to solve them will illuminate
the study of computer science and problem solving.

1.2.1 Arranging 13 Cards

A hand of cards might look like this:
109 | [5% | [Qe | {79 | [9a | [A% | [8e Je 3% | [74 Ke | [Q« | [8a

v10 %5 +Q v7 A9 * A 8 ¢) %3 a7 v K *Q A8

Most people arrange cards in order by suits (spades, hearts, diamonds, and clubs), and
within suitbyrank (2, ..., 10, J, Q, K, A) with little thought. Infact, many people perform
a slightly different sequence of steps in arranging different hands of cards, modifying
their basic technique depending on the order in which the cards are dealt. However,
if you are asked to describe the process of arranging a hand of cards to someone who
has never seen cards before, the task becomes difficult. The careful description of such
processes is one of the fundamental parts of computer science. The descriptions are
calledalgorithms and are the focus of much study in computer science and in this book.
The algorithm for sorting cards shown in Figure 1.1 is both correct and concise, two
traits to strive for in writing algorithms. The instructions to sort a group are applicable to
all groups, not just to the spades or to the diamonds. Instructions that apply in more than
one situation are much more versatile than instructions that apply in a single situation.
Algorithms are often compared to recipes used in cooking: they are step-by-step
plans used in some process (arranging cards or baking bread) to arrive at some end (a
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sorted hand of cards or a loaf of bread). Although this analogy is apt, cooking often
allows for a larger margin of error than do algorithms that are to be implemented on a
computer. Phrases like “beat until smooth,” “sauté until tender,” and “season to taste”
are interpreted differently by cooks. A more appropriate analogy may be seen with
the instructions that are used to knit a sweater or make a shirt. In such tasks, precise
instructions are given and patterns must be followed or else a sweater with a front larger
than the back or a shirt with mismatched buttons and buttonholes may result.

You can easily determine that the hand below is sorted correctly, in part because
there are so few cards in a hand and because grouping cards by suit makes it easier to see
if the cards are sorted. Verifying that the algorithm is correct in general is much more
difficult than verifying that one hand of cards is sorted.
7a | [8a [ [9a | [7v | [10v | [Kv | [3% | [5% | [Q% | [A® | [8¢ | [Ie | [Qe

a7 A8 A9 v7 v10 vK %3 L) *Q ® A 8 ¢) ¢Q

For example, suppose that an algorithm correctly sorts 1,000 hands of cards. Does
this guarantee that the algorithm will sort all hands? No, it's possible that the next hand
might not be sorted even though the first 1,000 hands were. This points out an important
difference between verifying an algorithm and testing an algorithweriiedalgorithm
has been proved to work in all situations.téstedalgorithm has been rigorously tried
with many examples to establish confidence that it works in all situations.

1.2.2 Arranging 100,000 exams

Arranging 100,000 exams by ID number is a much more cumbersome task than arranging
13 cards. Imagine being confronted with 100,000 exams to sort. Where would you
begin? This task is more time-consuming and more prone to error than arranging cards.
Although you probably don’t need a precise description of the card-arranging algorithm
to sort cards correctly, you'll need to think carefully about developing an algorithm to sort
100,000 exams using 40 people as assistants. Utilizing these “computational assistants”
requires communication and organization beyond what is needed to arrange 13 cards in
one person’s hand. A sample of 32 student ID numbers is shown here:

672029 662497 118183 452603 637238 249262 617834 396939
483595 613046 361999 231519 695368 689831 346006 539184
712077 816735 540778 975985 950610 846581 931662 625487
278827 821759 131232 952606 547825 385646 880295 816645

These represent a small fraction of the number of exam booklets that must be arranged.
Consider the algorithmic description in Figure 1.2. If this algorithm is implemented
correctly, it will result in 32 numbers arranged from smallest to largest. If we had a
computer to assist with the task, this might be an acceptable algorithm. (We'll see later
that there are more efficient methods for use on a computer but that this is a method that
works and is simple to understand.) We might be tempted to use it with 32 exams, but
with 100,000 exams it would be extremely time-consuming and would make inefficient
use of the resources at our disposal since using 40 people to find the smallest exam
number is a literal waste of time.
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Sorting Exams
Repeat the following until all 32 numbers (exams) have been arranged

1 scan the list of numbers (exams) looking for the smallest exam

| move the smallest number (exam) to another pile of exams that are maintained and
arranged from smallest to largest

Figure 1.2 Arranging exams in order.

1.3 Computer Science Themes and Concepts

The previous sorting example provides a context for the broad set of themes and concepts
that comprise computer science.

1.3.1 Theory, Language, Architecture

Three areas mentioned in [Ble90] as forming the core of computer science serve nicely as
the essential themes, linking the various scenes of the computer science tapestry together.
These themes are shown in Figure 1.3. Although we can develop algorithms for both
sorting tasks, it would be useful to know if there are better algorithms or if there is a
“best” algorithm in the sense that it can be proven to be the most efficient. Determining
whether an algorithm is “better” than another may not be relevant for arranging cards
because a nonoptimal algorithm will probably still work quickly. However, a “good”
algorithm is very relevant when arranging 100,000 exams. Developing algorithms and
evaluating them is the part of computer science knowthesry.

‘ Language

Architecture

Figure 1.3 Essential computer science themes.
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Conceptual
and formal
. models

Efficiency
and
complexity

Levels
of
abstraction

Figure 1.4 Recurring concepts

If the algorithms are to be implemented on a computer or used by people (who are in
some sense “computational engines”), there mustdeguagein which the algorithms
are expressed. We have noted that cooking recipes, while similar to algorithms, often
leave room for ambiguity. Although English (or other natural languages) may at some
point become a viable language in which to “instruct” computers, specialized computer
languages are needed now. Many programming languages exist, and often the choice
of language has a large impact on how well a program is written and on how fast it
is developed. Languages are necessary to implement algorithms on specific kinds of
computers.

Although both these arranging tasks are similar, an algorithm for one may be inap-
propriate for the other. Viewing a person as a computational resource (or processor), we
see that the card-arranging task is done using one processor while the exam-arranging
task is done using several processors. Just as some people can sort cards more quickly
than others, some computer processors are faster and work differently than other proces-
sors. The ternarchitecture is used to describe how a computer is put together just as it
is used to describe how a building is put together. One active research area in computer
science involves developing algorithms and architectures for multiprocessor computing
systems.

1.3.2 Abstractions, Models, and Complexity

In this section we continue our contextural approach, whereby we weave the essential
themes into the fabric that is computer science and the scenes that make up its tapestry. In
addition to the themes of theory, language, and architecture, we’'ll often refer to several
of the recurring concepts presented in [(ed91]. These form part of the foundation on
which computer science is built; they are shown in Figure 1.4.

Both sorting tasks involve arranging things, yet the complexity of the second task
makes itimperative that an efficient algorithm be used if the goal is to be achieved within a
reasonable time frame. Bogifficiencyandcomplexity are parts of the computer science
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tapestry we are studying. In programming and computer science, these terms concern
how difficult a problem is and the computational resources, such as time and memory,
that a problem requires.

We have avoided many of the details inherent in these examples that might be of
concern as rough ideas evolve into detailed algorithms. If 40 people are sorting exams
we might be concerned, for example, with how many are left-handed. This might
affect the arrangement of the exams as they are physically moved about during the
sorting process. Some playing cards are embellished with beautiful designs; it might
be necessary to explain to someone who has never played cards that these designs are
irrelevant in the arrangement process. In general these levels of detail are examples of
levels of abstraction(Figure 1.4). In one sense this entire chapter mirrors the fact that
we are viewing the computer science tapestry at a very high level of abstraction, with
few details. Each subsequent chapter of this book involves a study of some aspect of the
tapestry at a level of greater detalil.

Finally, both these tasks involve numbers. We all have an idea of what a number is,
although the concept of number may be different to a mathematician and to an accountant.
In computer science conceptual ideas must often be formalized to be well understood.
For example, telling someone who is playing hide-and-go-seek to start counting from
1 and to stop when they reach the “last number” is an interesting way to teach the
concept of infinity. The finite memory of computers, however, imposes a limit on the
largest number that can be represented. This difference betwaeaptual and formal
modelsis a concept that will recur and that completes the three concepts in Figure 1.4,
forming common threads of the computer science tapestry.

Pause to Reflect 1.1 TheNew Hacker’s Dictionaryefinesbogo-sortas described here.

Bogo-sort: Repeatedly throw a hand of cards in the air, picking them up
at random, and stopping the process when examining the hand reveals the
cards are in order.

-5l

Using this “algorithm,” what is the minimum number of “throws” that yields a
sorted hand? What is the danger of using this algorithm?

1.2 In the algorithm for sorting cards, nothing is stated about forming a hand from
each of the separate suits. Does something need to be stated? Is too much left
as “understood by the player” so that someone unfamiliar with cards couldn’t use
the algorithm?

1.3 Write a concise description of the method or algorithm you use to sort a hand of
cards.

1.4 Suppose that the 32 student ID numbers listed in the text are sorted. Is it a simple
matter to verify that the numbers are in the correct order? Consider the same
guestion for 100,000 numbers.
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Charles Antony (Tony)Richard Hoare (b. 1934)

Perhaps best known for his invention of the sorting algorithm he modestly named
Quicksort, Hoare has made profound contributions to many branches of computer
science, especially in programming and pro-
gramming languages. Hoare received the
ACM Turing award in 1980. In his award ad-
dress he had this to say about learning from
failure: “I have learned more from my fail-
ures than can ever be revealed in the cold
print of a scientific article and now | would

like you to learn from them, too.

Besides, failures are much more fun to
hear about afterwards; they are not so funny
atthetime.” Inacollection of essays [Hoa89],
Hoare describes the programmer of the cur-
rent era as part apprentice and part wizard,;
he urges that computer science education
should focus on both theoretical foundations
and practical applications. In his last essay
of that collection he states “I salute the brav-
ery of those who accept the challenge of be-
ing the first to try out new ideas; and | also respect the caution of those who prefer
to stick with ideas which they know and understand and trust.”

| think Hoare may not like C++; it is too big, too full of features, and it doesn't
have a formal foundation. However, according to his web page, he set himself
the following task for his 1993-1994 sabbatical year: to become acquainted with
Visual BasicM. Of course as other goals for that year he listed:

To complete a work on unification of theories of programming and to start
new work on a range of scientific theories of computational phenomena.

In describing computer science as, in part, an engineering discipline, Hoare
states:

...the major factor in the wider propagation of professional methods is
education, an education which conveys a broad and deep understanding of
theoretical principles as well as their practical application, an education
such as can be offered by our universities and polytechnics.

For more information, see [Hoa89].
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1.4 Language,Architecture, and Programs

Language is necessary for expressing algorithms. For computers, a precise programming
language is necessary. In this section we briefly touch on the process by which an
algorithm is transformed from an idea into a working computer program. This process
is the same regardless of the kind of computer being used.

The final computer program differs from machine to machine in the same manner
that the same idea is expressed differently in German than it is in English. Consider the
German wordselandesprunglefined:

Gelandesprung: a jump made in skiing from a crouching position with the use
of both poles.

An idea whose expression requires many English words can be expressed in a single
German word. Different computers can offer the same economy of expression; what
one computer might do in a single instruction can require several instructions (and a
corresponding increase in time to execute the instructions) on another computer. For
example, so-callesupercomputerscan add 100 numbers with a single instruction. On
ordinary computers, one instruction can add only two numbers.

1.4.1 High- and Low-level Languages

High thoughts must have high language.
Aristophanes
Frogs

How do computers work? We don’t need to know this to use computers just as we don't
need to know how internal combustion engines work to drive a car. A little knowledge,
however, can help to demystify what a computer is doing when it executes a program. A
computer can be viewed from many levels, from the transistors that make up its circuits
to the programs that are used to design the circuits.

At the lowest level, computers respond to electric signals at an extremely fast rate.
Computers react to whether electricity is flowing or not; the computer merely responds
to switches that are in one of two states: on or off. This method of using two states
involves what is termed thainary number system,or thebase 2 systemThis system
is based on counting using only the digits 0 and 1. The base 10 system, with which you
are most familiar, uses the digits 0 through 9.

There are hundreds of different kinds of computers. You may have used Apple
Macintosh computers, which are built using a computer chip calleé@tveer-PG or
another kind of computer based on the IrReintiumchip. Pictures of these different
chips are shown at the end of the chapter in Figure 1.9 and 1.11. These chips are the
foundation on which a computer is built. The chip determines how fast the computer
runs and what kinds of software can be used with the computer. Since computers are
constructed from different components and have different underlying architectures, they
may respond differently to the same sequence of zeros and ones. g&hsit aseans
“to converse informally” in English and means “a small domesticated feline (cat)” in
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French, so migh?001010011101istruct one computer to add two numbers and another
computer to print the lettar.

Rather than instruct computers at this level of zeros and ones, languages have been
developed that allow ideas to be expressed at a higher level—in a way more easily
understood by people. In addition to being more easily understood, these high-level
languages can be translated into particular sequences of zeros and ones for particular
computers. Justastranslators cantranslate English into both Japanese and Swabhili, so can
translating computer programs translate a high-level language into a low-level language
for a particular computer. The concept of higher level programming languages was a
breakthrough. The first computers were “programmed” literally by flipping switches by
hand or physically rewiring the computer to create different on/off states corresponding
to a program. The use of higher level languages made programming easier (althoughiitis
still an intellectually challenging task) and helped to make computer use more prevalent.

The computer language used in this book is called €¥his language has its roots
in the C programming language, which was developed in the 1970s. The language C
is a high-level languadethat allows low-level concepts to be expressed more readily
than some other high-level languages. For example, in C it is easy to write a program to
change a single bit (a 0 or a 1) in the computer’s memory. This is hard, if notimpossible,
to do in other high-level languages, such as Pascal.

We’re not studying C++ because it permits one bit to be changed. We're studying
C++ because with it several programming styles are possible. In particular, it can be
used with a style of programming callelject-oriented programmingften abbreviated
as OOP. We will use OOP throughout this book, but it will be an aid to our study of
programming and computer science rather than the principal focus. We'll explore OOP
briefly at the end of this chapter.

The intricacies of C++ are such that mastering the entire language, as well as the
concepts of object-oriented programming, is a task too daunting and difficult for begin-
ning programmers. In this book we present a significant subset of C++ and use it to write
programs that permit the study of essential areas of computer science. At the same time
the power of C++ is exploited where possible to allow you to create more complicated
programs than would be feasible using other languages. Don't be disheartened that you
won't learn absolutely all of C++ in this book—you’ll be building a foundation on which
subsequent study can add. The few parts of the language that aren’t covered are mostly
“short-cuts” that can be replaced using features of the language that are in the book.

AConcrete Example. Toillustrate the difference between high- and low-level languages,
we'll study how a C++ program is translated into a low-level language. The low-level
language of 0's and 1’s that a computer understands is caléazhine language Be-

cause different computers have different machine languages, a program is needed to
translate the high-level C++ language into machine languagmmpiler is a program

that does this translation. Often the compiling process involves an intermediate step
wherein the code is translated irdassembly language

1This is pronounced as “see plus plus.”

2Although some computer scientists might take exception to this statement, C is clearly a much higher-
level language than machine or assembly language.
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main: main:
save %sp,-128,%sp pushl %ebp
mov 7,%00 movl %esp,%ebp
st %00,[%fp-20] subl $12,%esp
mov 12,%00 movl $7,-4(%ebp)
st %00, [%fp-24] movl $12,-8(%ebp)
Id [%fp-20],%00 movl -4(%ebp),%eax
Id [%fp-24],%01 imull -8(%ebp),%eax
call .umul,0 movl %eax,-12(%ebp)
nop xorl %eax,%eax
st %00,[%fp-28] jmp .L1
mov 0,%i0 .align 4
b .LL1 xorl %eax,%eax
nop jmp .L1
mov 0,%i0 .align 4
b .LL1 L1:
nop leave

.LL2: ret
ret
restore

Figure 1.5 Assembly code using g++ (Sparc on left, Pentium on right).

To keep the example simple, we’ll use a program that stores two numbers in memory,
then multiplies the numbers storing the product in a different memory location. The
program follows.

int main()
{
int x,y,z;
X =7y =12
z = XYy,
return O;
}

We will not discuss the C++ instructions here; we use the program only to illustrate the
differences between high- and low-level languages.

The world is full of C++ compilers. Compilers exist for various kinds of computers,
sizes of programs, and amounts of money. The code in this book has been tested using
four different compilers. Some of these compilers cost hundreds of dollars, some are
less expensive, and one is free.

The assembly code generated by the same compiler running on two different ma-
chines is shown in Figure 1.5. The compiler used is g++ running on two different
machines: a Sun Sparcstation and a Pentium-based computer.

There is one column of assembly code for each machine. Note that although the programs
are of roughly the same length, there are few similarities in the assembly instructions.

3The characteristics of these machines are not important, but the same compiler runs on both machines,
which facilitates a comparison.
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Among the instructions aré, call, andnopfor the Sun assembly amulish| subl, and

xorl for the Pentium. The important point of Figure 1.5 is that youndbneed to worry

about assembly code to write programs in C++ or in any other high-level language. Itis
comforting to know that we can ignore most of the low-level details in writing programs
and studying computer science and, perhaps, enticing to know that the details are there
for those who are interested.

1.5 Creating and Developing Programs

How is a computer program created? Usually a problem arises whose solution requires
computation. An algorithm for the solution is developed into a running program in
several steps. The steps that lead to the program’s execution on a computer are also
important. We'll look at developing a program for the problem of multiplying two
numbers as shown in Figure 1.6. The process of developing an idea into an algorithm
that is eventually realized as a working computer program is illustrated in Figure 1.7.

From Problem to Algorithm. Consider the steps labeled 1 and 2 in Figure 1.7. The
problem of multiplying two specific numbers (1285 and 57) has been generalized to the
problem of multiplying two arbitrary number¥ @ndz). The two views of the problem,

one concrete and one general, represent two levels of abstraction. A solution to the
general problem will be useful for any two numbers, not just for 1285 and 57. If you
can develop a general solution that is useful in many situations, it is usually worth it.
Sometimes, however, a solution to a specific problem is needed and solving a general
version would take too long or be too difficult.

To write a program for solving this general problem, we must develop an algorithm
for multiplication. Consider multiplying rational numbers (fractions), integers, real
numbers, and complex numbers as illustrated in Figure 1.6.

You may not be familiar with each of these types of numbers, but each uses a different
method for multiplication. If we're going to write a program to multiply, we’ll need to
determine whatype of number is being used. The general formXok Y can be used
to express multiplication regardless of which type of number is multiplied. One of the
advantages of C++ is that this conceptual similarity in notation is formalized in code:
the same symbot,, can be used to multiply many types of numbers.

In addition to the type of number, considerations in the development of the algorithm
might include the size of the numbers being multiplied (an efficient algorithm would

Rational Integer Real Complex
3/4 * 8/9 1,285 * 57 3.14 * 6.023 (3+5i)*(2-7)
2/3 73,245 18.91222 41 - 11i

Figure 1.6 Multiplying different types of numbers.
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Figure 1.7 The steps of transition from problem to program.

be more important if the numbers were hundreds of digits long as opposed to three
digits long), how many times numbers will be multiplied, and whether the result of
multiplying the numbers can exceed the memory constraints of the computer. Although
it's impossible for numbers to get “too big” conceptually, the inherent finiteness of a
computer’s memory requires that a formal model of computation take this into account.

From Algorithm to Program. In step 3 we translate the algorithm into the high-level
language C++. The nanoperator *has been given to the C++ instructions that perform
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the multiplication. Translating the algorithm into code requires a knowledge of the
programming language’s syntax—the symbols and characters used in the language—as
well as the meaning, or semantics, of these characters.

Oncethe algorithmis represented in a high-level language, a program must be entered
into a computer. Step 4 consists of more than merely typing characters at a keyboard.
Often the realization of the algorithm as a computer program has errors that become
apparent as the program is tested. Testing can indicate that errors exist; removing the
errors is another problem. Errors are often euphemistically callgg* This makes
the process of removing errodgbugging Testing and debugging can uncover errors
in the original algorithm in addition to errors in the C++ representation of the algorithm.

As you become more experienced at programming you can employ techniques called
defensive programming attempting to ensure that your programs are robust and error-
free as part of the design process rather than relying on testing and debugging exclusively.
Many computer scientists are currently developing methods that will permit programs to
be proved correct in the same manner that mathematical theorems are proved. Although
we will not use such formal methods in our study, we introduce some of the techniques.

From High-level Program to Low-level Program. In step 5, the high-level C++ program
is translated into a lower-level language callesdembly languageThe name is derived
from the notion of assembling the individual low-level instructions available on a par-
ticular computer into a form understandable by people. Although some programming
is still done directly in assembly, the process of translation from high-level to low-level
has been refined enough that programming at this level is often unnecessary.

Step 6 shows the translation of assembly languageachine language the lan-
guage of zeros and ones that a particular computer understands. Specific assembly
language and machine language instructions differ according to the kind of computer
being used (as shown in Figure 1.5), as opposed to high-level languages like C++, which
are the same on various computers. The process of translation illustrated by steps 5 and
6 is accomplished by a computer program callezbepiler and the process is called
compiling. A compiler translates code written in a high-level language into machine
language. This translation process often includes an intermediate step in which the code
is translated into assembly language.

Executing Machine Language. At the lowest level, the zeros and ones of machine lan-
guage code cause switches to be turned on and off in the computer. These switches are
extremely small and can be switched on and off quite rapidly. Technological advances
have enabled transistors, which function as switches, to become increasingly smaller
and faster. Switches are often represented by the diagrams in step 7.

The execution of a program is separate and different from the compilation of the
program. Compiling a C++ program yields a low-level program, whereas executing a

4The derivation of the worthug is open to debate. Thomas Edison was reported to have discovered a
“bug” in his phonograph in 1889. A literal example is the moth trapped in one of the first computers,
the Harvard Mark Il. The moth was placed into the system'’s logbook with the annotation “First actual
case of bug being found” and is now on display in the Naval Museum in Dahlgren, Virginia.
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machine language program results in the computer performing the tasks represented by
the compiled machine code.

Coming Full Circle: Displaying the Results. Most current computers, and certainly the
computers you will be using as you study computer science with this book, have a screen
to display what happens when a program is run. Whether the program is a word processor
or a C++ program for multiplying numbers, output is generally displayed on the screen.
Note that the screens on the computers in Figure 1.7 display the answer to the original
problem: 1285« 57 = 73,245.

1.6 Language and Program Design

One of the “eternal truths” of computer science and the computer industry is
Software is harder than hardware.

This statement means that new computers (hardware) are developed at a faster pace and
more easily than new programs (software). There is certainly some truth to this, although
new programming languages and new design methods have been developed in an attempt
to alleviate this disparity. Many people believe that object-oriented programming, or
OOP, will be of great assistance in making software easier to develop. OOP allows
pieces of code to be reused in other contexts more easily.
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Figure 1.8 OOP: birdhouses and skyscrapers.
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To try to understand what OOP is about, | use an analogy (suggested in [McC93])
that comes from construction (see Figure 1.8). Suppose you decide to build a birdhouse;
you can probably nail some boards together in a couple of hours and provide a useful
dwelling for your favorite flyers. You may not put much thought into the design of
the house, although if you don’t you may waste some wood. (A carpenter’'s adage is
“measure twice, cut once.”) Next suppose you're designing a doghouse for your favorite
pet. You might take more care; you're probably more concerned with whether Rover gets
wet than whether your neighborhood bluejay is inconvenienced by rain. You may buy
a kit—a precut set of materials and plans for constructing the doghouse. Nevertheless,
this is probably a day-long projedt, you're used to using saws and hammers.

What about building a house? If you've been involved with house building, you
know that it can take a long time, requiring contractors, plumbers, electricians, and
usually a lot of headaches. However, it is certainly possible to build a house yourself.
Most of the pieces of a house come prebuilt. For houses that don’t use prebuilt pieces
and instead require custom manufacturing, the price of construction can be very high.
Finally, consider building a skyscraper such as the Empire State Building. Such abuilding
requires careful planning and is much more complex than a typical family dwelling. Yet
hundreds of such tall buildings are designed and built each year.

Computer scientists disagree about what OOP is and whether it is appropriate for
use in an introductory course. By using a carefully chosen subset of C++, it is certainly
possible to develop a mastery of basic programming concepts as well as an understanding
and appreciation of OOP.

1.6.1 Off-the-Shelf Components

Using off-the-shelf components is one of the reasons that constructing large buildings
is possible. The phrag#f-the-shelfis used to mean a component that is manufactured

in large quantity and that can be used in a variety of situations. Nails are no longer
handcrafted by blacksmiths, and even houses can be purchased in a kit form. These
components are often inexpensive but serve as well (or better) than custom-built com-
ponents. The same is true of building computers. One of the reasons that computers get
less expensive every year is that the pieces that make up a computer get cheaper as more
are produced—this is sometimes callsbnomy of scaleViewed differently, the key

is not to do all the work yourself but to use what others provide.

Of course, off-the-shelf components don’t always work. A roof of a birdhouse is
different from the roof of the house you live in even though both share some common
characteristics. It would be very useful to be able to order a standard roof, but then to
be able to customize it easily to fulfill your specific needs.

In this book you will be using others’ code in the writing of your own code, and you
will be reusing the code you write for yet other programs. Code reuse is increasingly
important, partly because of the graphical user interfaces (window systems) that are
popular on computers. These interfaces are time-consuming to program but are very
similar from program to program, so the potential for code reuse is great.

One of the goals of object-oriented programming is to provatgcts to make
code development easier. Objects are like off-the-shelf software components. You can



June 7,1999 10:10

20

owltex  Sheet number 39 Page number 2@&gentablack

Chapter 1 Computer Science and Programming

imagine that using such objects might be much simpler than designing them yourself.
Building a house from a kit is much simpler than designing the kit itself. The same
is true of programming and program design—it's simpler to use software components
supplied by others than to write everything yourself. In this book, however, OOP will
be used in our study of programming and the examination of computer science rather
than becoming the principal focus of study.

1.6.2 Using Components

As an example of how software components might be useful, consider digital clocks,
the display on a CD player, a car's odometer, and a counter for web-page hits. All of
these devices require the display of numerals that are manipulated in some fashion. The
numerals displayed are different according to how the device is used:

Clocks display time; the numerals represent hours, minutes, seconds.
CD players display information on how many tracks are available on a CD (some
also display time).

] Web-page counters display information about how many times the page has been
accessed.

| Odometers display mileage as recorded by a car’s wheels.

It should be possible for the computer programs controlling these displays to share
(reuse) the code that displays numerals, differing only in how it is determined which
numerals should be displayed and, perhaps, where the numerals are displayed.

Object-oriented programming involves reusable components. In C++ theclessd
refers to a family of components sharing common characteristics. A class afpws
erations that are used to manipulate thbjectsthat are components of the class. For
example, the clagsur-door sedarmescribes many makes and models of car. A specific
four-door sedan, the one in my driveway, is an object of the generalized “four-door sedan
class.” All objects in this class share the common characteristic of having four doors and
being sedans. They share other characteristics too, such as having a steering wheel, an
engine, and four wheels. These characteristics are shared by all cars, not just four-door
sedans. Operations allowed by the climg-door sedarinclude being driven, storing
luggage, and consuming fuel.

As another example, the display of a numeral might be a different class than the value
being displayed. A numeral display class might support operations such as assigning a
value to be displayed and actually “drawing” the numeral. Other classes, such as a clock
class or a timer class, could supply the values to be displayed.

1.7 Chapter Review

This chapter provides an introduction to the field of computer science and places pro-
gramming properly within the field. In subsequent chapters you'll begin the process
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of augmenting and constructing programs. The important concepts introduced in this
chapter are outlined here.

| Computer science—is more than the study of computers. It includes many sub-
fields that are linked by the study of programming. Key parts of computer science
include theory, language, and architecture.

| Algorithm—is a plan for solving a problem. It's related to a set of instructions to
accomplish a task, such as knitting a sweater, but we’ll use it to refer to a plan for
accomplishing a task, such as sorting a hand of cards (and often a computer will
be involved).

] Theory—refers to underlying mathematical principles on which computer science
is built. For example, being able to compare different algorithms to determine
which is most efficient relies on theoretical tools.

| Architecture—refers to how a computer is designed and put together. Computers
have different architectures: some computers rely on using several processors at
one time rather than just one.

| Language—refers to computer programming languages, which come in many
forms and flavors. Both high- and low-level languages are used in writing pro-
grams, but we’ll concentrate on the high-level language C++.

| Efficiency and complexity—refer to how difficult a problem is to solve using a
computer and how various algorithms compare in solving problems (e.g., in how
fast they run).

] Conceptual and formal models—refer to different ways of thinking. Programs
can be thought of as instructions for a computer, but a mathematical notion of
programming is possible too.

| Levels of abstraction—refer to different ways of observing. Anidea can be turned
into an algorithm, which is implemented as a C++ program, which is executed as
a machine-language program. The same idea is viewed at many different levels
and has particular characteristics depending on the level.

| Compiler—is a computer program that translates a high-level language such as
C++ into a low-level language that can be executed on a computer.
Bug—is a mistake in a program. Finding such mistakes is called debugging.
Object-oriented programming—is a method of programming that, in a nutshell,
relies on the use of off-the-shelf software components.

| Class—is a family of objects sharing common characteristics. The integers are a
class of numbers; four-door sedans are a class of cars.

B 18 Exercises

1.1 The process of looking up a word in a dictionary is difficult to describe in a precise
manner. Write an algorithm that can be used to findghgein a dictionary on which
a given word occurs (if the word is in the dictionary). You may assume that each page
of the dictionary has guide words indicating the first and last words on the page, but
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1.2

13

14

15

1.6

1.7

you should assume that there are no thumb indices on the pages (so you cannot turn
immediately to a specific letter section).

Suppose that you have 10 loads of laundry, one washer, and one dryer. Washing a load
takes 25 minutes, drying a load takes 25 minutes, and folding the clothes in a load takes
10 minutes, for a total of 1 hour per load (assuming that the time to transfer a load is
built into the timings given.) All the laundry can be done in 10 hours using the method
of completing one load before starting the next one. Devise a method for doing all 10
loads in less than 10 hours by making better use of the resources. Carefully describe
the method and how long it takes to do the laundry using the method.

Suppose that student ID numbers consist of two digits. The exams are sorted in a large
room. Consider the following description of a sorting algorithm:

Make 100 “in-boxes” labeled 00 to 99.

Divide the exams among the people participating in the sort.

Have each person put an exam in the correct box according to ID number.
Collect the exams from the boxes in order (00-99).

This method will work correctly. Try to modify the method to work with four-digit ID
numbers and six-digit ID numbers. In making the modification, assume you have only
100 boxes. (Hint: Consider examining only two digits at a time.)

The steps labeled 1-7 in Figure 1.7 illustrate the design, development, realization,
and implementation of a computer program to multiply two numbers. Consider the
following problem:

Develop arecipe for a chocolate cake with chocolate icing that tastes delicious
and makes you swoon.

Develop analogs or parallels to the steps 1-7 for developing such a recipe. Write a
detailed description of the process you might go through to develop a reciperhat
the recipe is.

Assume that a young friend of yours knows how to multiply any two one-digit numbers
(i.e., knows the times tables). Write an explanation (algorithm) of how to multiply an
n-digit number by a one-digit number. Can you extend this algorithm into one that
can be used to multiply two many-digit numbers (such as 1285 and 57, as shown in
Figure 1.7)?

There are many different high-level programming languages. Common languages in-
clude Pascal, FORTRAN, Scheme, BASIC, and COBOL. Can you think of a reason for
why there are many languages as opposed to a single language? Why is more than one
language in use today?

(Suggested by a description @omputer Architecturehy Blaauw and Brooks.) Con-
sider clocks and watches as examples of different “architectures” used for telling time.
For clocks and watches that have hands and dials, write an outline of an algorithm that
can be used to tell time. How is the architecture of a wristwatch (with hands) similar to
that of a grandfather clock? How is it different? What features of the face of a watch
are essential for telling time? In particular, are numbers needed on the face of a watch
to tell time? Make a list of different watch faces and try to distill the essential features
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of a watch face into a few descriptive sentences.

Consider the inner workings of watches: list at least three different methods used to
“run” a watch. How are different levels of abstraction illustrated by the concept of a
watch?

How is a digital watch different from a watch with hands? How is it similar?

C++ (and other high-level language) programs are written in a language that is a com-
promise between natural languages such as English and the language of zeros and ones,
which is “spoken” by computers. Consider musical compositions written for different
instruments or groups of musicians. Is music written in a high-level language or a low-
level language? Are there different languages for expressing musical compositions as
there are different natural languages and different computer languages? Why?

Suppose that you are playing in alarge field with several friends and one of you discovers
that a house key has been lost. Write an algorithm for finding the key that is designed
to find it as quickly as possible. Write another algorithm designed to take a long time
to find the key. Can you reason about whether your algorithms are the best possible or
worst possible algorithms for this particular task?

How is this task related to how you look for a key when you have misplaced it inside
your house?

Figure 1.9 A Pentium chip.
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1.10The program used to generate the assembler output in Figure 1.5 is used in Fig 1.10
on two different computers; the assembler code below on the right is generated on a
Macintosh G3 computer, the code on the left on a Pentium computer running Windows
NT. Both machines use the same compiler: Metrowerks Codewarrior. A Pentium chip
is shown in Figure 1.9 and a G3 chip is shown in Figure 1.11.

What is similar in these two versions of assembly language and what is different? Can
you find instructions that would be common to all the different assembly codes? Why
do you think different compilers generate different code for the same program?

_main ".main"(1)

push ebp

mov ebp,esp stw r31,-4(SP)
sub esp,16 stw r30,-8(SP)
mov dword ptr [ebp-12],7 li r31,7

mov dword ptr [ebp-8],12 li r30,12

mov edx,dword ptr [ebp-12] mullw r0,r31,r30
imul edx,dword ptr [ebp-8] stw r0,-16(SP)
mov dword ptr [ebp-4],edx li r3,0

mov eax,0 Iwz r31,-4(SP)
leave lwz r30,-8(SP)
ret near blr

Figure 1.10 Windows NT code on the left, Macintosh G3 code on the right

Figure 1.11 A PowerPC chip.
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1.11 The cards that were used in the context of sorting in this chapter (ace, king, queen, etc.)
provide a good example of an object. If a card is one object, and a hand and deck are
other objects composed of card objects, list a few operations that might be useful in
manipulating cards, hands, and decks.

1.12Vending machines are objects composed of several different objects. Pick a specific
kind of vending machine and list several objects that are used to “make up” the vending
machine (e.g., buttons used to specify items to be bought). For each object, and for the
vending machine as a whole, list several operations that might be useful in reasoning
about or manipulating the objects.
Are there some characteristics that all vending machines have in common? Are there
classes of vending machines, each of which differs fundamentally from other kinds of
vending machines?
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Scientists build to learn; engineers learn to build.
Fred Brooks

tem-plate (tem’plit) n. A pattern, ...used as a guide in making something accurately ...
The American Heritage Dictionary

Art is the imposing of a pattern on experience, and our aesthetic
enjoyment in recognition of the pattern.
Dialogues of Alfred North Whitehead (June 10, 1943)

Itis a bad plan that admits of no modification.
Publius Syrus, Maxim 469

To learn to write programs, you must write programs and you must read programs.
Although this statement may not seem profound, itis a lesson that is often left unpracticed
and, subsequently, unmastered. In thinking about the concepts presented in this chapter,
and in practicing them in the context of writing C++ programs, you should keep the
following three things in mind.

1.  Programming has elements of both art and science. Just as designing a build-
ing requires both a sense of aesthetics and a knowledge of structural engineering,
designing a program requires an understanding of programming aesthetics, knowl-
edge of computer science, and practice in software engineering.

2. Usethe programs provided as templates when designing and constructing programs
of your own—use what's provided along with your own ingenuity. When some
concept is unclear, stop to work on it and think about it before continuing. This
work will involve experimenting with the programs provided. Experimenting with
a program means reading, executing, testing, and modifying the program. When
you experiment with a program, you can try to find its weak points and its strengths.

3. Practice.

This book is predicated on the belief that you learn best by doing new things and by
studying things similar to the new things. This technique applies to learning carpentry,
learning to play a musical instrument, or learning to program a computer. Not everyone
can win a Grammy award and not everyone can win the Turing atvand becoming
adept programmers and practitioners of computer science is well within your grasp.

1The former is awarded for musical excellence, the latter for excellence in computer science.

29
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Ultimately programs are a means of expressing algorithms in a form that computers
execute. Before studying complicated and large programs, it's necessary to begin with
the basics of what a program is, how programs are executed, and what C++ programs can
do. However, understanding a prograompletelyrequires a great deal of experience
and knowledge about C++. We'll use some simple programs to illustrate basic concepts.
Try to focus on the big picture of programming; don’'t get bogged down by every detail.
The details will eventually become clearer, and you'll master them by studying many
programming examples.

B 2.1 Simple C++ Programs

In this section we introduce simple C++ programs to demonstrate how to use the C++
language. These programs prodwedgput; they cause characters to be displayed on
a computer screen. The first C++ progranhédlo.cpp,Program 2.1. This program is
based on the first program in the book [KR78], written by the inventors of C; and it is
the first program in [Str97], written by the inventor of C++. It doesn't convey the power
of C++, but it's a tradition for C and C++ programmers to begin with this program.

All programs have names, in this cdsello, and suffixes, in this casepp. In this
book all programs have the suffigpp, which is one convention (other suffixes used
include.ccand.cxX). If this program is compiled and executed, it generates the material
shown in the box labeled “output.”

Program 2.1 hello.cpp

#include <iostream>
using namespace std;

[Itraditional first program
/I author: Owen Astrachan, 2/27/99

int main()
{
cout << "Hello world" << endl;

return O; -
} hello.cpp

prompt> hello
Hello world
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Program 2.2hello2.cpp,produces output identical to that of Program 2.1. We’'ll
look at why one of these versions might be preferable as we examine the structure of
C++ programs. In general, given a specific programming task there are many, many
different programs that will perform the task.

Program 2.2 hello2.cpp

#include <iostream>
using namespace std;

/I traditional first program with user defined function
/I author: Owen Astrachan, 02/27/99

void Hello()
{

cout << "Hello world" << endl;

}

int main()
{

Hello();

return O; -
} hello2.cpp

2.1.1 Syntax and Semantics

Programs are run by computers, not by humans. There is often much less room for error
when writing programs than when writing English. In particular, you'll need to be aware
of certain rules that govern the use of C++. These rules fall into two broad categories:
rules of syntax and rules of semantics.

What are syntax and semantics? In English and other natural languages, syntax is
the manner in which words are used to construct sentences and semantics is the meaning
of the sentences. We'll see that similar definitions apply to syntax and semantics in
C++ programs. Before reviewing rules for C++ programs, we’ll look at some rules that
govern the use and construction of English words and sentences:

| Rules of spelling:
i beforee except aftec or when sounding lik& as in. .. neighborandweigh.

] Rules of grammar:
“with noneuse the singular verb when the word means ‘no onea plural verb
is commonly used whemonesuggests more than one thing or person—'None are
so fallible as those who are sure they're right’ " [JW89].

] Rules of style:
“Avoid the use of qualifiersRather, very, little, pretty-these are the leeches that
infest the pond of prose, sucking the blood of words” [JW89].
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Similar rules exist in C++. One difference between English and C++ is that the
meaning, orsemantics,of a poorly constructed English sentence can be understood
although the syntax is incorrect:

Its inconceivable that someone can study a language and not know whether or
not a kind of sentence—the ungainly ones, the misspelled ones, those that are
unclear—are capable of understanding.

This sentence has at least four errors in spelling, grammar, and style; its meaning,
however, is still discernible.

Ingeneral, programming languages demand more precision than do natural languages
such as English. A missing semicolon might make an English sentence fall into the run-
on category. A missing semicolon in a C++ program can stop the program from working
at all.

Dennis Ritchie (b. 1941)

Dennis Ritchie developed the C programming language and codeveloped the UNIX
operating system. For his work with UNIX, he shared the 1983 Turing award
with the codeveloper, Ken Thompson. In
his Turing address, Ritchie writes of what
computer science is.

Computer science research is different
from these [physics, chemistry, mathemat-
ics] more traditional disciplines. Philo-
sophically it differs from the physical sci-
ences because it seeks not to discover, ex-
plain, or exploit the natural world, but in-
stead to study the properties of machines
of human creation. In this it is analogous
to mathematics, and indeed the “science”

1 part of computer science is, for the most
1"-.I- part, mathematical in spirit. But an in-

i | evitable aspect of computer science is the

creation of computer programs: objects that, though intangible, are subject to

commercial exchange.

Ritchie completed his doctoral dissertation in applied mathematics but didn’t
earn his doctorate because “l was so bored, | never turned itin.” In citing the work
that led to the Turing award, the selection committee mentions this:

The success of the UNIX system stems from its tasteful selection of a few key
ideas and their elegant implementation. The model of the UNIX system has
led a generation of software designers to new ways of thinking about
programming.

For more information see [Sla87, ACM87].
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©)

#include <iostreanr —= #include statement(s)
usi ng nanespace std;

<return type>
/1 traditional first program function name (parameter list)
/1 author: w/ {
- C++ statement 0;
void Hello() C++ statement 1;
C++ statement (n-1) ;
}

{
cout << "Hello World" << endl;
int main()

}

int main()
C++ statement 0;
Hel 1 o(); C++ statement 1;

return 0O;
} @ C++ statement (n-1);
}

Figure 2.1 Format of a C++ program.

We'llillustrate the important syntactic details of a C++ program by studigaitp.cpp
andhello2.cpp,Progs. 2.1 and 2.2. We'll then extend these into a typical and general
program framework. Four rules for C++ program syntax and style will also be listed.
A useful tool for checking the syntax of programs is the C++ compiler, which indicates
whether a program has the correct form—that is, whether the program statements are
“worded correctly.” You shouldhot worry about memorizing the syntactic details of
C++ (e.g., where semicolons go). The details of the small subset of C++ covered in this
chapter will become second nature as you read and write programs.

All the C++ programs we’ll study in this book have the format shown in Figure 2.1
and explained below. Although this format will be used, the spacing of each line in a
program does not affect whether a program works. The amouwmhité spaceand the
blank lines between functions help make programs easier for humans to read but do not
affect how a program workd\hite spaceefers to the space, tab, and return keys.

1.  Programs begin with the appropristeclude statements.Each include state-
ment provides access, vialeeader file to a library of useful functions. We
normally think of a library as a place from which we can borrow books. A pro-
gramming library consists of off-the-shelf programming tools that programmers
can borrow. These tools are used by programmers to make the task of writing
programs easier.

In most C++ programs it is necessary to import information from such libraries
into the program. In particular, information for output (and input) is stored in
theiostream library, accessible by including the header fiestream> | as
shown in Figure 2.1. If a program has no output (or input), it isn't necessary to
include<iostream>

2The# sign is read as either “sharp” or “pound”; | usually say “pound-include” when reading to myself
or talking with others.



June 7,1999 10:10 owltex  Sheet number 25 Page number B¥gentalack

34 Chapter 2 C++ Programs: Form and Function

All programs that use standard C++ libraries should hasiag namespace
. std; after the#include statements. Namespademre explained in Sec-

2 &i‘it/ tion A.2.3 of Howto A.

= 2. All programs should include comments describing the purpose of the program.
As programs get more complex, the comments become more intricate. For the
simple programs studied in this chapter, the comments are brief. The compiler
ignores comments; programmers put comments in programs for human readers.
C++ comments extend from a double slagh, to the end of the line. Another
style of commenting permits multiline comments—any text betwé&emand*/
is treated as a comment. It's important to remember that people read programs, so
writing comments should be considered mandatory although programs will work
without them.

3. Zero, one, or mor@rogrammer-defined functions follow the#include state-
ments and comments. Program héllo2.cpphas two programmer-defined func-
tions, namedello andmain. Program 2.1hello.cpp,has one programmer-
defined function, namexhain . In general, a function is a way of grouping C++
statements together so that they can be referred to by a single name. The function
is an abstraction used in place of the statements. As shown in Figure 2.1, each
programmer-defined function consists of the functioetsrn type, the function’s
name, the function’sparameter list, and the statements that make up the func-
tion’s body. For the functionHello the return type isoid , the name of the
function isHello , and there is an empty parameter list. There is only one C++
statement irHello
The return type of the functiomain isint . In C++, anint represents an
integer; we’ll discuss this in detail later. The name of the functionasn and it
too has an empty parameter list. There are two statements in the function body;
the second statementiisturn 0 . We'll also discuss the return statement in
some detail later. The last statement in the functiwin of each program you
write should beeturn 0

4.  Every C++ program must have exactly one function namath. The statements
in main are executed first when a program is run. Some C++ compilers will
generate awarning if the statemeetiurn 0 is notincluded as the last statement
in main (such statements are explained in the next chapter). It's important to spell
main with lowercase letters. A function namadiain is different frommain
because names are case-sensitive in C++. Finally, the return typaofshould
be specified amt for reasons we’'ll explore in Chapter*4.

Since program execution begins withain , it is a good idea to start reading a
program beginning wittmain when you are trying to understand what the program
does and how it works.

3Compilers that support the C++ standard requistng namespace std; but older compilers
don't support namespaces. Howto A explains this in more detail.

4Some books use a return typewafid for main . According to the C++ standard, this is not legal; the
return typemustbeint .
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2.1 Find four errors in the ungainly sentence given above (and reproduced below)
whose semantics (meaning) is understandable despite the errors.

Its inconceivable that someone can study a language and not know whether
or not a kind of sentence—the ungainly ones, the misspelled ones, those that
are unclear—are capable of understanding.

Are humans better “processors” than computers because of the ability to compre-
hend “faulty” phrases? Explain your answer.

2.2 Find two syntax errors and one semantic error in the sentence “There is three
things wrong with this sentence.”

2.3 Given the four rules for C++ programs, what is the smallest legal C++ program?
(Hint: it doesn’t produce any output, so it doesn't negfireclude  statement.)

2.4 No rules are given about using separate lines for C++ functions and statements.
If main from Program 2.2 is changed as follows, is the program legal C++?

int main () { Hello(); return 0;}

B 22 How aProgramWorks

Computer programs execute sequences of statements often producing some form of
output. Statements are executed whether the program is written in a high- or low-
level language. Determining what statements to include in a program is part of the art
and science of programming. Developing algorithms and classes, and the relationship
between classes, is also part of this art and science.

When you execute a program, either by typing the name of the program at a prompt
or using a mouse to click on “run” in a menu, the execution starts in the functzn .

When the program is running it uses the processor of the computer; when the programis
finished it returns control of the processor to the operating system. The exgiicit
0 statement irmain makes it clear that control is returning to the operating system.

The output of Program 2.hello.cpp,results from the execution of the statement
beginningcout << followed by other characters, followed by other symbols. This
statement is in the body of the functionain . The characters between the double
quotation marks appear on the screen exactly as they appear between the quotes in the
statement. (Notice that the quotes do not appear on the screen.) If the statement

cout << "Hello world" << endl;

is changed to
cout << "Goodbye cruel planet" << endl;

then execution of the prograhello.cppresults in the output that follows:
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Goodbye cruel planet

2.2.1 Flow of Control

In every C++ program, execution begins with the first statement in the funciion .

After this statement is executed, each statememamn is executed in turn. When
the last statement has been executed, the program is done. Several gsesant

be combined into a single statement as showheho.cpp,Program 2.1. Note that
endl indicates that an end-of-line is to be output (hence “end ell”). For example, if the
statement

cout << "Hello world" << endl;
is changed to
cout << "Goodbye" << endl << "cruel planet" << endl;

then execution of the prograhello.cppresults in the output shown below, where the
firstendl forces a new line of output.

Goodbye
cruel planet

This modified output could be generated by using two separate output statements:

cout << "Goodbye" << endl;
cout << "cruel planet" << endl;

Since each statement is executed one after the other, the output generated will be the
same as that shown above.

In C++, statements are terminated by a semicolon. This means that a single statement
can extend over several lines since the semicolon is used to determine when the statement
ends.

cout << "Goodbye" << endl
<< "cruel planet" << endl;

Just as run-on sentences in English can obscure the meaning, long statements in C++ can
be hard to read. However, the output statement above that uses two lines isn’t really too
long; some programmers prefer it to the two statement version since it is easy to read.
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Function Calls. If a statement invokes, @alls, a function—such as when the statement
Hello(); in main invokes the functiorHello in Program 2.2—then each of the
statements in the called function is executed. For example, while the statements in the
functionHello are executing, the statementsnain are suspended, waiting for the
statements iHello to finish. When all the statements in a function have executed,
control returns to the statement after the call to the function. In Program 2.2 this is the
statementeturn 0 after the function calHello() . When the last statement in a
program has executed, control returns frmain to the computer just as control returns
from Hello to main when the last statement idello is executed. If theeturn
0 statement inmain is missing, control will still return to the computer.

In the case of Program 2.2, three statements are executed:

1.  The callHello(); in the functionmain .
2. The statememtout << "Hello World" << endl; in Hello
3. The statementeturn 0; inmain.

The execution of the second statement above results in the appearance of 11 “visible”
characters on the computer’s screen (note that a space is a character just as tHe letter
is a character).

Output Streams. To display output, thetandard output stream cout is used. This
stream is accessible in a program via the included librégwgtream> . If this header

file is not included, a program cannot make reference to the stoeain. You can

think of an output stream as a stream of objects in the same way that a brook or a river
is a stream of water. Placing objects on the output stream causes them to appear on
the screen eventually just as placing a toy boat on a stream of water causes it to flow
downstream. Objects are placed on the output stream gsinpeinsertion operator,

so named since it is used to insert values onto an output stream. Sometimes this operator
is read as “put-to.” The wordout is pronounced “see-out.”

2.3 What Can Be Output?

Computers were originally developed to be number crunchers, machines used for solving
large systems of equations. Not surprisingly, numbers still play a large part in program-
ming and computer science. The output strezut can be used for the output of
numbers and words. In Program 2.1 characters appeared on the screen as a result of
executing a statement that uses the standard output st@am Sequences of char-
acters appearing between quotes are caltedg literals. Characters include letters

a—z (and uppercase versions), numbers, symbols such as +$%&*, and many other non-
visible “characters,” such as the backspace key, the return key, and in general any key
that can be typed from a computer keyboard. String literals cannot change during a
program’s execution. The number 3.14159 isuameric literal (it approximates the
numberr). In addition to string literals, it is possible to output numeric literals and
arithmetic expressions.
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For example, if the statement
cout << "Hello world" << endl;
is changed to
cout << "Goodbye" << endl << "cruel planet #" < <1+ 2 << end;

then execution of the prograhello.cppresults in the output shown below.

Goodbye
cruel planet #3

The arithmetic expression-t 2 is evaluated and 3, the result of the evaluation, is
placed on the output stream. To be more precise, each of the chunks that fetlow a
are evaluated and cause the output stream to be modified in some way. The string literal
"Goodbye" evaluates to itself and is placed on the output stream as seven characters.
The arithmetic expressiorH12 evaluates to 3, and the character 3 is placed on the output
stream. Eaclendl begins a new line on the output stre&m.

The C++ compiler ensures that arithmetic expressions are evaluated correctly and,
with the help of the stream library, ensures that the appropriate characters are placed on
the output stream.

Changing the output statementtiello.cppto the statement here:

cout << "The radius of planet #" << 1+2
<< " is " << 6378.38 << " km," << endl
<< "which is " << 6378.38 * 0.62137 << " miles" << endl;

results in the output shown below. The symbas used to multiply two values, and the
number 0.62137 is the number of miles in 1 kilometer.

The radius of planet #3 is 6378.38 km
which is 3963.33 miles.

The capability of the output stream to handle strings, numbers, and other objects we will
encounter later makes it very versatile.

5An endl also flushes the output buffer. Some programmers think it is bad programming to flush the
output buffer just to begin a new line of output. The escape sequ@ncan be used to start a new line.
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Pause to Reflect 2.5 Suppose that the body of the functibiello

@ cout << "P | = "

is as shown here:

<< 3.14159 << endl
What appears on the screen? Would the output of
cout << "Pl = 3.14159" << endl;

be the same or different?

2.6 We've noted that more than one statement may appear in a function body:

void Hello()
{

cout << "P | = " << 3.14159 << endl;

cout << "e = " << 2.71828 << end|

cout << "PI* e = " << 3.14159 * 2.71828 << endl;
}

What appears on the screen if the functi¢ello above is executed?

2.7 If the thirdcout << statement in the previous problem is changed to

cout << "Pl*e = 3.14159 * 2.71828" << endl;

what appears on the screen? Note that this statement puts a single string literal

onto the output stream (followed by andl ). Why is this output different from
the output in the previous question?

2.8 What does the computer display when the statement

cout << " 1 + 2 = 5" << end|

is executed? Can a computer generate output that is incorrect?

2.9 What modifications need to be made to the output statement in Program 2.1 (the
hello.cppprogram) to generate the following output:

| think | think, therefore | think | am



June 7, 1999 10:10 owltex Sheet number 31 Page number 40 magentablack

40 Chapter 2 C++ Programs: Form and Function

2.10 All statements in C++ are terminated by a semicolon. Is the programmer-defined
function

void Hello()
{

}

cout << "Hello World" << endl;

a statement? Why? Is the function ddillo() in main a statement?

2.11 If the body of the functiormain of Program 2.2 is changed as shown in the
following, what appears on the screen?

cout << "l rode the scrambler at the amusement park"
<< endl; Hello();

B 2.4 Using Functions

The flow of control inhello.cpp,Program 2.1, is different frorello2.cppProgram 2.2.
The use of the functioklello in hello2.cppdoesn’t make the program better or more
powerful; it just increases the number of statements that are executed: a function call as
well as an output statement. In this section we’ll explore programs that use functions in
more powerful ways. | sagowerfulin that the resulting programs are easier to modify
and are useful in more applications than when functions are not used. Using functions
can make programs longer and appear to be more complicated, but sometimes more
complicated programs are preferred because they are more general and are easier to
modify and maintain. Using functions to group statements together is part of managing
the complex task of programming.

We'll now investigate Program 2.8awhead.cppin which severatout << state-
ments are used in the programmer-defined funddead. In drawhead.cpphe body of
the main function consists of a call of the programmer-defined funétiesd and the
statementeturn 0

For the moment we will assume that all programmer-defined functions are con-
structed similarly to the manner in which the functim@in is constructed except that
the wordvoid is used before each function. This is precisely how the syntactic proper-
ties of functions were given in Section 2.1.1. The weoid will be replaced with other
words in later examples of programmer-defined functions; for example, we've seen that
int is used with the functiomain .

Program 2.3 drawhead.cpp

#include <iostream>
using namespace std;

/I print a head, use of functions
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void Head()
{

cout << " |[[ININE " << endl;

cout << " | | " << endl

cout << " | o] o] | " << end;

cout << " _| |_ " << endl

cout << "|_ _|" << endl;

cout << " | | | | " << end

cout << " | | " << endl
}
int main()

Head();

return O;
} drawhead.cpp

Uy PRl T

prompt> drawhead

At this point the usefulness of functions may not be apparent in the programs we've
presented. In the prograparts.cppthat appears as Program 2.4, many functions are
used. If this program is run, the output is the same as the output generated when
drawhead.cppProgram 2.3, is run.

Program 2.4 parts.cpp

#include <iostream>
using namespace std;

/I procedures used to print different heads

void PartedHair()
/I prints a "parted hair" scalp

{
cout << " | << end;
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}

void Hair()
/I prints a "straight-up" or "frightened" scalp

{
}

void Sides()
/I prints sides of a head — other functions should use distance
/I between sides of head here as guide in creating head parts (e.g., eyes)

cout << " [lllllllHH " << endi

{
cout << " | | " << end]
}
void Eyes()
/I prints eyes of a head (corresponding to distance in Sides)
{
cout << " | o o] | " << end;
}
void Ears()
/I prints ears (corresponding to distance in Sides)
{
cout << " | _ " << endl
cout << "|_ _|" << end;
}
void Smile()
/I prints smile (corresponding to distance in Sides)
{
cout << " | | | | " << endl;
}
int main()
{
Hair();
Sides();
Eyes();
Ears();
Smile();
Sides();
return O;
} parts.cpp

The usefulness of functions should become more apparent when the biodynof
is modified to generate new “heads.” This program is longer than the previous programs
and may be harder for you to understand. You should begin reading the program starting
with the functionrmain . Starting withmain you can then move to reading the functions
called frommain , and the functions that these functions call, and so on. If each call of
the functionSides in the body ofmain is replaced with two calls t8ides , then the
new body ofmain and the output generated by the body are as shown here (as shown,
Sides is called to add space between the eyes and the ears.)
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int main()

{
Hair();
Sides(); Sides();
Eyes();
Sides();
Ears();
Smile();
Sides(); Sides();
return O;

O U Py T

I

|

| o o |
_

Although parts.cpp,Program 2.4, is more complicated thdrawhead.cpp Pro-
gram 2.3, itis easier to modify. Creating heads with different hairstyles or adding a nose
is easier wheparts.cppis used, because it is clear where the changes should be made
because of the names of the functions. It's also possible not only to have more than one
hairstyle appear in the same program, but to change what is displayed. For example,
adding a nose can be done using a funchimse:

void Nose()

/I draw a mustached nose

{
cout << " | (@] | " << endl
cout << " | N | " << end

}

On the other hand, the original program clearly showed what the printed head looks like;
it's not necessary to run the program to see this. Asyou gain experience as a programmer,
your judgment as to when to use functions will get better.
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2.12 Ifyoureplace the call to the functidthair by a call to the functiofartedHair
what kind of picture is output? How can one of the hair functions be modified to
generate a flat head with no hair on it? What picture results if thédeat() is
replaced bysmile() ?

2.13 Design a new function nameéghld that gives the drawn head the appearance of
baldness (perhaps a few tufts of hair on the side are appropriate).

2.14 Modify the functionSmile so that the face either frowns or shows no emotion.
Change the name of the function appropriately.

2.15 What functions should be changed to produce the head shown below? Modify the
program to draw such a head.

W
| |

[-lol--lol-—
|-
| L

2.5 Functions with Parameters

Program 2.4parts.cpp,showed that the use of programmer-defined functions enabled
the program to be more versatile than the progdiawhead.cpp.Nevertheless, the
program had to be re-edited and recompiled to produce new “heads.” In this section and
the next chapter, you will learn design methods that allow programs to be useful in more
contexts.

2.5.1 What Is a Parameter?

In all the programs studied so far, the insertion opergtohas been more useful than

any programmer-defined function. The insertion operator is versatile because it can be
used to writeany messag#o the screen. Any sequence of characters between quotes
(recall that such a sequence is termed a string literal) and any arithmetic expression can
be inserted onto an output stream using<tkeoperator.

cout << "Hello world" << endl;

cout << "Goodbye cruel planet" << endl;

cout << " |||INHH " << endl;

cout << "The square of 10 is " << 10*10 << endl;
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The<< operator can be used to output various things just as the addition opeor

be used to add them. It's possible to write programmer-defined functions that have this
same kind of versatility. You've probably used a calculator with a square root button:
V. When you find the square root of a number using this button, you're invoking the
square root function with aargument. In the mathematical expressiefiL01, the 101

is the argument of the square root function. Functions that take arguments are called
parameterized functions. The parameters serve as a means of controlling what the
functions do—setting a different parameter results in a different outcome juét@%

has a different value tha#f157. The wordgarameterandargumentare synonyms in

this context.

To see how parameters are useful in making functions more general, consider an
(admittedly somewhat loose) analogy to a CD player. It is conceivable that one might
put a CD of Gershwin'®Rhapsody in Blué such a machine and then glue the machine
shut. From that point on, the machine becomes a “Gershwin player” rather than a CD
player. One can also purchase a “weather box,” which is a radio permanently tuned to
a weather information service. Although interesting for determining whether to carry
an umbrella, the weather box is less general-purpose than a normal (tunable) radio in
the same way that the Gershwin player is less versatile than a normal CD player. In the
same sense, the< operator is more versatile than thiead function in Program 2.3,
which always draws the same head.

Functions with parameters are more versatile than functions without parameters
although there are times when both kinds of function are useful. Functions that receive
parameters must receive the correct kind of parameter or they will not execute properly
(often such functions will not compile). Continuing with the CD analogy, suppose that
you turn on a CD player with no CD in it. Obviously nothing will be played. Similarly,
if it were possible to put a cassette tape into a CD player without damaging the player,
the CD player would not be able to play the cassette. Finally, if a 2.5-inch mini-CD is
forced into a normal CD player, still nothing is played. The point of this example is that
the “parameterized” CD player must be used properly—the appropriate “parameter” (a
CD, not a cassette or mini-CD) must be used if the player is to function as intended.

2.5.2 An Example of Parameterization: Happy Birthday

Suppose you are faced with the unenviable task of writing a program that displays the
song “Happy Birthday” to a set of quintuplets named Grace, Alan, John, Ada, and
Blaise® In designing the program, we employ a concept catiethtive enhancement
whereby a rough draft of the program is repeatedly refined until the desired program is
finished.

Anaive, firstattempt with this problem might consist oftdit << statements; that
is, 5 “verses™ 4 lines per verse- 4 blank lines (note that there is one blank line between
each verse so that there is one less blank line than there are verses). Such a program
would yield the desired output—but even without much programming experience this
solution should be unappealing to you. Indeed, the effort required to generate a new

6Coincidentally, these are the first names of five pioneers in computer science: Grace Hopper, Alan
Turing, John von Neumann, Ada Lovelace, and Blaise Pascal.
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verse in such a program is the same as the effort required to generate a verse in the
original program. Nevertheless, such a program has at least one important merit: it is
easy to make work. Even though “cut-and-paste” techniques are available in most text
editors, it is very likely that you will introduce typos using this approach.

We want to develop a program that mirrors the way people sing “Happy Birthday.”
You don't think of a special songirthdayLaurato sing to a friend Laura angirthday-
Davefor a friend Dave. You use one song and fill in (with a parameter!) the name of
the person who has the birthday.

U P T -

Happy birthday to you
Happy birthday to you
Happy birthday dear

Happy birthday to you

Happy birthday to you
Happy birthday to you
Happy birthday dear

Happy birthday to you

Happy birthday to you
Happy birthday to you
Happy birthday dear

Happy birthday to you

Happy birthday to you
Happy birthday to you
Happy birthday dear

Happy birthday to you

Happy birthday to you
Happy birthday to you
Happy birthday dear

Happy birthday to you

Program 2.5 bday.cpp

#include <iostream>
using namespace std;

/I first attempt at birthday singing
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void Sing()

{
cout << "Happy birthday to you" << endl;
cout << "Happy birthday to you" << endl;
cout << "Happy birthday dear " << endl;
cout << "Happy birthday to you" << endl;
cout << endl;

}
int main()
{
Sing(); Sing(); Sing(); Sing(); Sing();
return O; o
} bday.cpp

We need to print five copies of the song. We will design a function naBied
whose purpose is to generate the birthday song for each of the quintuplets. Initially we
will leave the name of the quintuplet out of the function so that five songs are printed,
but no names appear in the songs. Once this program works, we’ll use parameters to add
a name to each song. This technique of writing a preliminary version, then modifying
it to lead to a better version, is one that is employed throughout the book. It is the heart
of the concept of iterative enhancement.

The first pass at a solution ®ay.cpp,Program 2.5. Execution of this program
yields a sequence of printed verses close to the desired output, but the name of each
person whose birthday is being celebrated is missing. One possibility is to use five
different functions $ingGrace , SingAlan , etc.), one function for each verse, but
this isn't really any better than just using 2dut statements. We need to parameterize
the functionSing so that it is versatile enough to provide a song for each quintuplet.
This is done in Program 2.6, which generates exactly the output required. Note that the
statement

cout << "Happy birthday dear " << endl;
from Program 2.5 has been replaced with

cout << "Happy birthday dear " << person << endl;

Program 2.6 bday2.cpp

#include <iostream>
using namespace std;

#include <string>

/I working birthday program
void Sing(string person)

{

cout << "Happy birthday to you" << endl,
cout << "Happy birthday to you" << endl;
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cout << "Happy birthday dear " << person << endl;
cout << "Happy birthday to you" << endl;
cout << endl;

}

int main()
{
Sing("Grace");
Sing("Alan");
Sing("John");
Sing("Ada");
Sing("Blaise");
} return O; bday2.cpp

This statement can be spread over several lines without affecting its behavior.

cout << "Happy birthday dear "
<< person
<< endl;

Because only onendl is used in the output statement, only one line of output is written.

2.5.3 Passing Parameters

Whenthe function calbing("Grace") inmain is executed, the string liter&Grace"
is the argumenpassedto thestring  parameteperson. This is diagrammed by the
solid arrow in Figure 2.2. When the statement

cout << "Happy birthday dear " << person << endl!"

inSing is executed, the parametperson is replaced by its value, as indicated by

the dashed arrow in Figure 2.2. In this case the value is the string [it@rate”
Sinceperson is not between quotes, it is not a string literal. As shown in Figure 2.2,
the parameteperson is represented by a box. When the functing is called, the

value that is passed to the parameter is stored in this box. Then each statement in the
function is executed sequentially. After the last statemmmit << endl , executes,
control returns from the functio8ing to the statement that follows the function call

Sing("Grace") . This means that the statem@&ihg("Alan") is executed next.
This call passes the arguméwan” , which is stored in the box associated with the
parameteperson .

If you review the format of a C++ function given in Figure 2.1, you'll see that each
function has a parameter list. In a parameter list, each parameter must include the name
of the parameter and thigpe of the parameter. In the definition 8fing the parameter
is given the nam@erson. The parameter has the tys&ing . Recall that a string
is any sequence of characters and that string literals occur between double quotes. All
parameters must have an indication as to their structure—that is, what type of thing the
parameter is. A parameter’s type determines what kinds of things can be done with the
parameter in a C++ program.
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void Sing(string person)

{ | "Grace"” |— -7 N
cout << "Happy birthday to you" << endl; .
cout << "Happy birthday to you" << endl; -7
cout << "Happy birthday dear " << person << endl;
cout << "Happy birthday to you" << endl;

endl ;

cout

Si ng("Grace");
Sing("Al an");

Figure 2.2 Parameter passing.

The typestring s not a built-in type in standard C++ but is made accessible by
using the appropriatéinclude directive:

#include<string>

at the top of the program. Some older compilers do not support the standard string type.
Information is given in howto C abotgtring , an implementation of strings that can
be used with older compilers. Include directives are necessary to provide information to
the compiler about different types, objects, and classes used in a program, such as output
streams and strings. Standard include files found in all C++ programming environments
are indicated using angle brackets, agimclude <iostream> . Include files that
are supplied by the user rather than by the system are indicated using double quotes, as
in #include "tstring.h" I

There is a vocabulary associated with all programming languages. Mastering this
vocabulary is part of mastering programming and computer science. To be precise about
explanations involving parameterized functions, | will use the wiadhmeter to refer
to usage within a function and in the function header (epgrson. | will use the
word argument to refer to what is passed to the function (e@race” in the call
Sing("Grace") .) Another method for differentiating between these two is to call
the argument aactual parameterand to use the terfiormal parameter to refer to the

"The C++ standard uses header files that do not have a .h suffix, such as, iostream rather than iostream.h.
We use the .h suffix for header files associated with code supplied with this book.
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parameter in the function header. Here we use the adjdotinel because the form (or
type — as instring ) of the parameter is given in the function header.

We must distinguish between the occurrengassborin the statemergout << ...
and the occurrence of the string litef&lappy birthday dear " . Sinceperson
does not appear in quotes, the value of the pararpetsonis printed. If the statement
cout << "person” was used rather thatout << person , the use of quotes
would cause the string literglersonto appear on the screen.

Happy birthday to you
Happy birthday to you
Happy birthday dear person
Happy birthday to you

The use of the parameter’s name causes the value of the parameter to appear on the
screen. The value of the parameter is different for each call of the funStian The
parameter is &ariable capable of representing values in different contexts just as the
variablex can represent different values in the equatiog 5- x + 3.

2.16 In the following sequence of program statements, is the string litétal' an
argument or a parameter? Is it an actual parameter?

cout << " A Verse for My Ego" << endl;
Sing("Me");

2.17 What happens with your compiler if the statem8mg("Grace") is changed
to Sing(Grace) ? Why?

2.18 What modifications should be made to Program 2.6 to generate a song for a person
namedBjarne?

2.19 What modifications should be made to Program 2.6 so that each song emphasizes
the personalized line by ending it with three exclamation points?

Happy birthday dear Bjarne !l

2.20 What happens if the name of the formal paramptesonis changed teelebrant
in the functionSing ? Does it need to be changed everywhere it appears?

2.21 What call of functionSing would generate a verse with the line shown here?
Happy birthday dear Mr. President

2.22 What is the purpose of the final statementit << endl; in function Sing
in the birthday programs?

2.23 What is a minimal change to the Happy Birthday program that will cause each
verse (about one person) to be printed three times before the next verse is printed
three times (rather than once each) for a total of 15 verses? What is a minimal
change that will cause all five verses (for all five people) to be printed, then all five
printed again, and then all five printed again for a different ordering of 15 verses?
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2.24 ltis possible to write the Happy Birthday program so that the body of the function
Sing consists of a single statement. What is that statement? Can you make one
statement as readable as several?

Ada Lovelace (1816-1853)

Ada Lovelace, daughter of the poet Lord Byron, had a significant impact in publi-
cizing the work of Charles Babbage. Babbage’s designs for two computers, the Dif-
ference Engine and the An-
alytical Engine,came more
than acentury before the first
electronic computers were
built but anticipated many
of the features of modern
computers.

Lovelace was tutored by
the British mathematician Au-
gustus De Morgan. She is
characterized a%an attrac-
tive and charming flirt, an
accomplished musician, and
apassionate believerin phys-
ical exercise. She combined
these last two interests by
practicing her violin as she
marched around the family
billiard table for exercise.”
[McC79] Lovelace translated
an account of Babbage’s work
into English. Her transla-
tion, and the accompanying
notes, are credited with making Babbage’s work accessible. Of Babbage’s com-
puter she wrote, “It would weave algebraic patterns the way the Jacquard loom
weaved patterns in textiles.”

Lovelace was instrumental in popularizing Babbage’s work, but she was not one
of the first programmers as is sometimes said. The programming language Ada is
named for Ada Lovelace. For more information see [McC79, Gol93, Asp90].

2.6 Functions with Several Parameters

In this section we will investigate functions with more than one parameter. As a simple
example, we'll use the children’s so@id MacDonald partially reproduced below. We
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would like to write a C++ program to generate this output.

U P T

Old MacDonald had a farm, Ee-igh, Ee-igh, oh!
And on his farm he had a cow, Ee-igh, Ee-igh, oh!
With a moo moo here

And a moo moo there

Here a moo, there a moo, everywhere a moo moo
Old MacDonald had a farm, Ee-igh, Ee-igh, oh!

Old MacDonald had a farm, Ee-igh, Ee-igh, oh!
And on his farm he had a pig, Ee-igh, Ee-igh, oh!
With a oink oink here

And a oink oink there

Here a oink, there a oink, everywhere a oink oink
Old MacDonald had a farm, Ee-igh, Ee-igh, oh!

As always, we will strive to design a general program, useful in writing about, for
example, ducks quacking, hens clucking, or horses neighing. In designing the program
we first look for similarities and differences in the verses to determine what parts of the
verses should be parameterized. We’'ll ignore for now the ungrammatical consteuct of
oink. The only differences in the two verses are the name of the animal, cow and pig,
and the noise the animal makes, moo and oink, respectively. Accordingly, we design
two functions: one to “sing” about an animal and another to “sing” about the animal’s
sounds, in Program 2.@Jdmacl.cpp.

This program produces the desired output but is cumbersome in many respects. To
generate a new verse (e.g., about a quacking duck) we must write a new function and
callit. In contrast, in the happy-birthday-generating program (Program 2.6), a new verse
could be constructed by a new call rather than by writing a new function and calling it.
Also notice that the flow of control in Program 2.7 is more complex than in Program 2.6.
We'lllook carefully at what happens when the function &g() in main is executed.

Program 2.7 oldmacl.cpp

#include <iostream>
#include <string>
using namespace std;

/I working version of old macdonald, single parameter procedures
void EiEio()
{

cout << "Ee-igh, Ee-igh, oh!" << end];
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}

void Refrain()

{
cout << "Old MacDonald had a farm, ";
EiEio();

}

void HadA(string animal)

{
cout << "And on his farm he ha da" << animal << ", ";
EiEio();

}

void WithA(string noise)
/I the principal part of a verse

{
cout << "Wit h a " << noise < < " " << noise << " here" << endl;
cout << "An d a " << noise < < " " << noise << " there" << endl;
cout << "Her e a " << noise << ", "
<< "ther e a " << noise << ", "
<< " everywher e a " << noise < < " " << noise << endl;
}
void Pig()
{
Refrain();
HadA("pig");
WithA("oink™);
Refrain();
}
void Cow()
{
Refrain();
HadA("cow");
WithA("moo");
Refrain();
}
int main()
{
Cow();
cout << endl;
Pig();
return 0O; -
} oldmacl.cpp

There are four statements in the body of the funckg . The first statement,
the function callRefrain() , results in two lines being printed (note tH¢frain
calls the functiorEiEiO ). WhenRefrain finishes executing, control returns to the
statement following the function cdfefrain()  ; this is the second statementRig ,
the function call[HadA("pig") . The argumentpig" is passed to the (formal)
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voi d HadA(string animal)

¢ Lew - e

cout << "and on his farmhe had a " << animal << "

EiEi O);

void WthA(string noise) _ _ _ — - _ _

~

. - — — ~
{ "oi nk" R A
cout << "Wth a " << noise << " " << noise << " here" << endl;

void Pig()

{
Refrain();
HadA("pi g");
W t hA( " oi nk");
Refrain();

Figure 2.3 Passing arguments in Old MacDonald.

parameteranimal and then statements in the functibtfadA are executed. When
the functionHadA finishes, control returns to the third statemenPig , the function

call WithA("oink") . As shown in Figure 2.3 this results in passing the argument
"oink" , which is stored as the value of the parameigise . After all statements in

the body ofwithA have executed, the flow of control continues with the final statement
in the body of the functiorPig , another function calRefrain() . After this call
finishes executind?ig has finished and the flow of control continues with the statement
following the call ofPig() in the main function. This is the statemeaturn 0 and

the program finishes execution.

This program works, but it needs to be redesigned to be used more easily. This re-
design process is another stage in program development. Often a programmer redesigns
a working program to make it “better” in some way. In extreme cases a program that
works is thrown out because it can be easier to redesign the program from scratch (using
ideas learned during the original design) rather than trying to modify a program. Often
writing the first program is necessary to get the good ideas used in subsequent programs.

In this case we want to dispense with the need to construct a new function rather
than just a function call. To do this we will combine the functionality of the functions
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HadA andWithA into a new functioriverse . When writing a program, you should
look for similarities in code segments. The bodies of the functioRgnandCowhave
the same pattern:

Refrain()
call to HadA(...)
call to WithA(...)
Refrain()

Incorporating this pattern into the functidrferse , rather than repeating the pattern
elsewhere in the program, yields a more versatile program. In general, a programmer-
defined function can have any number of parameters, but once written this number is
fixed. The final version of this program, Program 2.8, is shorter and more versatile
than the first version, Program 2.7 By looking for a way to combine the functionality of
functionsHadA andWithA , we modified a program and generated a better one. Often
as versatility goes up so does length. When the length of a program decreases as its
versatility increases, we're on the right track.

Program 2.8 oldmac2.cpp

#include <iostream>
#include <string>
using namespace std;

/I working version of old macdonald, functions with more than one parameter

void EiEio()
{
cout << "Ee-igh, Ee-igh, oh!" << endl;
}
void Refrain()
{
cout << "Old MacDonald had a farm, “;
EiEio();
}

void HadA(string animal)

{

cout << "And on his farm he ha da" << animal << ", "
EiEio();
}

void WithA(string noise)
/I the principal part of a verse

{

cout << "Wit h a " << noise < < " " << noise << " here" << endl;
cout << "An d a " << noise < < " " << noise << " there" << endl;

cout << "Her e a " << noise << ", "
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voi d /\

Verse(string animal, string noise)

¢ e ) [rome ]
Refrain()
Had(ani mal ) ;
W t hA( noi se) ;
Refrain();
}
int main()
{
Verse("pig", "oink");
}

Figure 2.4 Passing multiple arguments.

<< "ther e a " << noise << ", "

<< " everywher e a " << noise < < " " << noise << endl;
}
void Verse(string animal, string noise)
{
Refrain();
HadA(animal);
WithA(noise);
Refrain();
}
int main()
{
Verse("pig","oink");
cout << endl;
Verse("cow","moo");
return O; -
} oldmac2.cpp

I will sometimes use the worelegantas a desirable program trait. Program 2.8 is
elegant compared to Program 2.7 because it is easily modified to generate new verses.

Note that it is the order in which arguments are passed to a function that determines
their use, not the actual values of the arguments or the names of the parameters. This is
diagrammed in Figure 2.4.

In particular, the names of the parameters have nothing to do with their purpose. If
animalis replaced everywhere it occurs in Program 2.8 wébetablethe program will
produce exactly the same output. Furthermore, it is the order of the parameters in the
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function header and the corresponding order of the arguments in the function call that
determines what the output is. In particular, the function call

Verse("cluck”,"hen");

would generate a verse with the lines shown below since the value of the parameter
animal will be the string literal'cluck”

And on his farm he had a cluck, Ee-igh, Ee-igh, oh!
With a hen hen here

And a hen hen there

Here a hen, there a hen, everywhere a hen hen

The importance of therder of the arguments and parametensd the lack of im-
portance of the names of parameters often leads to confusion. Although the use of such
parameter names @sramlandparam?2(or, even worsex andy) might at first glance
seem to be a method of avoiding such confusion, the use of parameter names that corre-
spond roughly to their purpose is far more useful as the programs and functions we study
get more complex. In general, parameters should be named according to the purpose
just as functions are named. Guidelines for using lowercase and uppercase characters
are provided at the end of this chapter.

2.25 Write a function for use in Program 2.7 that produces output for a gobbling turkey.
The function should be invoked by the callirkey , which appears in the body
of the functionmain .

2.26 Is it useful to have a separate functiBiEiO ?
2.27 How would the same effect of the functidiurkey be achieved in Program 2.8?

2.28 If the order of the parameters of the functidarse is reversed so that the header
is

void Verse(string noise, string animal)

but no changes are made in the bodyefse , then what changes (if any) must
be made in the calls tderse so that the output does not change?

2.29 What happens if the statemevierse("pig","cluck"); is included in the
functionmain ?

2.30 The statementerse("lamb"); will not compile. Why?
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2.31 What happens if you include the statemdfetrse("owl!",2) in the function
main ? What happens if you include the statemeatse("owl",2+2) ?

You must be careful organizing programs that use functions. Although we have not
discussed the order in which functions appear in a program, the order is important to
a degree. Program 2.9 is designed to print a two-line message. As written, it will not
compile.

Program 2.9 order.cpp

#include <iostream>
#include <string>
using namespace std;

/I order of procedures is important

void Hi (string name)

{
cout << "Hi " << name << endl;
Greetings();
}
void Greetings()
{
cout << "Things are happening inside this computer" << endl;
}
int main()
{
Hi("Fred");
return 0; -
} order.cpp

When this program is compiled using the-¢+ compiler, the compilation fails with
the following error messages.

order.cpp: In function ‘void Hi (class string)"

order.cpp:10: warning: implicit declaration of function
‘Greetings’

undefined reference to 'Greetings’

collect2: Id returned 1 exit status

With the Turbo C++ compiler the compilation fails, with the following error message.

Error order.cpp 8:
Function 'Greetings’ should have a prototype
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Hi Fred
Things are happening inside this computer

(intended output, but the program doesnt run)

These messages are generated because the fuGtmtings is called from the
functionHi but occurs physically aftédi in Program 2.9. In general, functions must
appear (be defined) in a program before they are called.

This requirement that functions appear before they’re called is too restrictive. Fortu-
nately, there is an alternative to placing an entire function before it’s called. It's possible
to put information about the function before it's called rather than the function itself.
This information is called theignature of a function, often referred to as the function’s
prototype. Rather than requiring that an entire function appear before it is called, only
the prototype need appear. The prototype indicates the ardetype of the function’s
parameters as well as the
function’s return type. All
return type the functions we have stud-
function name type param-name, type param-name); ... | ied so far have ®oid re-
turn type, but we'll see in
the next chapter that functions (such as square root) can rétwisle values,int
valuesstring  values, and so on. The return type, the function name, and the type and
order of each parameter together constitute the prototype. The names of the parameters
are not part of the prototype, but | always include the parameter names because names
are useful in thinking and talking about functions.

For example, The prototype for the functibin is

Syntax: function prototype

void Hi (string name);
The prototype of th&erse function in Program 2.8 is different:
void Verse (string animal, string noise);

Justas arguments and parameters must match, so must a function call match the function’s
prototype. In the call t@Greetings made fromHi, the compiler doesn’t know the
prototype forGreetings . If a function header appears physically before any call of
the function, then a prototype is not needed. However, in larger programs it can be
necessary to include prototypes for functions at the beginning of a program. In either
case the compiler sees a function header or prototype before a function call so that the
matching of arguments to parameters can be checked by the compiler.

The functionmain has a return type oint and the default return type in C++
isint . Thus the error messages generated by the g++ compiler warn of an “implicit
declaration” of the functioreetings , meaning that the default return of an integeris
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assumed. Since thereis no functiéreetings  with such areturntype, the “undefined
reference” message is generated.

The error message generated by the Turbo C++ compiler is more informative and
indicates that a prototype is missing. Program 2.10 has function prototypes. Note that
the prototype for functioi is not necessary since the function appears before it is
called. Some programmers include prototypes for all functions, regardless of whether
the prototypes are necessary. In this book we use prototypes when necessary but won't
include them otherwise.

Program 2.10 order2.cpp

#include <iostream>
#include <string>
using namespace std;

/I illustrates function prototypes

void Hi(string);
void Greetings();

void Hi (string name)

{

cout << "Hi " << name << endl;
Greetings();
}

void Greetings()
{

}

cout << "Things are happening inside this computer" << endl;

int main()
{

Hi("Fred");

return 0O; -
} order2.cpp

B 2.7 Program Style

The style of indentation used in the programs in this chapter is used in all programs in the
book. In particular, each statement within a function or program body is indented four
spaces. As programs get more complex in subsequent chapters, the use of a consistent
indentation scheme will become more important in ensuring ease of understanding. |
recommend that you use the indentation scheme displayed in the programs here. If you
adopt a different scheme you must use it consistently.

Indentation is necessary for human readers of the programs you write. The C++
compiler is quite capable of compiling programs that have no indentation, have multiple
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statements per line (instead of one statement per line as we have seen so far), and that
have function names likele553323xl03

2.7.1 Ildentifiers

The names of functions, parameters, and variableglardifiers—a means of referral

both for program designers and for the compiler. Examples of identifiers inklaliie,
person,andSing. Just as good indentation can make a program easier to read, | recom-
mend the use of identifiers that indicate to some degree the purpose of the item being
labeled by the identifier. As noted above, the usardfmalis much more informative
thanparamlin conveying the purpose of the parameter to which the label applies. In C++
an identifier consists of any sequence of letters, numbers, and the underscore character
(). Identifiers may not begin with a number. And identifiers @ase-sensitivdower-

and uppercase letters): the identifiarseis different from the identifienerse. Al-

though some compilers limit the number of characters in an identifier, the C++ standard
specifies that identifiers can be arbitrarily long.

Traditionally, C programmers use the underscore character as a way of making
identifiers easier to read. Rather than the identii@rtedhair , one would use
parted_hair . Some recent studies indicate that using upper- and lowercase letters to
differentiate the parts of an identifier can make them easier to read. In this book | adopt
the convention that all programmer-defined functions and fypegin with an upper-
case letter. Uppercase letters are also used to separate subwords in an identifier, such as,
PartedHair  rather tharparted_hair . Parameters (and later variables) begin with
lowercase letters although uppercase letters may be used to delimit subwords in identi-
fiers. For example, a parameter for a large power of ten mighdrige TenPower
Note that the identifier begins with a lowercase letter, which signifies that it is a parame-
ter or a variable. You may decide tHatge_ten_power is more readable. As long
as you adopt a consistent naming convention, you shouldn’t feel bound by conventions
| employ in the code here.

In many C++ implementations identifiers containing a double undersconeafe
used in the libraries that supply code (suckamstream> ), and therefore identifiers
in your programs must avoid double underscores. In addition, differentiating between
single and double underscores: &nd__ ) is difficult.

Finally, some words have special meanings in C++ and cannot be used as identifiers.
We will encounter most of thedeywords, or reservedwords, as we study C++. A list
of keywords is provided in Table 2.1.

2.8 Chapter Review

In this chapter we studied the form of C++ programs, how a program executes, and
how functions can make programs easier to modify and use. We studied programs that
displayed songs having repetitive verses so that an efficient use of functions would reduce

8The typestring  used in this chapter is not built into C++ but is supplied as a standard type. In C++,
however, it's possible to use programmer-defined types just like built-in types.
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Table 2.1 C++ keywords

asm default for private struct unsigned
auto delete friend protected switch using
bool do goto public template  virtual
break double if register this void
case dynamic_cast inline reinterpret_cast throw volatile
catch else int return true wchar_t
char enum long short try while
class explicit mutable signed typedef

const extern namespace sizeof typeid

const_cast false new static typename

continue  float operator static_cast union

our programming efforts. Atthe sametime, the verses had sufficient variation to make the
use of parameters necessary in order to develop clean and elegant programs—programs
that appeal to your emerging sense of programming style.

] C++ programs have a specific form:

1 #include statements to access libraries
= comments about the program

= programmer-defined functions

1 one function namedhain

] Libraries make “off-the-shelf” programming components accessible to program-
mers. System library names are enclosed betweamd>, as in<iostream>
Libraries that are part of this book and nonsystem libraries are enclosed in double
guotation marks, as ittstring.h"

] Output is generated using the insertion operatst, and the standard output
streamcout . These are accessible by including the proper headeidiggream>

| Strings are sequences of characters. Thesy)eg  is not a built-in type but is
accessible via the header fitstring>

| Functions group related statements together so that the statements can be executed
together, by calling the function.

| Parameters facilitate passing information between functions. The value passed is
anargument.The “box” that stores the value in the function iparameter.

| Iterative enhancement is a design process by which a program is developed in
stages. Each stage is both an enhancement and a refinement of a working program.

| In designing programs, look for patterns of repeated code that can be combined
into a parameterized function to avoid code duplication, as we diteise of
Program 2.8.

] Prototypes are function signatures that convey to the compiler information that is
used to determine if a function call is correctly formed.
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| Identifiers are names of functions, variables, and parameters. ldentifiers should
indicate the purpose of what they name. Your programs will be more readable if
you are consistent in capitalization and underscores in identifiers.

B 29 Exercises

2.1 AddafunctionNeck to parts.cpp Program 2.4 to generate output similar to that shown

below.

Uy P T

[T
(0]

2.2 Modify the appropriate functions in Program 2.4 to display the head shown below.

Uy -3y T

I R R
| 'lo / \o ! |
[ 1! 1

|
T\
\

\ /

\ 0 /

2.3 Write a program whose output is the text@flo.cpp Program 2.1. Note that the output

is a program!
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2.4

25

ONC B eD o Nk

#include <iostream>
using namespace std;

int main()

{

cout << "Hello world" << endl;
return O;

To display the charactéryou’ll need to use aescape sequencén escape sequence is

a backslash followed by one character. The two-character escape sequence represents
a single character; the escape sequeyicé used to print one quotation mark. The
statement

cout << "\"Hello\" " << endl;

can be used to print the charactérello”  on the screen, including the quotation
marks! Be sure to comment your program-writing program appropriately.

A popular song performed by KC and the Sunshine Band repeats many verses using the
words “That's the way Uh-huh Uh-huh | like it Uh-huh Uh-huh,” as shown below.

O U Py T

That's the way
Uh-huh Uh-huh
I like it

Uh-huh Uh-huh

That's the way
Uh-huh Uh-huh
I like it

Uh-huh Uh-huh

Write a program that generates four choruses of the song.

Write a program that generates the verses of a children’s song shown below. Don't
worry about the ungrammatical qualities inherent in the use of “goes” and “go” in your
first attempt at writing the program. You should include a function with two parameters
capable of generating any of the verses when the appropriate arguments are passed.
Strive to make your program “elegant.”
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ONC B eD o K

The wheel on the bus goes round round round
round round round

round round round

The wheel on the bus goes round round round
All through the town

The wipers on the bus goes swish swish swish
swish swish swish

swish swish swish

The wipers on the bus goes swish swish swish
All through the town

The horn on the bus goes beep beep beep
beep beep beep

beep beep beep

The horn on the bus goes beep beep beep
All through the town

The money on the bus goes clink clink clink
clink clink clink

clink clink clink

The money on the bus goes clink clink clink
All through the town

Is it possible to generate a verse of the song based on the lines

The driver on the bus goes move on back
move on back
move on back

with small modifications? How many parameters wouldVeese function of such a
song have?

2.6 Consider the song about an old woman with an insatiable appetite, one version of which
is partially reproduced in the following.
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2.7

O'UTr PHET :

There was an old lady who swallowed a fly
I don’'t know why she swallowed a fly
Perhaps she’ll die.

There was an old lady who swallowed a spider
That wiggled and jiggled and tiggled inside her
She swallowed the spider to catch the fly

I don’'t know why she swallowed a fly

Perhaps she’ll die.

There was an old lady who swallowed a bird
How absurd to swallow a bird

She swallowed the bird to catch the spider
That wiggled and jiggled and tiggled inside her
She swallowed the spider to catch the fly

I don’t know why she swallowed a fly
Perhaps she’ll die.

This song may be difficult to generate via a program using just the predefined output
streantout , the operatok<, and programmer-defined parameterized functions. Write
such a program or sketch its solution and indicate why it might be difficult to write a
program for which it is easy to add new animals while maintaining program elegance.
You might think about adding a verse about a cat (imagine that!) that swallows the bird.

In a song made famous by Bill Haley and the Comets, the chorus is

One, two, three o’clock, four o’clock rock
Five, six, seven o’clock, eight o’clock rock
Nine, ten, eleven o’clock, twelve o’clock rock
We're going to rock around the clock tonight

Rather than using words to represent time, you are to use numbers and write a program
that will print the chorus above but with the line

1, 2, 3 o'clock, 4 o'clock rock

as the first line of the chorus. Your program should be useful in creating a chorus that
could be used with military time; i.e., another chorus might end thus:

21, 22, 23 o’clock, 24 o’clock rock
We're going to rock around the clock tonight

You should use the arithmetic operatowhere appropriate and strive to make your
program as succinct as possible, calling functions with different parameters rather than
writing similar statements.
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GIGO—Garbage In, Garbage Out
Common computer aphorism

GIGO—Garbage In, Gospel Out
New Hacker’s Dictionary

Civilization advances by extending the number of important operations which we can perform
without thinking about them.
Alfred North Whitehead
An Introduction to Mathematics

The memory of all that— No, no! They can't take that away from me.
Ira Gershwin
They Cant Take That Away from Me

The song-writing and head-drawing programs in Chapter 2 generated the same output
for all executions unless the programs were modified and recompiled. These programs
do not respond to a user of the prograntat time, meaning while the programs are
running or executing. The solutions to many programming problems require input from
program users during execution. Therefore, we must be able to write programs that
process input during execution. A typical framework for many computer programs is
one that divides a program’s execution into three stages.

1.  Input—information is provided to the program.
2. Process—the information is processed.
3. Output—the program displays the results of processing the input.

Thisinput/process/output (IPO)model of programming is used in the simple programs
we'll study in this chapter as well as in million-line programs that forecast the weather
and predict stock market fluctuations. Breaking a program into parts, implementing
the parts separately, and then combining the parts into a working program is a good
method for developing programs. This is often callédde and conquer;the program

is divided into pieces, each piece is implemented, or “conquered,” and the final program
results from combining the conquered pieces. We’ll employ divide and conquer together
with iterative enhancement when designing classes and programs.

67
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3.1 The Input Phase of Computation

In this chapter we’ll discuss how the user can input values that are used in a program.
These input values can be strings like the name of an animal or the noise the animal
makes, as we'll see in Program 3macinput.cpp The input values can also be numbers
like the price and diameter of a pizza as we’ll see in Programpizga.cpp

Two runs of a modified version of Program 2d@dmac?2.cppare in the following
output box. Input entered by the user (you) is shown in a bold-italic font. The computing
environment displayprompt> as a cue to the user to enter a command—in this case,
the name of a program. Prompts may be different in other computing environments.
You may be using a programming environment in which the program is run using a
menu-driven system rather than a command-line prompt, but we’ll use the prompt to
show the name of the program generating the output.

O U Py T -

prompt> macinput

Enter the name of an animal: cow
Enter noise that a cow makes: moo

Old MacDonald had a farm, Ee-igh, ee-igh, oh!
And on his farm he had a cow, Ee-igh, ee-igh, oh!
With a moo moo here

And a moo moo there

Here a moo, there a moo, everywhere a moo moo
Old MacDonald had a farm, Ee-igh, ee-igh, oh!

prompt> macinput

Enter the name of an animal: hen
Enter noise that a cow makes: cluck

Old MacDonald had a farm, Ee-igh, ee-igh, oh!

And on his farm he had a hen, Ee-igh, ee-igh, oh!
With a cluck cluck here

And a cluck cluck there

Here a cluck, there a cluck, everywhere a cluck cluck
Old MacDonald had a farm, Ee-igh, ee-igh, oh!

Eachrun of the program produces different output according to the words you enter. Ifthe
functionmain in Program 2.8 is modified as shown in the code segment in Program 3.1,
the modified program generates the runs shown above.
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Program 3.1 macinput.cpp

/I see program oldmac2.cpp for function Verse and #includes

int main()

{
string animal;
string noise;

cout << "Enter the name of an animal: ";
cin >> animal;

cout << "Enter noise tha t a" << animal << " makes: "
cin >> noise;

cout << endl;
Verse(animal,noise);
return 0O;

macinput.cpp

3.1.1 The Input Stream, cin

We'll investigate each statementimain of Program 3.1 When you run the program,

you enter information and the program reacts to that information by printing a verse of
Old MacDonald’s Farm that corresponds to what you enter. In C++, information you
enter comes from the input stream (pronounced “cee-in”). Just as the output stream,
cout , generates output, the input stream accepts input values used in a program. In the
run of Program 3.1, the output statement

cout << "Enter the name of an animal: "

is not followed by anendl . As a result, your input appears on the same line as the
words that prompt you to enter an animal’s name.

When you enter input, it is taken from the input stream usingettteaction oper-
ator,>> (sometimes read as “takes-from”). When the input is taken, it must be stored
someplace. Prograrariables, in this caseanimal andnoise, are used as a place
for storing values.

3.1.2 Variables

The following statements from Program 8dfinetwostring  variables, nameanimal
andnoise.

string animal;
string noise;
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int main()

string animal;

string noi se;

cout << "Enter the nane of an animal “;

cin >> aninal;

cout << "Enter noise that a "<< aninmal <<"

roow @

int main()

string animl; [ "oow |---
string noi se;

\ NN
\

cout << "Enter noise that a "<< animal <<" nakes "

nakes "

cin >> noi se; cin >> noise; ‘} k\\///:,’
cout << endl; cout << endl; //I ///
Verse (aninal, noi se); Verse (ani nal, noi se); )/ )/
return 0; return 0; < \\_,/ //

}

} - __ _ -

Figure 3.1 Using variables andstreams for input.

These variables are represented in Figure 3.1 as boxes that store the variable values
in computer memory. The value stored in a variable can be used just as the values
stored in a function’s formal parameters can be used within the function (see Figure 2.3).
Parameters and variables are similar; each has a name saohved or noise and
an associated storage location. Parameters are given initial valuiestiadized, by
calling a function and passing an argument. Variables are often initialized by accepting
input from the user.

Variables in a C++ program must loefined before they can be used. Sometimes
the termsallocateandcreateare used instead afefine.Sometimes the wordbject is
used instead ofariable. You should think ofvariableandobjectas synonyms. Just as
all formal parameters have a type
or class, all variables in C++ have
type name; OR a type or class that determines
type nameg, name, ..., name; what kinds of operations can be
performed with the variable. The
variableanimal has the type or clagtring . In this book we’ll define each variable
in a separate statement as was done in Program 3.1. It's possible to define more than
one variable in a single statement. For example, the following statement defines two
string  variables.

Syntax: variable definition

string animal,noise;

In the run of Program 3.1 diagrammed in Figure 3.1, values taken from the input
stream are stored in a variable’s memory location. The varefileal gets a value in
the statement labeled 1; the variahlise gets a value in the statement labeled 2. The
value ofanimal is used to prompt the user; this is shown by the dashed arrow. The
arrow labeled 3 shows the values of both variables used as arguments to the function
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,/ Value of variable (type string)

Memor
ory cow
location - Name of
ni —_— . .
ani ma memory location/variable

Figure 3.2 Variables as named memory locations.

Verse . Inthe interactive C++ environments used in the study of this book, the user must
almost always press the return (enter) key before an input statement completes execution
and stores the entered valuaimmal . This allows the user to make corrections (using
arrow keys or a mouse, for example) before the final value is stored in memory.

An often-used metaphor associates a variable with a mailbox. Mailboxes usually
have names associated with them (either 206 Main Street, or the Smith residence) and
offer a place in which things can be stored. Perhaps a more appropriate metaphor
associates variables with dorm roofgor example, a room in a fraternity or sorority
house (sayW! T or AAA) can be occupied by any member of the fraternity or sorority
butnot by members of other residential group¥he occupant of the room may change
just as the value of a variable may change, but the type of the occupant remains the same,
just as a variable’s type remains fixed once it is defined. Thus we think of variables as
named memory storage locations capable of storing a specific type of object. In the
foregoing example the name of one storage locati@nimal and the type of object
that can be stored in it issiring ; for example, the valueow can be stored as shown
in Figure 3.2.

In C++, variables can be defined anywhere, but they must be defined before they’re
used. Some programmers prefer to define all variables immediately after a left{brace,
Others define variables just before they're first used. (We'll have occasion to use both
styles of definition.) When all variables are defined at the beginning of a function, it
is easy to find a variable when reading code. Thus when one variable is used in many
places, this style makes it easier to find the definition than searching for the variable’s
first use. Another version of the code in Program 3.1 is shown in the following block of
code with an alternate style of variable definition:

int main()

{
cout << "Enter the name of an animal ";
string animal;
cin >> animal;

cout << "Enter noise tha ta" << animal << " makes "
string noise;

1This was suggested by Deganit Armon.

2The room could certainly not be occupied by independents or members of the opposite sex except in
the case of co-ed living groups.
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cin >> noise;

cout << end|
Verse(animal,noise);
return O;

Before the statemertn >> animal in Program 3.1 is executed, the contents of
the memory location associated with the variadstémal are undefined. You can think
of an undefined value as garbage. Displaying an undefined value probably won’t cause
any trouble, but it might not make any sense. In more complex programs, accessing an
undefined value can cause a program to crash.

ProgramTip 3.1: When a variable is defined give it a value. Every variable
must be given a value before being used for the first time in an expression or an output
statement, or as an argument in a function call.

One way of doing this is to define variables just before they’re used for the first time;
that way you won't define lots of variables at the beginning of a function and then use
one before it has been given a value. Alternatively, you can define all variables at the
beginning of a function and program carefully.

Pause to Reflect 3.1 If you run Program 3.1macinput.cppand entebaahfor the name of the animal

o andsheepfor the noise, what is the output? What happens if you esoerfor

%gﬂ the name of the animal afmbw wowfor the noise (you probably need to run the
J program to find the answer)? Whatibw-wowis entered for the noise?

3.2 Why is there neendl in the statement prompting for the name of an animal and
why is there a space after the ellanimal ?

cout << "Enter the name of an animal ";

3.3 Write a functiormainfor Program 2.5 (the Happy Birthday program) that prompts
the user for the name of a person for whom the song will be “sung.”

3.4 Add statements to the birthday program as modified in the previous exercise to
prompt the user for how old she is, and print a message about the age after the
song is printed.

3.5 What happens if the statemegih >> noise; is removed from Program 3.1
and the program is run?
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John Kemeny (1926-1992)

John Kemeny, with Thomas Kurtz, invented the programming language BA-
SIC (Beginner’'s All-purpose Symbolic Instruction Code). The language was
designed to be simple to use but as powerful as FORTRAN, one of the lan-
guages with which it competed when first
developed in 1964. BASIC went on to be-
come the world’s most popular program-
ming language.

Kemeny was a research assistant to Al-
bert Einstein before taking a job at Dart-
mouth College. At Dartmouth he was an
early visionary in bringing computers to
everyone. Kemeny and Kurtz developed
the Dartmouth Time Sharing System, which
allowed hundreds of users to use the same
computer “simultaneously.” Kemeny was
aninspiring teacher. While serving as pres-
ident of Dartmouth College he still taught
at least one math course each year. With a
cigarette in a holder and a distinct, but very
understandable, Hungarian accent, Kemeny was a model of clarity and organiza-
tion in the classroom.

In a book published in 1959, Kemeny wrote the following, comparing computer
calculations with the human brain. It's interesting that his words are still relevant
more than 35 years later.

When we inspect one of the present mechanical brains we are overwhelmed
by its size and its apparent complexity. But this is a somewhat misleading
first impression. None of these machines compare with the human brain in
complexity or in efficiency. Itis true that we cannot match the speed or
reliability of the computer in multiplying two ten-digit numbers, but, after

all, that is its primary purpose, not ours. There are many tasks that we carry
out as a matter of course that we would have no idea how to mechanize.

For more information see [Sla87, AA85]

B 3.2 Processing Numbers

All the examples we've studied so far have used strings. Although many programs ma-
nipulate strings and text, numbers are used extensively in computing and programming.
In this section we'll discuss how to use numbers for input, processing, and output. As
we'll see, the syntax for the input and output of numbers is the same as for strings,
but processing numbers requires a new set of symbols based on those you learned for
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ordinary math.

We'll start with a simple example, but we’'ll build towards the programming knowl-
edge we need to write a program that will help us determine what size pizza is the best
bargain. Just as printing “Hello World” is often used as a first program, programs that
convert temperature from Fahrenheit to Celsius are commonly used to illustrate the use
of numeric literals and variables in C++ programBrogram 3.2 shows how this is done.

The program shows two different types of numeric values and how these values are used
in doing arithmetic in C++ programs.

Program 3.2 fahrcels.cpp

#include <iostream>
using namespace std;

/I illustrates i/o of ints and doubles
/I illustrates arithmetic operations

int main()

{
int ifahr;
double dfahr;

cout << "enter a Fahrenheit temperature ";
cin >> ifahr;
cout << ifahr < <" ="

<< (ifahr — 32) % 5/9

<< " Celsius" << endl;

cout << "enter another temperature ";
cin >> dfahr;
cout << dfahr < <" ="
<< (dfahr ~— 32.0) =* 5/9
<< " Celsius" << endl;

t 0;
} retm fahrcels.cpp

U Pl T

prompt> fahrcels

enter a Fahrenheit temperature 40
40 = 4 Celsius

enter another temperature 40

40 = 4.44444 Celsius

3Note, however, that using a computer program to convert a single temperature is probably overkill.
This program is used to study the types anddouble rather than for its intrinsic worth.
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Two variables are defined in Program 3fahr  anddfahr . The type ofifahr
isint which represents an integer in C++, what we think of mathematically as a value
fromthe setof numbers..—3, -2, -1,0,1, 2, 3...}. The type ofdfahr isdouble
which represents in C++ what is callefl@ating-point number in computer science and
areal numberin mathematics. Floating-point numbers have a decimal point; examples
include+/17, 3.14159, and 2.0. In Program 3.2 the input stream extracts an integer
value entered by the user with the statemant >> ifahr and stores the entered
value in the variabléfahr . A floating-point number entered by the user is extracted
and stored in the variabléfahr by the statementin >> dfahr . Except for the
name of the variable, both these statements are identical in form to the statements in
Program 3.1 that accepted strings entered by the user. When writing programs using
numbers, the typdouble should be used for all variables and calculations that might
have decimal poinfs The typeint should be used whenever integers, or numbers
without decimal points, are appropriate.

3.2.1 Numeric Data

Although there is no largest integer in mathematics, the finite memory of a computer
limits the largest and smalleist values in C++. On computers using 16-bit compilers,
the values of aint can range from-32,768 to 32,767. When more modern 32-bit
compilers are used, the typical rangemdf valuesis—2,147,483,6481t02,147,483,647.
You shouldn’t try to remember these numbers, you should remember that there are limits.
The smallerrange afit valuesis really too small to do many calculations. Forexample,
the number of seconds in a day is 86,400, far exceeding the value that can be stored in
anint using C++ on most 16-bit compilers. To alleviate this problem the kypg int
should be used insteadiof . The variabléfahr could be defined to use this modified
long int type adong int ifahr . The typelong int is usually abbreviated
simply aslong . This makedong secs; a definition for a variablesecs .

Program 3.3 shows the limitations of the tyipe . The first run after the program
listing is generated using a 32-bit compiler. The same run on a computer using a 16-bit
compiler generates a much different set of results, as shown.

Program 3.3 daysecs.cpp

#include <iostream>
using namespace std;

/I converts days to seconds
/I illustrates integer overflow

int main()

{
int days;

“The typefloat  can also be used for floating-point numbers. We will not use this type, since most
standard mathematical functions ukmible values. Using the typgoat  will almost certainly lead
to errors in any serious mathematical calculations.
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cout << "how many days: "
cin >> days;
cout << days << " days = "
<< days *24+60x60
<< " seconds" << endl,

return 0O;

O U Py T

prompt> daysecs

how many days: 31

31 days = 2678400 seconds
prompt> daysecs

how many days: 365

365 days = 31536000 seconds
prompt> daysecs

how many days: 13870

13870 days = 1198368000 seconds

O U P T

run using a 16-bit compiler
prompt> daysecs

how many days: 31

31 days = -8576 seconds
prompt> daysecs

how many days: 365

365 days = 13184 seconds
prompt> daysecs

how many days: 13870
13870 days = -23296 seconds

If the definitionint days is changed tdong days , then the runs will be the same

on both kinds of computers.
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ProgramTip 3.2: Uselong (long int ) rather thanint if you are using
a 16-bit compiler. This will help ensure that the output of any program you write
using integer arithmetic is correct.

It's also possible to use the tymuble instead of eitheint or long int
In mathematics, real numbers can have an infinite number of digits after a decimal
point. For example, 13 = 0.333333 .. and+/2 = 1.41421356237. . , where there is
no pattern to the digits in the square root of two. Data representeddsitde values
are approximations since it's not possible to have an infinite number of digits. When
the definition ofdays is changed ta@louble days the program generates the same
results with 16- or 32-bit compilers.

Uy Pl T -

prompt> daysecs

how many days: 31

31 days = 2.6784e+06 seconds
prompt> daysecs

how many days: 365

365 days = 3.1536e+07 seconds
prompt> daysecs

how many days: 13870

13870 days = 1.19837e+09 seconds

The output in this run is shown usimxponent,or scientific, notation. The expres-
sion2.6784e+06 is equivalent to 2,678,400. Ther06 means “multiply by 16.”
The same run results if the definitiomt days is used, but the output statement is
changed as shown below.

cout << days*24.0*60*60 << " seconds" << endl;

We'll explore why this is the case in the next section. In Howto B you can see examples
that show how to format numeric output so that, for example, the number of digits after
the decimal place can be specified in your programs.

3.2.2 Arithmetic Operators

Although the output statements fiahrcels.cpp Program 3.2, are the same except for

the name of the variable storing the Fahrenheit temperature, the actual values output
by the statements are different. This is because arithmetic performedinisingalues
behaves differently than arithmetic performed ugingble values. Aroperator, such

as+, is used to perform some kind of computation. Operators contdpeeandsas in

15+ 3; the operands are 15 and 3. Arpressionis a sentence composed of operands
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Table 3.1 The Arithmetic Operators

Symbol Meaning Example
* multiplication 3*5*x

/ division 5.2/1.5

% mod/remainder 7 % 2

+ addition 12 + x

- subtraction 35 -y

and operators, as it — 32) x 5/9. In this expressionX, 32, 5, and 9 are operands.
The symbols , *, and / are operators.

To understand why different output is generated by the following two expressions
when the same value is entered for bifgihr ~ anddfahr , we’ll need to explore how
arithmetic expressions are evaluated and how evaluation depends on the types of the
operands.

(ifahr - 32) * 5/9 (dfahr - 32.0) * 5/9

The division operatof yields results that depend on the types of its operands. For

example, what i§/2 ? In mathematics the answer is 3.5, but in C++ the answer is 3.

This is because division of two integer quantities (in this case, the literals 7 and 2) is
defined to yield an integer. The value B0/2 is 3.5 because division afouble

values yields adouble . When an operator has more than one use, the operator is
overloaded. In this case the division operator is overloaded since it works differently

with double values than withint  values.

The arithmetic operators available in C++ are shown in Table 3.1. Most should
be familiar to you from your study of mathematics except, perhaps, for the modulus
operator% The modulus operatdbyields the remainder when one integer is divided
by another. For example, executing the statement

cout << "47 divides 1347 " << 1347/47 << " times, "
<< "with remainder " << 1347 % 47 << endl;

would generate the following output because 13428 « 47 + 31.

47 divides 1347 28 times, with remainder 31

In general the result g % q(read this as “p mod g”) for two integers should be a
valuer with the property thap = x*q + r wherex = p/q. The%operator is often
used to determine if one integer divides another—that is, divides with no remainder, as
in4/20r 27/9. If X % y = 0, there is a remainder of zero wheris divided byy,
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28 ——— 1347/ 47

47 | 1347

1316
31 ==— 1347 % 47

Figure 3.3 Using the modulus operator.

indicating thaty evenly divides<. The following examples illustrate several uses of the
modulus operator. A calculation showing the modulus operator and how it relates to
remainders is diagrammed in Figure 3.3.

25 % 5=0 13 % 2 =1 4% 3 =1
25 % 6 =1 13 % 3 =1 4% 4 =0
48 % 8 = 0 13 % 4 =1 4 %5 =4
48 % 9 = 3 13 % 5 = 3 5% 4=1

If eitherp or g is negative, however, the value calculated may be different on different
systems.

Program Tip 3.3: Avoid negative values when using the %operator, or
check the documentation of the programming environment you use. In
theory, the result of a modulus operator should be positive since it is a remainder. In
practice the result is usually negative and not the result you expect when writing code.
The C++ standard requires theat= ((a/b) * b) + (a % b)

3.2.3 Evaluating Expressions

The following rules are used for evaluating arithmetic expressions in C++ (these are
standard rules of arithmetic as well):

1. Evaluate all parenthesized expressions first, with nested expressions evaluated
“inside-out.”

2. Evaluate expressions accordingdperator precedence: evaluate*, / , and %
before+ and- .

3. Evaluate operators with the same precedence left to right—this is called left-to-
right associativity.

. We'llusetheserulesto evaluate the expres@fahr - 32) * 5/9 whenifahr
Ai‘:{’a/ has the value 40 (as in the output of Program 3.2). Tables showing precedence rules and
= associativity of all C++ operators are given in Howto A, see Table A.4.
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(40 - 32) * 5/9 (40.0 - 32.0) * 5/9
8 *\5/9 8.0 * 5/9
40/'9 \40.0/9
\4 4. 44444

Figure 3.4 Evaluating arithmetic expressions.

] Evaluate(ifahr - 32) first; this is 40— 32, which is 8. (This is rule 1 above:
evaluate parenthesized expressions first).

| The expression is no8 * 5/9 and* and/ have equal precedence so are
evaluated left to right (rule 3 above). This yields/80which is 4.

Inthe last step above 49 evaluatesto 4. Thisis because ininteger division any fractional
part is truncated, or removed. Thus although%@= 4.444... mathematically, the
fractional part444. .. is truncated, leaving 4.

At this point it may be slightly mysterious why Program 3.2 prints 4.44444 when
the expressiofdfahr - 32.0) * 5/9 is evaluated. The subexpressiaifahr
- 32.0) evaluates to the real number 8.0 rather than the integer 8. The expression
(dfahr - 32) would evaluate to 8.0 as well because subtractingnan from a
double results in adouble value. Similarly, the expressidh0 * 5/9 evaluates
to 400/9, which is 4.44444, because wheris used withdouble values or a mixed
combination ofdouble andint values, the result is a double. The evaluation of both
expressions from Program 3.2 is diagrammed in Figure 3.4.

This means that if the firstout << statement in Program 3.2 is modified so that
the 5 is replaced by 5.0, as (ifahr - 32) * 5.0/9 , then the expression will
evaluate to 4.44444 when 40 is entered as the valifalof because 5.0 is@ouble
whereas 5 is aint .

Program 3.4 express.cpp

#include <iostream>
using namespace std;

/I illustrates problems with evaluating
/I arithmetic expressions

int main()

{
double dfahr;
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cout << "enter a Fahrenheit temperature "
cin >> dfahr;
cout << dfahr < < " ="

<< 5/9 « (dfahr — 32.0)

<< " Celsius" << endl;

return 0O;
} express.cpp

O U Py T

prompt> express

enter a Fahrenheit temperature 40.0
40.0 = 0 Celsius

prompt> express

enter a Fahrenheit temperature 37.33
37.3 3 = 0 Celsius

Often arithmetic is done by specialized circuitry built to add, multiply, and do other
arithmetic operations. The circuitry famt operations is different from the circuitry
for double operations, reflecting the different methods used for multiplying integers
and reals. When numbers of different types are combined in an arithmetic operation,
one circuit must be used. Thus wheé) * 5 is evaluated, the 5 isonvertedto a
double (and the double circuitry would be used). Sometimes the ypoodhoted is
used instead afonverted.

Pitfalls with evaluating expressions. Because arithmetic operators are overloaded and
because we're not used to thinking of arithmetic as performed by computers, some
expressions yield results that don’t meet our expectations. Referring to Program 3.4, we
see that in the run afxpress.cpphe answer is 0, because the value of the expression
5/9 is 0 since integer division is used. It might be a better idea to use 5.0 and 9.0 since
the resulting expression should ukmible operators. If an arithmetic expression looks
correcttoyou butityields results that are not correct, be sure that you've used parentheses
properly, that you've takedouble andint operators into account, and that you have
accounted for operator precedence.

3.6 If the output expressions in Program 3.2 are changed so that subexpressions are
enclosed in parentheses as shown, why do both statements print zero?

(ifahr - 32) * (5/9)

3.7 What is printed if parentheses are not used in either of the expressions in Pro-
gram 3.27?

ifahr - 32 * 5/9
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3.8 If the expression usinifahr  is changed as shown what will the output be if the

user enters 40? Why?
(ifahr - 32.0) * 5/9

3.9 What modifications are needed to change Program 3.2 so that it converts degrees
Celsius to Fahrenheit rather than vice versa?

3.10 If daysecs.cpfProgram 3.3, is used with the definitiong day , but the out-
put is changed teout << 24*60*60*days << end| , then the program
behavior with a 16-bit compiler changes as shown here. The output is incorrect.
Explain why the change in the output statement makes a difference.

ULy PR T

prompt> daysecs

how many days: 31

31 days = 646784 seconds
prompt> daysecs

how many days: 365

365 days = 7615360 seconds

3.11 The quadratic formula, which gives the roots of a quadratic equation, is

—b + /b? — dac
2a

The roots of 22 — 8x 4 6 should be 3 and 1, whete= 2,b = —8,¢ = 6, and
A/b?2 — dac = 4. Explain why the statements below print 12 and 4 instead of 3
and 1.

cout << (8 + 4)/2*2 << end|;
cout << (8 - 4)/2*2 << end;

3.2.4 The type char

The individual letters used to construct Cstfing  values are called characters; the
typechar is used to represent characters. The tgipar is actually an integral type,

in many wayschar values act likent values. This means it's possible to acitar

values, though we’ll avoid using characters as though they were integers. We’'ll use



June 7, 1999 10:10

owltex Sheet number 33 Page number 83 magentablack

3.3 Case Study: Pizza Slices 83

char s almost exclusively as a way to budtting  values, and we’ll study how to do
this in later chapters.

A char does print differently than an integer, otherwise it can be used like an integer.
Single quotes (apostrophes) are used to indiclaée values, e.g’/a’ ,’" ,and’Z
are all valid C++ characters.

3.3 Case Study: Pizza Slices

In this section we’ll look at one program in some detail. The program uses the types
int anddouble in calculating several statistics about different sizes of pizza. The
program might be used, for example, to determine whether a 10-inch pizza selling for
$10.95 is a better buy than a 14-inch pizza selling for $14.95.

3.3.1 Pizza Statistics

Pizzas can be ordered in several sizes. Some pizza parlors cut all pizzas into eight slices,
whereas others get more slices out of larger pizza pies. In many situations it would be
useful to know what size pie offers the best deal in terms of cost per slice or cost per
square inch of pizza. Program 3fizza.cpp provides a first attempt at a program for
determining information about pizza prices.

Program 3.5 pizza.cpp

#include <iostream>
using namespace std;

/I find the price of one slice of pizza
/I and the price per square inch

void SlicePrice(int radius, double price)
/I compute pizza statistics

{
/I assume all pizzas have 8 slices
cout << "sq in/slice = ";
cout << 3.14159 xradius =xradius/8 << endl;
cout << "one slice: $" << price/8 << endl;
cout << "$" << price/(3.14159 xradius xradius);
cout << " per sq. inch" << endl;

}

int main()

{
int radius;
double price;

cout << "enter radius of pizza ";
cin >> radius;
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cout << "enter price of pizza ";
cin >> price;

SlicePrice(radius,price);

return O;

pizza.cpp

O U Py T -

prompt> pizza

enter radius of pizza 8
enter price of pizza 9.95
sq in/slice = 25.1327

one slice: $1.24375
$0.0494873 per sqg. inch

prompt> pizza

enter radius of pizza 10
enter price of pizza 11.95
sq in/slice = 39.2699

one slice: $1.49375
$0.0380381 per sg. inch

The functionSlicePrice is used for both the processing and the output steps
of computation inpizza.cpp The input steps take place main . Numbers entered
by the user are stored in the variabkaslius andprice defined inmain. The
values of these variables are senaggumentsto SlicePrice  for processing. This
is diagrammed in Figure 3.5.

Ifthe order of the argumentsin the c8licePrice(radius,price) ischanged
to SlicePrice(price,radius) , the compiler issues a warning:

pizza.cpp: In function ‘int main()":
pizza.cpp:30: warning: ‘double’ used for argument 1 of
‘SlicePrice(int, double)’

It's not generally possible to passlauble value to arint parameter without losing

part of the value, so the compiler issues a warning. For example, passing an argument
of 11.95 to the parameteadius results in a value of 11 for the parameter because
double values are truncated when stored as integers. This is qadledwing. Until

we discuss how to convert values of one type to another type, you should be sure that
the type of an argument matches the type of the corresponding formal parameter. Since
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void SlicePrice(int radius, double price)
{ | s | [11.95 |

<>

~ N

N o N

N ~ AN

T A\ Sal A\
cout << "$" < 3.14159*radi us*radi us/price

int main()
{
int radius;

doubl e price; | 11. 95

SlicePrice(radius, price);

Figure 3.5 Passing arguments.

different types may use different amounts of storage and may have different internal
representations in the computer, it is a good idea to ensure that types match properly.

Program Tip 3.4: Pay attention to compiler warnings. When the compiler
issues a warning, interpret the warning as an indication that your program is not correct.

Although the program may still compile and execute, the warning indicates that something
isn’t proper with your program.

The area of a circle is given by the formutax 2, wherer is the radius of the circle.
In SlicePrice the formula determines the number of square inches in a slice and

the price per square inch; the parentheses used to compute the price per square inch are
necessary.

cout << "$" << price/(3.14159*radius*radius)

If parentheses are notused, the rules for evaluating expressions lead to a value of $380.381
per square inch for a 10-inch pizza costing $11.95. The valypeicé/3.14159 is
multiplied by 10 twice—the operatofsand* have equal precedence and are evaluated
from left to right. In the exercises you'll modify this program so that a user can enter the

number of slices as well as other information. Such changes make the program useful
in more settings.
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3.4 Classes and Types: An Introduction

The typesnt anddouble are built-in types in C++, whereadring is aclass. In
object-oriented programming terminology, user-defined types are often cidlesks.
Although some people make a distinction between the té¢ypeandclass,we’ll treat
them as synonyms. The terttassis apt as indicated by the definition below from the
American Heritage Dictionary:

classl. A set, collection, group, or configuration containing members having or
thought to have at least one attribute in common

All variables of type, or classtring  share certain attributes that determine how
they can be used in C++ programs. As we've seen in several examples, thietypersd
double represent numbers with different attributes. In the discussion that follows, I'll
sometimes use the wonbject instead of the wordariable. You should think of these
as synonyms. The use of classes in object-oriented programming gives programmers the
ability to write programs using off-the-shelf components. In this section we’ll examine
a programmer-defined class that simulates a computer-guided hot-air balloon as shown
in Program 3.6; the graphical output is shown as Figure 3.6.

Program 3.6 gfly.cpp

#include <iostream>
using namespace std;
#include "gballoon.h"

/I auto-pilot guided balloon ascends, cruises, descends

int main()

{
Balloon b(MAROON);
int rise; /I 'how high to fly (meters)
int duration; /I how long to cruise (seconds)

cout << "Welcome to the windbag emporium." << endl;

cout << "You'll rise up, cruise a while, then descend." << endl;
cout << "How high (in meters) do you want to rise: ";

cin >> rise;

cout << "How long (in seconds) do you want to cruise: ";

cin >> duration;

b.Ascend(rise); /I ascend to specified height
b.Cruise(duration); /I cruise for specified time-steps
b.Descend(0); /I come to earth
WaitForReturn(); /I pause to see graphics window
return 0;

} ofly.cpp
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I Balloon Display = =] I Balloon Display = =]

# 0 at (0, 0)

L

# 0 at 200, 103)

: Balloon Dizplay
# 0 at (200, D)

o =1

L

Figure 3.6 Screendumps from a run of gfly.cpp; rise to 100 m., cruise for 200 secs.

You won't know all the details of how the simulated balloon works, but you'll still
be able to write a program that guides the balloon. This is also part of object-oriented
programming: using classes without knowing exactly how the classes are implemented,
that is, without knowing about the code used “behind the scenes.” Just as many people
drive cars without understanding exactly what a spark plug does or what a carburetor is,
programmers can use classes without knowing the details of how the classes are written.

A fundamental property of a class is that its behavior is defined by the functions
by which objects of the class are manipulated. Knowing about these functions should
be enough to write programs using the objects; intimate knowledge of how the class
is implemented is not necessary. This should make sense since you've worked with
double variableswithout knowledge of hasouble numbers are stored in a computer.

In gfly.cpp an object (variable of type, or classBalloon is defined and used to
simulate a hot-air balloon rising, cruising for a specified duration, and then descending
to earth. Running this program causes bogtaphics window and aconsole window
to appear on your screen. The console window is the window we've been using in all
our programs so far. It is the window in which output is displayed and in which you
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enter input when running a program. The graphics window shows the balloons actually
moving across part of the computer screen. The run below shows part of the text output
that appears in the console window. Snapshots of the graphics window at the beginning,
middle (before the balloon descends), and end of the run are shown in Figure 3.6.

Clearly there is something going on behind the scenes since the statements in Pro-
gram 3.6 do not appear to be able to generate the output shown. In subsequent chapters
we’ll study how theBalloon class works; at this point we’'ll concentrate on under-
standing the three function calls in Program 3.6.

OUTPUT :

Part of a run, the balloon rises and travels for seven seconds
prompt> dfly

Welcome to the windbag emporium.

You'll rise up, cruise a while, then descend.

How high (in meters) do you want to rise: 100
How long (in seconds) do you want to cruise: 200

balloon #0 at (0, 0)  **** rising to 50 meters
balloon #0 at (0, 0)  burn
balloon #0 at (0, 10) burn
balloon #0 at (0, 20) burn
balloon #0 at (0, 30) burn
balloon #0 at (0, 40) burn

balloon #0 at (0, 50) ***** Cruise at 50 m. for 100 secs.
balloon #0 at (0, 50) wind-shear -1

balloon #0 at (1, 49)

balloon #0 at (2, 49)

balloon #0 at (3, 49) wind-shear -4

balloon #0 at (4, 45) wind-shear -1 too low! burn
balloon #0 at (5, 54) wind-shear -3

balloon #0 at (6, 51)

balloon #0 at (7, 51)

3.4.1 Member Functions

We have studied several programs with user-defined functionsiabinput.cppPro-
gram 3.1, the functioWerse hastwostring parameters. Ipizza.cppProgram 3.5,
the functionSlicePrice has oneint parameter and ongouble parameter. In
Program 3.6gfly.cpp three function calls are madAscendCruisg andDescend To-
gether, these functions define the behavior &afloon object. You can't affect a
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balloon or change how it behaves except by using these three functions to access the
balloon. These functions are applied to the obfeas indicated by the “dot” syntax as
in

b.Ascend(rise);

whichisread asly dotascend risé These functions are referred tormgmber functions

in C++. In other object-oriented languages, functions that are used to manipulate objects

of a given class are often calledethods. In this example, the objedi invokes its

member functioscend with rise as the argument.

Note that definitions of these functions dot appear in the text of Program 3.6

before they are called. The prototypes for these functions are made accessible by the

statement

#include "gballoon.h"

which causes the information in theader filegballoon.hto be included in Program 3.6.

The header file is an interface to the cl&sdloon . Sometimes amterface diagram

is used to summarize how a class is accessed. The diagram shown in Figure 3.7 is

modeled after diagrams used by Grady Booch [Boo91]. Detailed information on the

Balloon class and all other classes that are provided for use with this book is found in

Howto G.

Each member functidris shown in an oval, and the name of the class is shown in a

rectangle. Details about the member function prototypes as well as partial specification
for what the functions do are found in the header file. The interface diagram serves as a
reminder of what the names of the member functions are.

3.4.2 Reading Programs

One skill you should begin to learn is how to read a program and the supporting docu-

mentation for the program. Rich Pattis, the authoKafel the Robagtargues that you

should read a program carefully, not like a book but like a contract you desperately want

to break. The idea is that you must pay close attention to the “fine print” and not just

read for plot or characterization. Sometimes such minute perusal is essential, but it is
often possible to gain a general understanding without such scrutiny.
The header filgiballoon.his partially shown in Program 3.7. The private section of
the code is not shown here, but is available if you look at the header file with the code
that comes with this book.

Program 3.7 gballoonx.h

#ifndef _GBALLOON_H
#define _GBALLOON_H

5We will not use the functionSetAltitude andGetLocation  now but will return to them in a

later chapter.
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/ Header file

gbal I oon. h

Class name

Member functions

Get Al titude
Get Locati on

Figure 3.7 Interface diagram for Balloon class

/I class for balloon manipulation using simulated auto pilot

/I (based on an idea of Dave Reed) graphics version 3/22/99

1"

/I Ascend: rise to specified height in a sequence of burns

1" Each burn raises the altitude by 10 meters

I

/I Cruise: cruise for specified time-steps/seconds

I Random wind-shear can cause balloon to rise and fall,

I but vents and burns keep ballon within 5 m. of start altitude
I

/I Descend: descend to specified height in sequence of vents

1" Each vent drops the balloon 10 m. or to ground if < 10 m.
1

/I int GetAltitude: returns altitude (in meters) (y-coord)

/I int GetLocation: returns how many time steps/secs elapsed (x-coord)

#include "canvas.h"
#include "utils.h"

class Balloon

{
public:

Balloon(); /I use default color (gold)
Balloon(color c); /I balloon of specified color
void Ascend (int height); /I ascend so altitude >= parameter
void Descend (int height); /I descend so altitude <= parameter
void Cruise (int steps); /I cruise for parameter time-steps
int GetAltitude() const; /I returns height above ground (y-coord)
int GetlLocation() const; /I returns # time-steps (x-coord)

private:
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void Burn();
void Vent();
int myAltitude;
int mySteps; /I ... see gballoon.h for details
a}#'endif gballoonx.h

There are three important details of this header file.

1.  Comments provide users and readers of the header file with an explanation of what
the member functions do.

2. Member functions are declared in theblic section of a class definition and may
be called by a user of the class as is shown in Program 3.6. We'll discuss the
special member functiorBalloon later. The other functions, also shown in the
interface diagram in Figure 3.7, each have prototypes showing they taketone
parameter except f@getAltitude andGetLocation

3. Functions and data in th@ivate section araot accessible to a user of the class.
As a programmer using the class, you may glance at the private section, but the
compiler will prevent your program from accessing what'’s in the private section.
Definitions in the private section are part of the class’s implementatiotpart
of the class’s interface. As a user,dient, of the class, your only concern should
be with the interface, or public section.

3.4.3 Private and Public

The declaration of the clagalloon in Program 3.7 shows that the parts of the class are
divided into two sections: the private and the public sections. The public section is how
an object of a class appears to the world, how the object behaves. Objects are manipulated
in programs like Program 3.6fly.cpp by calling the object’s public member functions.
Private member functiofixist only to help implement the public functions. Imagine
a company that publishes a list of its company phone numbers. For security reasons,
some numbers are accessible only by those calling from within the company building.
An outsider can get a copy of the company phonebook and see the inaccessible phone
numbers, but the company switchboard will allow only calls from within the building to
go through to the inaccessible numbers.

In general, the designation of what should be private and what should be public is
a difficult task. At this point, the key concept is that you access a class is via its public
functions. Some consider it a drawback of C++ that information in the private section
can be seen and read, but many languages suffer from the same problem. To make things
simple, you should think of the private section as invisible until you begin to design your
own classes.

There are often variables in the private section. These variables, sugiAfigude
define an object’state—the information that determines the object’s characteristics. In

Prototypes for private member functions liBaeirn and AdjustAltitude are visible in the full
listing of gballoon.h but are not shown in the partial listing gballoonx.hin Program 3.7.
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the case of 8alloon object, the altitude of the balloon, represented byiithe vari-

ablemyAltitude
to understand how to udgalloon

objects.

, is part of this state. Knowledge of the private sectionisn’t necessary

Donald Knuth (b. 1938)

Donald Knuth is perhaps the best-known computer scientist and is certainly the
foremost scholar of the field. His interests are wide-ranging, from organ play-

In discussing what makes a program “good,” Knuth says:

ing to word games to typography.
His first publication was foMAD
magazine, and his most famous is
the three-volume sethe Art of
Computer Programming.

In 1974 Knuth won the Turing
award for “major contributions to
the analysis of algorithms and the
design of programming languages.”
In his Turing award address he says:
The chief goal of my work as edu-
cator and author is to help people
learn how to write beautiful pro-
grams. My feeling is that when
we prepare a program, it can be
like composing poetry or music;
as Andrei Ershov has said, pro-
gramming can give us both intel-
lectual and emotional satisfaction,
because it is a real achievement
to master complexity and to estab-
lish a system of consistent rules.

In the first place, it's especially good to have a program that works
correctly. Secondly it is often good to have a program that wont be hard to
change, when the time for adaptation arises. Both of these goals are
achieved when the program is easily readable and understandable to a
person who knows the appropriate language.

Of computer programming Knuth says:

We have seen that computer programming is an art, because it applies
accumulated knowledge to the world, because it requires skill and
ingenuity, and especially because it produces objects of beauty.

For more information see [Sla87, AA85, ACM87].
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_ gfly.cop
#i ncl ude "gbal | oon. h"
i{nt mai n() gfly.o
. 01010100111010101011

Bal I oon b; 01010110101. . .

b. Ascend(30);
} return 0; object code gfly

client program COMPI LE

LI N K executable program
gballoon.cpp

#i ncl ude "gbal | oon. h" balloon.o
voi d Bal | oon: : Ascend(int height) %%8%2%%%8%8%010101011

cout scendli

cout << " ight = "; ;

cout << nyAltitude << ")"; object code

class implementation

Figure 3.8 Compiling and linking.

The public section describes the interface to an object, that is, what a client or user
needs to know to manipulate the object. In a car, the brake pedal is the interface to the
braking system. Pressing the pedal causes the car to stop, regardless of whether antilock
brakes, disc brakes, or drum brakes are used. In general, the public interface provides
“buttons” and “levers” that a user can push and pull to manipulate the object as well as
dials that can be used to read information about the object state.

All header files we'll use in this book will have statements similar tottifiedef
_BALLOON_ Hstatement and others that begin with the # sign, as showalioon.h.

For the moment we’ll ignore the purpose of these statements; they're necessary but are
not important to the discussion at this point. Timelef  statement makes itimpossible

to include the same header file more than once in the same program. We'll see why this
is important when programs get more complex.

B 35 Compiling and Linking

In Chapter 1 we discussed the differences betvgeemce codewritten in a high-level
language like C++, and machine code, written in a low-level language specific to one
kind of computer. The compiler translates the source code into machine code. Another
step is almost always necessary in making an executable program. Code from libraries
needs to béinked together with the machine code to form an executable program. For
example, when the header fd@ostream> is used, the code that implements input
and output streams must be linked. When the headetd@dioon.h" is used, the
code that implements the balloon class must be linked. This process of compiling and
linking is illustrated in Figure 3.8.

The compiler translates source code into machinepggct, code. The wor@bject
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here has nothing to do with object-oriented programming; think of it as a synonym
for machine code.ln some environments object code hasoa extension; in other
environments it has abj extension. The different object files are linked together to
form an executable program. Sometimes you may not be aware that linking is taking
place. But when you develop more complex programs, you’'ll encounter errors in the
linking stage. For example, if you try to compdély.cpp,Program 3.6, yomustlink-in

the code that implements the balloon class. The implementation of the class is declared
in gballoon.hand is found in the fileballoon.cpp. The corresponding object code,

as translated by the compiler, is lralloon.o. It's often convenient to group several
object files together in a codierary. The library can be automatically linked into your
programs so that you don't need to take steps to do this yourself.

3.12 Some pizza parlors cut larger pies into more pieces than small pies: a small pie
might have 8 pieces, a medium pie 10 pieces, and a large pie 12 pieces. Modify the
functionSlicePrice  so that the number of slices is a parameter. The function
should have three parameters instead of two. How would the funtan in
Program 3.5 change to accommodate the 8éeePrice  ?

3.13 In pizza.cppwhat changes are necessary to allow the user to enter the diameter
of a pizza instead of the radius?

3.14 Based onthe descriptions of the member functions given in the headiifdenx.h
(Program 3.7), why is different output generated when Program 3.6 is run with
the same input values? (Run the program and see if the results are similar to those
shown above.)

3.15 What would the functiommain look like of a program that definesBalloon
object, causes the balloon to ascend to 40 meters, cruises for 10 time-steps, ascends
to 80 meters, cruises for 20 time-steps, then descends to earth?

3.16 What do you think happens if the following two statements are the only statements
in a modified version of Program 3.6?

b.Ascend(50);
b.Ascend(30);

What would happen if these statements are reversed (first ascend to 30 meters,
then to 50)?

3.6 Chapter Review

In this chapter we studied the input/process/output model of computation and how input
is performed in C++ programs. We also studied numeric types and operations and a
user-defined clas8alloon . The importance of reading programs and documentation

in order to be able to modify and write programs was stressed.
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| Input is accomplished in C++ using the extraction operater,and the standard
input streamgin . These are accessible by includiigstream>

] Variables are memory locations with a name, a value, and a type. Variables must
be defined before being used in C++. Variables can be defined anywhere in a
program in C++, but we’'ll define most variables at the beginning of the function
in which they're used.

| Numeric data represent different kinds of numbers in C++. We'll use two types
for numeric dataint for integers andlouble for floating-point numbers (real
numbers, in mathematics). If you're using a microcomputer, you should use the
typelong (long int )instead ofint for quantities over 5,000.

| Operators are used to form arithmetic expressions. The standard math operators in
C++aret - * [ % . In order to write correct arithmetic expressions you must
understand operator precedence rules and the rules of expression evaluation.

] Conversiontakes place wheniah value is converted to acorresponddaible
value when arithmetic is done using both types together.

| The typechar represents characters, characters are used to construct strings. In
C++ characters are indicated by single quotes, &§/g.,and’Y’

| Classes are types, but are defined by a programmer rather than being built into the
language liként anddouble . The interface to a classis accessible by including
the right header file.

] Member functions manipulate or operate on objects. Only member functions
defined in the public section of a class definition can be used in a client program.

| A class is divided into two sections, the private section and the public section.
Programs that use the class access the class by the public member functions.

| Executable programs are created by compiling source code into object code and
linking different object files together. Sometimes object files are stored together
in a code library.

3.7 Exercises

3.1 Write a program that prompts the user for a first name and a last name and that prints a
greeting for that person. For example:

enter first name Owen
enter last name Astrachan
Hello Owen, you have an interesting last name: Astrachan.

3.2 Write a program that prompts the user for a quantity expressed in British thermal units
(BTU) and that converts it to Joules. The relationship between these two units of
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measure is given by: 1 BTU =1054.8 Joules.

3.3 Write a program that prompts the user for a quantity expressed in knots and that converts
it to miles per hour. The relationship needed is that 1 kndi01.269 ft/min (and that
5,280 ft= 1 mile).

3.4 Write a program using the operatdrsand %that prompts the user for a number of
seconds and then determines how many hours, minutes, and seconds this represents.
For example, 20,000 seconds represents 5 hours, 33 minutes, and 20 seconds.

3.5 Write a program that prints three verses of the classic song “One hundred bottles of
on the wall” as shown here.

56 bottles of cola on the wall

56 bottles of cola

If one of those bottles should happen to fall
55 bottles of cola on the wall

The function’sprototype is
void BottleVerse(string beverage, int howMany)

The first parameteheverage , is a string representing the kind of beverage for which
a song will be printed. The second parametewMany, is not a string but is a
C++ integer. The advantage of usingiah rather than atring  is that arithmetic
operations can be performedioh s. For example, given the functi®ottleVerse

shown below, the function caBottleVerse("cola",56) would generate the
abbreviated verse shown here.

void BottleVerse(string beverage, int howMany)
{
cout << howMany << " bottles of "
<< beverage << ", ";
cout << "one fell, " << howMany - 1
<< " exist" << endl

56 bottles of cola, one fell, 55 exist

Note how thestring  parameter is used to indicate the specific kind of beverage for
which a verse is to be printed. Tirg parameter is used to specify how many bottles
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i Balloon Display M= E i Balloon Display =] x|

A0 at (100, 53)
# 1 at (160, 104)
# 2 at (220, 155)

’

A0 at (200, 23)
# 1 at {260, 20)
# 2 at (320, 22)

Figure 3.9 Screendumps from a run of gfly2.cpp.

3.6

3.7

3.8

3.9

are “in use.” Note that becauset parameters support arithmetic operations, the
expressiothowMany - 1 is always 1 less than the just-printed number of bottles. In

the program you write, three verses should be printed. The number of bottles in the
first verse can be any integer. Each subsequent verse should use 1 bottle less than the
previous verse. The user should be prompted for the kind of beverage used in the song.

Write a program that calculates pizza statistics, but takes both the number of slices into
account and the thickness of the pizza. The user should be prompted for both quantities.

Write a program that can be used as a simplistic trip planner. Prompt the user for the
number of car passengers, the length of the trip in miles, the capacity of the fuel tank in
gallons, the price of gas, and the miles per gallon that the car gets. The program should
calculate the number of tanks of gas needed, the total price of the gas needed, and the
price per passenger if the cost is split evenly.

Write a program that uses a variable of typalloon that performs the following
sequence of actions:

1. Promptthe user for an initial altitude and a number of time steps.

2. Cause the balloon to ascend to the specified altitude, then cruise for the specified
time steps.

3. Cause the balloon to descend to half the altitude it initially ascended to, then
cruise again for the specified time steps.

4.  Cause the balloon to descend to earth (heigh).

The programgfly2.cppis shown on the next page as Program 3.8. Several different
balloons are used in the same program. A screendump is shown in Figure 3.9. Modify
the program so the user is prompted for how high the first balloon should rise. The
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other two balloons should rise to heights two and three times as high, respectively. The
user should be prompted for how far the balloons cruise. The balloons should cruise for
one-third this distance, then the functigvaitForReturn  should be called so that

the user can see the balloons paused in flight. Repeat this last step twice so that the
balloons all fly for the specified time, but in three stages.

Program 3.8 gfly2.cpp

#include <iostream>
using namespace std;
#include "gballoon.h"

/I illustrates graphical balloon class
/I auto-pilot guided balloon ascends, cruises, descends

int main()

{

Balloon b1(MAROON);
Balloon b2(RED);
Balloon b3(BLUE);

WaitForReturn();

bl.Ascend(50); bl1.Cruise(100);
b2.Ascend(100); b2.Cruise(160);
b3.Ascend(150); b3.Cruise(220);

WaitForReturn();

bl.Descend(20); bl.Cruise(100);
b2.Descend(20); b2.Cruise(100);
b3.Descend(20); b3.Cruise(100);

WaitForReturn();

return 0O;
} gfly2.cpp
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If A equals success, then the formuladis= X +Y + Z.
X is work. Y is play. Z is keep your mouth shut.
Albert Einstein
quoted in SIGACT News, Vol. 25, No. 1, March 1994

Your “if” is the only peacemaker; much virtue in “if.”
Wil liam Shakespeare
As You Like It, V, iv

Leave all else to the gods.
Horace
QOdes, Book I, Ode ix

In the programs studied in Chapter 3, statements executed one after the other to produce
output. This was true both when all statements werenain or when control was
transferred frommain to another function, as it was i@licePrice in pizza.cpp,
Program 3.5. However, code behind the scenegflyncpp, Program 3.6, executed
differently in response to the user’s input and to a simulated wind-shear effect. Many
programs require nonsequential control. For example, transactions made at automatic
teller machines (ATMSs) process an identification number and present you with a screen
of choices. The program controlling the ATM executes different code depending on
your choice—for example, either to deposit money or to get cash. This type of control is
calledselection: a different code segment is selected and executed based on interaction
with the user or on the value of a program variable.

Another type of program control igpetition: the same sequence of C++ statements
is repeated, usually with different values for some of the variables in the statements. For
example, to print a yearly calendar your program could c#8tiatMonth  function
twelve times:

PrintMonth("January”, 31);
/...

PrintMonth("November",30);
PrintMonth("December”,31);

Here the name of the month and the number of days in the month are arguments passed
to PrintMonth . Alternatively, you could construct thérintMonth ~ function to
determine the name of the month as well as the number of days in the month given the
year and the number of the month. This could be done for the year 2000 by repeatedly
executing the following statement and assigning values 8f 1 ., 12 tomonth :

PrintMonth(month, 2000);

99
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In this chapter we’ll study methods for controlling how the statements in a program
are executed and how this control is used in constructing functions and classes. To do
this we’'ll expand our study of arithmetic operators, introduced in the last chapter, to
include operators for other kinds of data. We'll also study C++ statements that alter the
flow of control within a program. Finally, we’'ll see how functions and classes can be
used as a foundation on which we’ll continue to build as we study how programs are
used to solve problems. At the end of the chapter you'll be able to write the function
PrintMonth  but you'll also see a class that encapsulates the function so you don’t
have to write it.

4.1 The Assignment Operator

In the next three sections we'll use a program that makes change using U.S. coins to
study relational and assignment statements and conditional execution. We’'ll use the
same program as the basis for what could be a talking cash register.

Arun of change.cppProgram 4.1, shows how change is made using quarters, dimes,
nickels, and pennies. The program shows how values can be stored in variables using the
assignment operator=. In previous programs the user entered values for variables, but
values can also be stored using the assignment operator. The code below assigns values
for the circumference and area of a circle according to the radius’ value, then prints the
values!

double radius, area, circumference;

cout << "enter radius: ";

cin >> radius;

area = 3.14159*radius*radius;

circumference = 3.14159*2*radius;

cout << "are a = " << area
<< " circumferenc e =

<< circumference << endl;

The assignment operator in Program 4.1 has two purposes, it assigns the number of
each type of coin needed to the appropriate variable @ugrters anddimes ) and

it resets the value of the variabdgnount so that change will be correctly calculated.
The assignment operatosstores
values in variables. The expres-

sion on the right-hand side of the

= is evaluated, and this value is
stored inthe memory location as-
sociated with the variable named

on the left-hand side of the. The use of the equal sign to assign values to vari-
ables can cause confusion, especially if you say “equals” when you read an expression
like quarters = amount/25 . Operationally, the value on the right is stored in
quarters , and it would be better to writquarters < amount / 25 . The as-
signment statement can be read“@ke memory location of the variable quarters is

Syntax: assignment operator =

variable = expression

1The formula for the area of a circleis-2, the formula for circumference isi2 wherer is the radius.
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assigned the value of amount/25ut that is cumbersome (at best). If you can bring
yourself to say “gets” for, you'll find it easier to distinguish betweenand== (the
boolean equality operator). Verbalizing the process by say@upfters gets amount
divided by twenty-fivewill help you understand what's happening when assignment
statements are executed.

Program 4.1 change.cpp

#include <iostream>
using namespace std;

/I make change in U.S. coins
/I Owen Astrachan, 03/17/99

int main()
{
int amount;
int quarters, dimes, nickels, pennies;

/I input phase of program

cout << "make change in coins for what amount: "
cin >> amount;

/I calculate number of quarters, dimes, nickels, pennies

quarters = amount/25;
amount = amount — quarters x25;

dimes = amount/10;
amount = amount — dimes %x10;

nickels = amount/5;
amount = amount — nickels x5;

pennies = amount;

/I output phase of program

cout << "# quarters =\t" << quarters << endl;
cout << "# dimes =\t" << dimes << endl;
cout << "# nickels =\t" << nickels << endl;

cout << "# pennies =\t" << pennies << endl;

return 0O; —
} change.cpp
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int anount;

After execution

int anount;

Before execution

anount = anount - quarters*25;

\_/87 - 3*25

int quarters;

Figure 4.1 Updating a variable via assignment.

O U P T

prompt> change

make change in coins for what amount: 87
# quarters = 3

# dimes = 1

# nickels = 0

# pennies = 2

prompt> change

make change in coins for what amount: 42
# quarters = 1

# dimes = 1

# nickels = 1

# pennies = 2

The statemeramount = amount - quarters*25 updates the value of the
variableamount . The right-hand side of the statement is evaluated first. The value
of this expressionamount - quarters*25 , is stored in the variable on the left-
hand side of the assignment statement—that is, the vardabtrint . This process is
diagrammed in Fig. 4.1 whesimount is 87.

A sequence of assignments can be chained together in one statement:
X =y =12z =13

This statement assigns the value 13 to the variableg, andz. The statement is
interpreted ax = (y = (z = 13)) . The value of the expressida = 13) is
13, the value assigned zo This value is assigned §a and the result of the assignment
toy is 13. This result of the expressign = 13) is then assigned . Parentheses
aren’t needed in the statement= y = z = 13 , because the assignment operator
is right-associative: in the absence of parentheses the rightmdstevaluated first.
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Table 4.1 Escape sequences in C++

escape sequence name ASCII
\n newline NL (LF)
\t horizontal tab HT

\V vertical tab VT

\b backspace BS

\r carriage return CR

\f form feed FF

\a alert (bell) BEL

\\ backslash \

\? question mark ?

\’ single quote (apostrophe) '

\" double quote "

In contrast, the subtraction operatotéft-associative so the expressiod - 3 - 2

is equal to 3, because it is evaluated(&s- 3) - 2 ratherthar8 - (3 - 2)

here the leftmost subtraction is evaluated first. Most operators are left-associative; the
associativity of all C++ operators is shown in Table A.4 in Howto A.

Escape Sequences. The output ofchange.cpps aligned using a tab charactext’ .

The tab character prints one tab position, ensuring that the amounts of each kind of coin
line up. The backslash artdto print the tab character are an example ofeanape
sequence.Common escape sequences are given in Table 4.1. The table is repeated as
Table A.5 in Howto A. Each escape sequence prints a single character. For example,
the following statement prints the four-character stting' .

cout << "\"W\"" << endl;

B 4.2 Choices and Conditional Execution

| shall set forth from somewhere, | shall make the reckless choice
Robert Frost
The Sound of the Trees

In this section we’ll alter Program 4.1 so that it only prints the coins used in giv-
ing change. We'll also move the output part of the program to a separate function.
By parameterizing the output and using a function, we make it simpler to incorporate
modifications to the original program.
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Program Tip 4.1: Awvoid duplicating the same code in several places in

the same program. Programs will be modified. If you need to make the same
change in more than one place in your code it is very likely that you will leave some
changes out, or make the changes inconsistently. In many programs more time is spent in
program maintenancethan inprogram development Often, moving duplicated code

to a function and calling the function several times helps avoid code duplication.

Program 4.2 change2.cpp

#include <iostream>
#include <string>
using namespace std;

/I make change in U.S. coins
/I Owen Astrachan, 03/17/99

void Output(string coin, int amount)

{ if (@amount > 0)
{ cout << "# " << coin << " =\t" << amount << endl;
}

}

int main()

{ .
int amount;

int quarters, dimes, nickels, pennies;
/I input phase of program

cout << "make change in coins for what amount: ";
cin >> amount;

/I calculate number of quarters, dimes, nickels, pennies

quarters = amount/25;
amount = amount — quarters %25;

dimes = amount/10;
amount = amount — dimes %x10;

nickels = amount/5;
amount = amount — nickels x5;

pennies = amount;
/I output phase of program

Output("quarters”,quarters);
Output("dimes",dimes);
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change2.cpp

U P T

prompt> change2
make change in coins for what amount:

# quarters = 3
# dimes = 1
# pennies = 2

87

Inthe functionOutput anif statementis used faonditional execution—that is,if

makes the execution depend on the valuarabunt .

if (amount > 0)
{ cout << "# "

}

<< coin << "

thetest expressionfamount > 0) controls thecout <<

In the C++ statement

=\t" << amount << endl;

statement so that output

appears only if the value of thet variableamount is greater than zero.

4.2.1 The iflelse Statement

An if statement contains a test expression abddy: a group of statements within
curly braceq and}. These statements are execubedy when the test expression, also

called acondition or aguard, is true. The testnust

Syntax: if statement

if (
{

statement list;

}

test expression

be enclosed by parentheses. In
the next section we'll explore op-
erators that can be used in tests,
including<, <=, >, and>=. The
body ofthaf statementcancon-
tain any number of statements.
The curly braces that are used to
delimit the body of thef state-

ment aren’t needed when there’s only one statement in the body, but we’ll always use
them as part of aefensive programmingstrategy designed to ward off bugs before

they appear.



June 7,1999 10:10 owltex

106

Chapter 4 Control, Functions, and Classes

Sheet number 24 Page number 1@Gigentablack

Program 4.3 shows that #n statement can have afse part, which also controls,
or guards, a body of statements within curly bracasd} that is executed when the test
expression is false. Any kind of statement can appe#ne body of aiif/else  state-

Syntax: if/else statement

if (testexpressioh

{

statement list;

}

else

{

statement list;

}

ment, including otheif/else
statements. We’lldiscuss format-
ting conventions for writing such
code after we explore the other
kinds of operators that can be used
in the test expressions that are
part ofif statements. You may
find yourself writing code with
anemptyif orelse body: one
with no statements. This can al-
ways be avoided by changing the

test used with thé using rules of logic we'll discuss in Section 4.7.

In Program 4.3, if the value aksponse

is something other thdlyes" , then the

cout << statements associated with thesection are not executed, and the statements
intheelse section of the program are executed instead. In particular, if the user enters
"yeah" or"yup" , then the program takes the same action as when the user enters
"no" . Furthermore, the answéYes" is also treated like the answéro" rather than
"yes" , because a capital letter is different from the equivalent lower-case letter. As we
saw in Program 4.Ichange.cppthe rules of C++ danot require arelse section for

everyif .

Program 4.3 broccoli.cpp

#include <iostream>
#include <string>
using namespace std;

/I illustrates use of if-else statement

int main()

{

string response;

cout << "Do you like broccoli [yes/no]> "
cin >> response;

if ("yes" == response)

{ cout << "Green vegetables are good for you" << endl;

cout << "Broccoli is good in stir-fry as well" << endl;
}
else
{ cout << "De gustibus non disputandum” << endl;
cout << "(There is no accounting for taste)" << endl;

}

return O;

broccoli.cpp
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U PR T

prompt> broccoli

Do you like broccoli [yes/no]> yes
Green vegetables are good for you
Broccoli is good in stir-fry as well

prompt> broccoli

Do you like broccoli [yes/no]> no
De gustibus non disputandum

(There is no accounting for taste)

Theelse section in Program 4.3 could be removed, leaving the following:

int main()
{
string response;
cout << "Do you like broccoli [yes/no]> "
cin >> response;
if ("yes" == response)
{ cout << "Green vegetables are good for you" << endl;
cout << "Broccoli is good in stir-fry as well" << endl;

}

return O;
}

In this modified program, if the user enters any string other tlyas" , nothing is
printed.

ProgramTip4.2: Useanif statementtoguardasequence of statements

and an if/else statement to choose between two sequences. Theif
statement solves the problem of guarding the sequence of statements in the body of
theif so that these statements are executed only when a certain condition holds. The
if/else statement solves the problem of choosing between two different sequences.
Later in the chapter we’ll see how to choose between more than two sequences using
cascadedf/else statements.

B 4.3 Operators

We've seen arithmetic operators suchtag, % the assignment operater and the<
operator used iif /else statements. In this section we’'ll study the other operators
available in C++. You'll use all these operators in constructing C++ programs.
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Table 4.2 The relational operators

symbol meaning example
== equal to if ("yes" == response)
> greater than if (salary > 30000)

< less than if (0 < salary)

= not equal to if ("yes" != response)
>= greater than or equal te if (salary >= 10000)
<= less than or equal tg if (20000 <= salary)

4.3.1 Relational Operators

Comparisons are odious.
John Fortescue
De Laudibus Legum Angliae, 1471

The expressions that form the test ofinstatement are built from different operators.
In this section we’ll study theelational operators, which are used to determine the
relationships between different values. Relational operators are listed in Table 4.2.

The parenthesized expression that serves as the testfof statement can use any
of the relational operators shown in Table 4.2. The parenthesized expressions evaluate to
true or false and are calldmboleanexpressions, after the mathematician George Boole.
Boolean expressions have one of two valugsie or false. In C++ programs, any
nonzero value is considered “true,” and zero-valued expressions are considered “false.”
The C++ typéboolis used for variables and expressions with one of two valieeand
false Althoughbool was first approved as part of C++ in 1994, some older compilers
do not support i We'll usetrue andfalse as values rather than zero and one, but
remember that zero is the value used for false in C++.

The relational operators and> behave as you might expect when used with
anddouble values. In the following statement the variaskdary can be arint
or adouble . In either case the phrase about minimum wage is printed if the value of
salary islessthan 10.0.

2If you're using a compiler that doesn't suppdibol as a built-in type, you can use the header
file bool.h  supplied with the code from this book vi&nclude"bool.h" to get access to a
programmer-defined version of typeol .
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if (salary < 10.0)
{ cout << "you make below minimum wage" << endl;

}

Whenstring  values are compared, the behavior of the inequality operatarsd >
is based on a dictionary order, sometimes cdliicographical order:

string word;

cout << "enter a word: ";

cin >> word;

if (word < "middle")

{ cout << word << " comes before middle" << endl;

}

In the foregoing code fragment, entering the wtagple” generates the following
output.

apple comes before middle

Entering the wordzebra" would cause the tefvord < "middle") to evalu-
atetofalse, so nothingis printed. The comparison of strings is based on the order in which
the strings would appear in a dictionary, so tha&t comes beforéZ" . Sometimes
the behavior of string comparisons is unexpected. Entéimipra” , for example,
generates this output:

Zebra comes before middle

This happens because capital letters come before lower-case letters in the ordering
of characters used on most computers.
To see how relational operators are evaluated, consider the output of these statements:

cout << (13 < 5) << endl;
cout << ( 5+ 1 <6 *2 << end,

3We'll explore the ASCII character set, which is used to determine this ordering, in Chapter 9.
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0

The value ofl3 < 5 is false, which is zero; and the value®f< 12 is true, which
is one. (In Howto B, a standard method for printing bool valueswes andfalse
rather than 1 and 0, is shown.) In the last output statement, the arithmetic operations are
executed first, because they have higher precedence than relational operators. You've
in Howto A

seen precedence used with arithmetic operators; for example, multiplication has higher
precedence than addition, so that3l x 2 = 11. You can use parentheses to bypass

{
}

else

{
}

the normal precedence rules. The expressdoh 4) x 2 evaluates to 14 rather than 11

if 6+ 3-09)

A table showing the relative precedence of all C++ operators can be found in Table A.4
sion can be very frustrating. Looking for precedence errors is often the last place you'll

Program Tip 4.3: When you write expressions in C++ programs, use
rather than relying exclusively on operator precedence

parentheses liberally. Trying to uncover precedence errors in a complex expres-

look when trying to debug a program. As part of defensive programming, use parentheses
false (nonzero or zero), the following code is legal in C++

cout << "great minds think alike" << endl
cout << "fools seldom differ

if (x 1= 0)
{
}

Because execution of ah statement depends only on whether the test is true or
<< endl
These statements cause the string “fools seldom differ” to be output, because the expres-
sion (6 4+ 3 — 9) evaluates to 0, which is false in C++ . Although this code is legal, it is
not necessarily good code. It is often better to make the comparison explicit, as in
DoSomething();
if (x)
{
}

rather than relying on the equivalence of “true” and any nonzero value
DoSomething()
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which is equivalent in effect, but not in clarity. There are situations, however, in which
the second style of programming is clearer. When such a situation arises, I'll point it
out.

4.3.2 Logical Operators

As we will see (for example, insemath.cppProgram 4.6, it can be necessary to check
thatavalue you enterisinacertainrange (e.g., not negativehaimge.cppProgram 4.1,

the program should check to ensure that the user’s input is valid (e.g., between 0 and
99). The following code implements this kind of check.

if (choice < 0)

{ cout << "illegal choice" << endl;
}

else if (choice > 99)

{ cout << "illegal choice" << endl;
}

else

{ /I choice ok, continue

}

This code has the drawback of duplicating the code that’s executed when the user enters
anillegal choice. Suppose a future version of the program will require the user to reenter
the choice. Modifying this code fragment would require adding new code in two places,
making the likelihood of introducing an error larger. In addition, when code is duplicated,

it is often difficult to make the same modifications everywhere the code appears. Logical
operators allow boolean expressions to be combined, as follows:

if (choic e < 0 || choice > 99)
{ cout << "illegal choice" << endl;
}

else

{ /I choice ok, continue

}

”

The test now reads, “If choice is less than zero or choice is greater than ninety-nine.
The test is true (nonzero) when eittdoice < 0 orchoice > 99 . The operator
|| is thelogical or operator. It evaluates to true when either or both of its boolean
arguments is true. Thiegical and operator&& operates on two boolean expressions
and returns true only when both are true.

The preceding test for valid input can be rewritten using logical and as follows:

if (0 <= choice && choice <= 99)
{ /I choice ok, continue

}

else
{ cout << "illegal choice" << endl;

}
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Table 4.3 Truth table for logical operators

A B Al B A && B 1A

false false false false true
false true true false true
true false true false false
true true true true false

Be careful when translating English or mathematics into C++ code. The phrase
“choice is between 0 and 99” is often written in mathematics as¢hoice< 99. In
C++, relational operators are left-associative, so the followfingest, coded as it would
be in mathematics, will evaluate to true ®reryvalue ofchoice

if (0 <= choice <= 99)
{ /I choice ok, continue

}

Since the leftmost= is evaluated first (the relational operators, like all binary operators,
are left associative), the test is equivalen{ t@0 <= choice) <= 99 ) and the
value of the expressiofd <= choice) is either false (0) or true (1), both of which
are less than or equal to 99, thus satisfying the second test.

There is also a unary operatorthat works with boolean expressions. This is the
logical not operator. The value ofexpression  isfalse if the value oéxpression
is true, and true when the value éfpression s false. The two expressions below
are equivalent.

X =y I(x ==y)

Becausé has a very high precedence, the parentheses in the expression on the right are
necessary (see Table A.4).

4.3.3 Short-Circuit Evaluation

The following statement is designed to print a message when a grade-point average is
higher than 90%:

if (scoreTotal/numScores > 0.90)
{ cout << "excellent! very good work" << endl;

}

This code segment might cause a program to exit abnorfritthe value ohumScores

is zero, because the result of division by zero is not defined. The abnormal exit can be
avoided by using anotheestedif statement (the approach required in languages such
as Pascal):

4The common phrase for such an occurrend®isb, as in “The program bombed.” If you follow good
defensive programming practices, your programs should not bomb.
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if (numScores != 0)
{
if (scoreTotal/numScores > 0.90)
{ cout << "excellent! very good work" << endl;
}
}

However, in languages like C, C++, and Java another approach is possible:

if (numScores != 0 && scoreTotal/numScores > 0.90)
{ cout << "excellent! very good work" << endl;

}

The subexpressions in an expression formed by the logical ope&foasid || are
evaluated from left to right. Furthermore, the evaluation automatically stops as soon as
the value of the entire test expression can be determined. In the present example, if the
expressiomumsScores = 0 is false (so thahumScores is equal to 0), the entire
expression must be false, because w&é&ris used to combine two boolean subexpres-
sions, both subexpressions must be true (nonzero) for the entire expression to be true (see
Table 4.3). WhemumScores == 0 , the expressioscoreTotal/numScores
> 0.90 will not be evaluated, avoiding the potential division by zero.

Similarly, when|| is used, the second subexpression will not be evaluated if the first
is true, because in this case the entire expression must be true—only one subexpression
needs to be true for an entire expression to be true jithFor example, in the code

if (choic e < 1| choice > 3)
{ cout << "illegal choice" << endl;
}

the expressionhoice > 3 isnotevaluated whethoice isO0. Inthis case;hoice
< 1istrue, so the entire expression must be true.

The termshort-circuit evaluation describes this method of evaluating boolean ex-
pressions. The short circuit occurs when some subexpression is not evaluated because
the value of the entire expression is already determined. We'll make extensive use of
short-circuit evaluation (also called “lazy evaluation”) in writing C++ programs.

4.3.4 Arithmetic Assignment Operators

C++ has several operators that serve as “contractions,” in the grammatical sense that
“I've” is a contraction of “I have.” These operators aren't necessary, but they can
simplify and shorten code that changes the value of a variable. For example, several
statements ichange.cppProgram 4.1, alter the value amount ; these statements are
similar to the following:

amount = amount - quarters*25;
This statement can be rewritten using the operatar

amount -= quarters*25;
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Table 4.4 Arithmetic assignment operators.

symbol example equivalent
+= X += 1; X =X + 1;
*= doub *= 2; doub = doub * 2;
-= n -=5; n=n-25;
/= third /= 3; third = third / 3;
%= odd %= 2; odd = odd % 2;

Similarly, the statememtumber = number + 1 , which increments the value of
number by one, can be abbreviated using the operator: number += 1; . In
general, the statemewariable = variable + expression has exactly the same effect as
the statementariable += expression

Using such assignment operators can make programs easier to read. Often a long
variable name appearing on both sides of an assignment openatthicause a lengthy
expression to wrap to the next line and be difficult to read. The arithmetic assignment
operators summarized in Table 4.4 can alleviate this problem.

It's not always possible to use an arithmetic assignment operator as a contraction
when a variable appears on both the left and right sides of an assignment statement. The
variable must occur as tHast subexpression on the right side. For example, ifas
the value zero or one, the statemgnt 1 - x changes the value from one to zero
and vice versa. This statement cannot be abbreviated using the arithmetic assignment
operators.

4.4 Block Statements and Defensive
Programming

Following certain programming conventions can lead to programs that are more under-
standable (for you and other people reading your code) and more easily developed.

In this book we follow the convention of usirglock delimiters, { and}, for each
partof anf /else statement. Thisisshownahange2.cppgRrogram4.2. Itis possible
to write theif statement in Program 4.2 without block delimiters:

if (amount > 0)
cout << "# " << coin << " =\t" << amount << endl;

The test of thaf statement controls the output statement so that it is executed only
whenamount is greater than zero.

As we've seen, it is useful to group several statements together so that all are ex-
ecuted precisely when the test of fin/else statement is true. To do this,tdock
(or compound) statementis used. A block statement is a sequence of one or more
statements enclosed by curly braces, as shown in Program 4.2. If no braces are used, a
program may compile and run, but its behavior might be other than expected. Consider
the following program fragment:
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int salary;
cout << "enter salary ";
cin >> salary;
if (salary > 30000)
cout << salary << " is a lot to earn " << endl;
cout << salary*0.55 << " is a lot of taxes << endl;
cout << "enter \# of hours worked ";

Two sample runs of this fragment follow:

U P T -

enter salary 31000
31000 is a lot to earn
17050.00 is a lot of taxes
enter # of hours worked

enter salary 15000
8250.00 is a lot of taxes
enter # of hours worked

Note that the indentation of the program fragment might suggest to someone reading
the program (but not to the compiler!) that the “lot of taxes” message should be printed
only when the salary is greater than 30,000. However, the taxation messdgays
printed. The compiler interprets the code fragment as though it were written this way:

int salary;

cout << "enter salary ";
cin >> salary;

if (salary > 30000)

{ cout << salary <<
}

cout << salary*0.55 << " is a lot of taxes
cout << "enter # of hours worked ";

is a lot to earn " << endl;

<< endl;

When 15000is entered, the teatary > 30000 evaluatestofalse, and the statement
about “a lot to earn” is not printed. The statement about a “lot of taxes”, however, is
printed, because it is not controlled by the test.

Indentation and spacing are ignored by the compiler, but they are important for people
reading and developing programs. For this reason, we will always employ Hiaoes
a block statement when usiifg /else statements, even if the block statement consists
of only a single statement.
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4.4.1 Defensive Programming Conventions

This convention of always using braces is an example déf@nsive programming
strategy: writing code to minimize the potential for causing errors. Suppose you decide
to add another statement to be controlled by the test df astatement that is initially
written without curly braces. When the new statement is added, it will be necessary
to include the curly braces that delimit a block statement, but that is easy to forget to
do. Since the missing braces can cause a hard-to-detect error, we adopt the policy of
including them even when there is only a single statement controlled by the test.

ProgramTip 4.4: Adopt coding conventions that make it easier to modify
programs. You'll rarely get a program right the first time. Once a program works
correctly, it's very likely that you'll need to make modifications so that the program works
in contexts unanticipated when first designed and written. More time is spent modifying
programs than writing them first, so strive to make modification as simple as possible.

Program 4.4 noindent.cpp

#include <iostream>
#include <string>
using namespace std;
int main() { string response; cout
<< "Do you like C++ programming [yes/no]> "; cin >> response;
if ("yes" == response) { cout <<
"It's more than an adventure, it can be a job"
<< endl; } else { cout

<< "Perhaps in time you will" << endl; } return 0;} —_—
noindent.cpp

In this book the left curly bracgalways follows arif /else on the next line after
the line on which théf or else occurs. The right curly brackis indented the same
level as theéf /else to which it corresponds. Other indentation schemes are possible;
one common convention follows, this is call&&R style after the originators of C,
Kernighan and Ritchie.

if ("yes" == response) {
cout << "Green vegetables are good for you" << endl;
cout << "Broccoli is good in stir-fry as well" << endl;

}

You can adopt either convention, but your boss (professor, instructor, etc.) may require
a certain style. If you're consistent, the particular style isn’t that important, although it's
often the cause of many arguments between supporters of different indenting styles.
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In this book we usually include the first statement between curly braces on the same
line as the first (left) brace. If you use this style of indenting, you will not press return
after you type the left curly brace. However, we sometimes do press return, which
usually makes programs easier to read because of the extra whité.space

To see that indentation makes a difference, note niotdent.cppProgram 4.4,
compiles and executes without error but that no consistent indentation style is used.
Notice that the program is much harder for people to read, although the computer “reads”
it with no trouble.

Problems with =and ==. Typing=when you mean to type= can lead to hard-to-locate
bugs in a program. A coding convention outlined here can help to alleviate these bugs,
but you must keep the distinction betweerand== in mind when writing code. Some
compilers are helpful in this regard and issue warnings about “potentially unintended
assignments.”

The following program fragment is intended to print a message depending on a
person’s age:

string age;

cout << "are you young or old [young/old]: ";

cin >> age;

if (age = "young")

{ cout << "not for long, time flies when you're having fun";
}

else

{ cout << "hopefully you're young at heart";

}

If the user entersld , the message beginning “not for long...” is printed. Can you see
why this is the case? The test of tiie/else statement should be read as “if age gets
young.” The string literalyoung" is assigned tage, and the result of the assignment
is nonzero (it is'young" , the value assigned tage). Because anything nonzero is
regarded as true, the statement within the scope df thiest is executed.

You can often prevent such errors by putting constants on the left of comparisons as
follows:

if ("young" == age)
/l do something
If the assignment operator is used by mistake, ag ifflyoung" = age) , the
compiler will generate an errérlt is much better to have the compiler generate an error
message than to have a program with a bug in it.
Putting constants on the left in tests is a good defensive programming style that can
help to trap potential bugs and eliminate them before they creep into your programs.

5In a book, space is more of a premium than it is on disk—hence the style of indenting that does not
use the return. You should make sure you follow the indenting style used by your boss, supervisor, or
programming role model.

60n one compiler the error message “error assignment to constant” is generated. On another, the less
clear message “sorry, not implemented: initialization of array from dissimilar array type” is generated.
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4.4.2 Cascadedif /else Statements

Sometimes a sequence ibf/else statements is used to differentiate among several
possible values of a single expression. Such a sequence iscadleaded An example
is shown inmonthdays.cpgRrogram 4.5.

Program 4.5 monthdays.cpp

#include <iostream>
#include <string>
using namespace std;

/I illustrates cascaded if/else statements
int main()
{

string montbh;

int days = 31; /I default value of 31 days/month

cout << "enter a month (lowercase letters): ";
cin >> month;

/I 30 days hath september, april, june, and november

if ("september" == month)
{ days = 30;
}
else if ("april" == month)
{ days = 30;
}
else if ("june" == month)
{ days = 30;
}
else if ("november" == month)
{ days = 30;
}
else if (“february" == month)
{ days = 28;
}
cout << month << " has " << days << " days" << endl;
return O;
} monthdays.cpp

It's possible to write the code imonthdays.cppsingnestedif /else statements as
follows. This results in code thatis much more difficult to read than code using cascaded
if /else statements. Whenever a sequencié delse statements like this is used to
test the value of one variable repeatedly, we’'ll use cascddéelse statements. The
rule of using a block statement after alse is not (strictly speaking) followed, but
the code is much easier to read. Because a block statement follovfs thee're not
violating the spirit of our coding convention.
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if ("april" == month)
{ days = 30;
}
else
{
if ("june” == month)
{ days = 30;
}
else
{
if ("november" == month)
{ days = 30;
}
else
{
if ("february" == month)
{ days = 28;
}
}
}
}

O U Py T

prompt> days4

enter a month (lowercase letters): january
january has 31 days

prompt> days4

enter a month (lowercase letters): april
april has 30 days

prompt> days4

enter a month (lowercase letters): April
April has 31 days

Pause to Reflect

~Sit,

4.1 The statements alterirgnount in change.cppRrogram 4.1, can be written using
the mod operatdho If amount = 38 , thenamount/25 == , andamount
% 25 == 13, which is the same value & - 25*1 . Rewrite the program
using the mod operator. Try to use an arithmetic assignment operator.

4.2 Describe the output of Program 4.3 if the user enters the stviag" , the string
"yup" , or the string'none of your business"

4.3 Why isdays given a “default” value of 31 imonthdays.cp@rogram 4.5?
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4.4 How canmonthdays.cpfRrogram 4.5, be modified to take leap years into account?

4.5 Modify broccoli.cpp,Program 4.3, to include a@h statementin thelse clause
so that the “taste” lines are printed only if the user enters the striog . Thus
you might have lines such as

if ("yes" == response)
{
}

else if ("no" == response)
{
}

4.6 Using the previous modification, add a firdée clause (with naf statement)
so that the output might be as follows:

Uy PR T

prompt> broccoli

Do you like broccoli [yes/no]> no

De gustibus non disputandum

(There is no accounting for good taste)

prompt>  broccoli

Do you like broccoli [yes/no]> nope

Sorry, only responses of yes and no are recognized

4.7 Write a sequence af /else statements using and, perhapss that prints a
message according to a grade between 0 and 100, entered by the user. For example,
high grades might get one message and low grades might get another message.

4.8 Explain why the output of the first statement below is 0, but the output of the
second is 45:

cout << ( 9 * 3 < 4 *5) << endl
cout << (9 * (8 < 4) * 5) << endl;

Why are the parentheses needed?

4.9 What is output by each of the following statements (why?)

cout << (9 * 5 < 4b) << endl;
cout << (9*5 < 45 < 30) << endl;
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4.10 Write acode fragmentinwhichsdaring  variablegrade is assigned one ofthree
states:"High Pass" , "Pass" , and"Fail' according to whether an input
integer grade is between 80 and 100, between 60 and 80, or below 60, respectively.
It may be useful to write the fragment so that a message is printed and then modify
it so that astring  variable is assigned a value.

Stumbling Block The Dangling Else Problem. Using the block delimitergand} in all cases when writing
if /else statements can prevent errors that are very difficult to find because the inden-
//\\9 tation, which conveys meaning to a reader of the program, is ignored by the compiler
> when code is generated. Using block delimiters also helps in avoiding a problem that
K results from a potential ambiguity in computer languages such as C++ thht (edse
statements (C and Pascal have the same ambiguity, for example).
The following code fragment attempts to differentiate odd numbers less than zero
from other numbers. The indentation of the code conveys this meaning, but the code
doesn’t execute as intended:

if x % 2 == 1)
if (x < 0)
cout << " number is odd and less than zero" << endl;
else

cout << " number is even " << endl;

What happens if thent  objectx has the value 13? The indentation seems to hint that
nothing will be printed. In fact, the string liter&humber is even"  will be printed

if this code segment is executed wheiis 13. The segment is read by the compiler as
though it is indented as follows:

if x % 2 ==1)
if (x < 0)
cout << " number is odd and less than zero" << endl;
else
cout << " number is even " << endl;

The use of braces makes the intended use correspond to what happens. Nothingis printed
whenx has the value 13 in

if x % 2 == 1)
{ if (x < 0)
cout << " number is odd and less than zero" << endl;
}
else
{ cout << " number is even " << endl;

}

As we have noted before, the indentation used in a program is to assist the human reader.
The computer doesn’trequire a consistent or meaningful indentation scheme. Misleading
indentation can lead to hard-to-find bugs where the human sees what is intended rather
than what exists.
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One rule to remember from this example is that&e always corresponds to the
most recenif . Without this rule there is ambiguity as to whigh theelse belongs;
this is known as thelangling-elseproblem. Always employ curly bracgésand} when
using block statements with /else statements (and later with looping constructs). If
braces are always used, there is no ambiguity, because the braces serve to delimit the
scope of anf test.

Claude Shannon (b. 1916)

Claude Shannon foundedformation theory —a subfield of computer science
that is used today in developing methods for encrypting information. Encryption

£ ' ‘Boolean.

is used to store data in a secure manner so
that the information can be read only by
designated people.

In his 1937 master’s thesis, Shannon
laid the foundation on which modern com-
puters are built by equating Boolean logic
with electronic switches. This work en-
abled hardware designers to design, build,
and test circuits that could perform logi-
cal as well as arithmetic operations. In an
interview in [Hor92], Shannon responds to
the comment that his thesis is “possibly the
most important master’s thesis in the cen-
tury” with “It just happened that no one
else was familiar with both those fields at

" the same time.” He then adds a wonderful

non sequitur: “I've always loved that word
' 7 Shannon is fond of juggling
and riding unicycles. Among his inven-
tions are a juggling “dummy” that looks

like W.C. Fields and a computer THROBAC: Thrifty Roman Numeral Backward

Computer.
Although much of Shannon’s work has led to significant advances in the
theory of communication, he says:

I've always pursued my interests without much regard for financial value or
the value to the world; I've spent lots of time on totally useless things.

Shannon'’s favorite food is vanilla ice cream with chocolate sauce.

Shannon received the National Medal of Science in 1966. For more information
see [Sla87, Hor92].
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Calling function sqrt(115.0)

doubl e val ue;

cin >> val ue; doubl e
cout << ... << sqrt(value) << endl; sqrt(doubl e x) 115.0
doubl e root;
} // code to give root a val ue

return root;

/\}/
cin >> value; Returning 10.7238 from sqrt(115.0)

cout << ... << 10.7238 << endl;

Figure 4.2 Evaluating the function call sqrt115.0

4.5 Functions That Return Values

Civilization advances by extending the number
of important operations which we can perform without thinking about them.
Alfred North Whitehead
An Introduction to Mathematics

In Chapter 3 we studied programmer-defined functions, su@liesPrice in
pizza.cppProgram 3.5, whose prototype is

void SlicePrice(int radius, double price)

The return type oSlicePrice isvoid . Many programs require functions that have
other return types. You've probably seen mathematical functions on hand-held calcula-
tors such as sir) or ./x. These functions are different from the functf®licePrice
in that they return a value. For example, when you use a calculator, you might enter the
number 115, then press the square-root key. This displays the val(fel&for 10.7238.
The number 115 is aargument to the square root function. The value returned by
the function is the number 10.7238. Program 4.6 is a C++ program that processes in-
formation in the same way: users enter a number, and the square root of the number is
displayed.

Control flow fromusemath.cpfs shown in Fig. 4.2. The value 115, entered by the
user and stored in the variablalue , is copied into a memory location associated with
the parametex in the functionsqrt . The square root of 115 is calculated, andtarn
statement in the functiosqrt returns this square root, which is used in place of the
expressiorsqrt(value) in the cout statement. As shown in Fig. 4.2, the value
10.7238 is displayed as a result.
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The functionsqrt is accessible by including the header fdemath> . Table 4.5

/_//":—.,2 lists some of the functions accessible from this header file. A more complete table
gi‘:”/ of functions is given as Table F.1 in Howto F. In the sample outputseimath.cpp,
Program 4.6, the square roots of floating-pointnumbers aren’t always exact. Forexample,

4/100.001 = 10.0000499998, but the value displayedis 10. Floating-pointvalues cannot
always be exactly determined. Because of inherent limits in the way these values are
stored in the computer, the values are rounded off to the most precise values that can
be represented in the computer. The resultmgndoff error illustrates the theme of
conceptuahndformal models introduced in Chapter 1. Conceptually, the square root of
100.001 can be calculated with as many decimal digits as we have time or inclination to
write down. In the formal model of floating-point numbers implemented on computers,
the precision of the calculation is limited.

Program 4.6 usemath.cpp

#include <iostream>
#include <cmath>
using namespace std,;

/I illustrates use of math function returning a value

int main()

{

double value;

cout << "enter a positive number ";

cin >> value;

cout << "square root of " << value < < " =" << gsort(value) << endl;

return O; -
} usemath.cpp

U PR T -

prompt> usemath

enter a positive number 115
square root of 115 = 10.7238
prompt> usemath

enter a positive number 100.001
square root of 100.001 = 10
prompt> usemath

enter a positive number -16
square root of -16 = nan
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Table 4.5 Some functions in <cmath>

function name prototype returns
double fabs (double x) absolute value of x
double log (double x) natural log of x
double logl0 (double x) base-ten log of x
double sin (double x) sine of x (x in radians)
double cos (double x) cosine of x (x in radians)
double tan (double x) tangent of x (x in radians)
double asin (double x) arc sine of x /2, /2]
double acos (double x) arc cosine of x [Qr]
double atan (double x) arc tangent of xfr /2, 7/2]
double pow (double x, xV

double vy)
double sqrt (double x) /X, square root of x
double floor (double x) largest integer valug x
double ceil (double x) smallest integer value x

Finally, although the program prompts for positive numbers, there is no check to
ensure that the user has entered a positive number. In the output shown, the symbol
nan stands for “not a number."Not all compilers will display this value. In particular,
on some computers, trying to take the square root of a negative number may cause the
machine to lock up. It would be best to guard the cgjit(value) using anif
statement such as the following one:

if (0 <= value)

{ cout << "square root of " << value < <" =
<< sqrt(value) << endl;

}

else

{ cout << "nonpositive number
<< " entered" << end|

<< value

}

Alternatively, we couldcomposethe functionsgrt with the functionfabs , which
computes absolute values.

cout << "square root of " << value < <" ="
<< sgrt(fabs(value)) << endl;

The result returned by the functidabs is used as an argumentsqrt . Since the
return type offabs is double (see Table 4.5), the argumentgrt has the right

type.

“Some compilers prirlaN others crash rather than printing an error value.
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4.5.1 The Math Library <cmath>

In C and C++ several mathematical functions are available by accessing a math library
using#include <cmath> .2 Prototypes for some of these functions are listed in
Table 4.5, and a complete list is given as Table F.1 in Howto F.

All of these functions returdouble values and havdouble parameters. Integer
values can be converted ttbuble s, so the expressiosqrt(125) is legal (and
evaluates to 11.18033). The functipow is particularly useful, because there is no
built-in exponentiation operator in C++. For example, the statement

cout << pow(3,13) << endl}

outputs the value of*3: three to the thirteenth.

The functions declared iscmath> are tools that can be used in any program. As
programmers, we’'ll want to develop functions that can be used in the same way. On
occasion, we’ll develop functions that aren’t useful as general-purpose tools but make
the development of one program simpler. For exampl@jima.cppProgram 3.5, the
price per square inch of pizza is calculated and printed by the funStioaPrice
If the value were returned by the function rather than printed, it could be used to de-
termine which of several pizzas was the best buy. This is shovpizira2.cppPro-
gram 4.7. Encapsulating the calculation of the price per square inch in a function,
as opposed to using the expressiomallPrice/(3.14159 * smallRadius *
smallRadius) , avoids errors that might occur in copying or retyping the expression
for a large pizza. Using a function also makes it easier to include other sizes of pizza in
the same program. If it develops that we've made a mistake in calculating the price per
square inch, isolating the mistake in one function makes it easier to change than finding
all occurrences of the calculation and changing each one.

Program 4.7 pizza2.cpp

#include <iostream>
using namespace std;

/I find the price per square inch of pizza
/I to compare large and small sizes for the best value

I
/I Owen Astrachan
/I March 29, 1999
I

double Cost(double radius, double price)
/I postcondition: returns the price per sq. inch

{

return price/(3.14159 xradius xradius);

}

8The namemath is the C++ math library, but with many older compilers you will need torna¢h.h
rather tharcmath .
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int main()

{

double smallRadius, largeRadius;
double smallPrice, largePrice;
double smallCost,largeCost;

/I input phase of computation

cout << "enter radius and price of small pizza ";
cin >> smallRadius >> smallPrice;

cout << "enter radius and price of large pizza ";
cin >> largeRadius >> largePrice;
/I process phase of computation

smallCost = Cost(smallRadius,smallPrice);
largeCost = Cost(largeRadius,largePrice);

/I output phase of computation

cout << "cost of small pizz a = " << smallCost << " per sg.inch" << endl;
cout << "cost of large pizz a = " << largeCost << " per sg.inch" << endl;

if (smallCost < largeCost)

{ cout << "SMALL is the best value " << endl;
}

else

{ cout << "LARGE is the best value " << endl;

}

return O;

127

pizza2.cpp

O U Py T

prompt> pizza2

enter radius and price of small pizza 6 6.99
enter radius and price of large pizza 810.99
cost of small pizza = 0.0618052 per sg.inch

cost of large pizza = 0.0546598 per sq.inch

LARGE is the best value

From the user’s point of view, Program 3.5 and Program 4.7 exhibit similar, though
not identical, behavior. When two programs exhibit identical behavior, we describe this
sameness by saying that the programs are identidalbak boxes. We cannot see the
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inside of a black box; the behavior of the box is discernible only by putting values into
the box (running the program) and noting what values come out (are printed by the
program). A black box specifies input and output, but not how the processing step takes
place. Théballoon class and the math functiagrt are black boxes; we don’t know

how they are implemented, but we can use them in programs by understanding their
input and output behavior.

4.5.2 Pre- and Post-conditions

In the functionSlicePrice of pizza2.cppProgram 4.7, a comment is given in the
form of apostcondition. A postcondition of a function is a statement that is true when the
function finishes executing. Each function in this book will include a postcondition that
describes what the function does. Some functions paseonditions. A precondition

states what parameter values can be passed to the function. Together a function’s pre-
condition and postcondition provide a contract for programmers who call the function:

if the precondition is true the postcondition will be true. For example, a precondition of
the functionsgrt might be that the function’s parameter is non-negative.

Program Tip 4.5: When calling functions, read postconditions carefully.
When writing functions, provide postconditions. When possible, provide a
precondition as well as a postcondition since preconditions provide programmers with
information about what range of values can be passed to each parameter of a function.

In themain function ofpizza2.cppthe extraction operator> extracts two values
in a single statement. Just as the insertion operataran be used to put several items
on the output strearoout , the input streantin continues to flow so that more than
one item can be extracted.

Pause to Reflect 4.11 Write program fragments or complete programs that convert degrees Celsius to
o degrees Fahrenheit, British thermal units (Btu) to joules (J), and knots to miles per
@\{ hour. Note thak degrees Celsius equald/5)x + 32 degrees Fahrenheit; that
/ J equals 98 x 10~4(x)Btu; and that 1 knot= 101.269 ft/min (and that 5,280 ft
=1 mile). At first do thiswithout using assignment statements, by incorporating
the appropriate expressions in output statements. Then define variables and use
assignment statements as appropriate. Finally, write functions for each of the
conversions.

4.12 Modify pizza2.cppProgram 4.7, to use the functigow to squareradius in
the functionCost .

4.13 If a negative argument to the functieqrt causes an error, for what valuesof
does the following code fragment generate an error?

if (x >= 0 && sqrt(x) > 100)
cout << "big number" << endl;
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4.14 Heron’s formula gives the area of a triangle in terms of the lengths of the sides of
the triangle:a, b, andc.

area= \/s (s—a)-(s—=b)-(s—c) (4.1)

wheresis the semiperimeter, or half the perimeter b + ¢ of the triangle. Write
a functionTriangleArea  that returns the area of a triangle. The sides of the
triangle should be parameterstdangleArea

4.15 The law of cosines gives the length of one side of a trianglé terms of the
other sides andb and the angl€ formed by the sidea andb:

?>=a’+b*>—2-a-bcos(C)

Write a functionSideLength  that computes the length of one side of a triangle,
given the other two sides and the angle (in radians) between the sides as parameters
to SideLength

4.16 The following code fragment allows a user to enter three integers:

int a,b,c;
cout << "enter three integers ";
cin >> a > b >> c;

Add code that prints the average of the three values read. Does it make a difference
if the type is changed fronmt to double ? Do you think that> has the same
kind of associativity as, the assignment operator?

4.5.3 Function ReturnTypes

Thefunctionsqgrt andSlicePrice  usedin previous examples both returdedble
values. In this section we’ll see that other types can be returned.

Determining Leap Years. Leap years have an extra day (February 29) not present in
nonleap years. We use arithmetic and logical operators to determine whether a year is a
leap year. Although it's common to think that leap years occur every four years, the rules
for determining leap years are somewhat more complicated, because the period of the
Earth’s rotation around the Sun is not exactly 365.25 days but approximately 365.2422
days.

] If a year is evenly divisible by 400, then itis a leap year.
] Otherwise, if a year is divisible by 100, then itrist a leap year.
| The only other leap years are evenly divisible bY 4.

9These rules correspond to a year length of 365.2425 days. MeheYork Timesf January 2, 1996
(page B7, out-of-town edition), a correction to the rules used here is given. The year 4@d@ isap

year, nor will any year that's a multiple of 4000 be a leap year. Apparently this rule, corresponding to a
year length of 365.24225 days, will have to be modified too, but we probably don’t need to worry that
our program will be used beyond the year 4000.
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For example, 1992 is a leap year (it is divisible by 4), but 1900 is not a leap year (it is
divisible by 100), yet 2000 is a leap year, because, although it is divisible by 100, it is
also divisible by 400.

The boolean-valued functidsLeapYear in Program 4.8 uses multipteturn
statements to implement this logic.

Recall that in the expressidia % b) the modulus operatdroevaluates to the
remainder whera is divided byb. Thus,2000 % 400 == 0, since there is no
remainder when 2000 is divided by 400.

The sequence of cascadiéd statements ifnsLeapYear tests the value of the
parameteyear to determine whether it is a leap year. Consider the first run shown,
whenyear has the value 1996. The firsttegtar % 400 == 0 , evaluates to false,
because 1996 is not divisible by 400. The second test evaluates to false, because 1996
is not divisible by 100. Since 1996 4 x 499, the third testtyea r % 4 == 0) ,is
true, so the valugrue s returned from the functiolsLeapYear . This makes the
expressiorisLeapYear(1996) in main true, so the message is printed indicating
that 1996 is a leap year. You may be tempted to write

if (IsLeapYear(year) == true)

rather than using the form shownisieap.cpp.This works, but theérue is redundant,
because the functioilsLeapYear is boolean-valued: it is either true or false.

The commentsforthe functideLeapYear are giveninthe form of precondition
and a postcondition. For our purposes, a precondition is what must be satisfied for
the function to work as intended. The “as intended” part is what is specified in the
postcondition. These conditions areantractfor the caller of the function to read: ifthe
precondition is satisfied, the postcondition will be satisfied. In the cdseefpYear
the precondition states that the function works for any year greater than 0. The function
is not guaranteed to work for the year O or if a negative year suchE®is used to
indicate the year 18.C.

It is often possible to implement a function in many ways so that its postcondition
is satisfied. Program 4.9 shows an alternative method for writhgapYear . Us-
ing a black-box test, this version is indistinguishable fromIgieeapYear used in
Program 4.8.

Program 4.8 isleap.cpp

#include <iostream>
using namespace std;

/I illustrates user-defined function for determining leap years

bool IsLeapYear(int year)
/I precondition: year > 0
/I postcondition: returns true if year is a leap year, else returns false
{
if (year % 400 == 0) /I divisible by 400
{ return true;

}
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else if (year % 100 == 0) /I divisible by 100

{ return false;

}

else if (yea r % 4 == 0) /I divisible by 4
{ return true;

}

return false;

}

int main()
{
int year;
cout << "enter a year ",
cin >> year;
if (IsLeapYear(year))
{ cout << year << " has 366 days, it is a leap year" << endl;

}

else

{ cout << year << " has 365 days, it is NOT a leap year" << endl;

}

return O;

isleap.cpp

O U PR T

prompt> isleap
enter a year 1996
1996 has 366 days, it is a leap year

prompt> isleap
enter a year 1900
1900 has 365 days, it is NOT a leap year

Program 4.9 isleap2.cpp

bool IsLeapYear(int year)
/I precondition: year > 0
/I postcondition: returns true if year is a leap year, else false

{
}

return (year % 400 == 0) || (year % 4 == 0 && year % 100 != 0 );

isleap2.cpp

A boolean value is returned frofsLeapYear

because the logical operat@&&

and|| return boolean values. For example, the expresbrapYear(1974)
causes the following expression to be evaluated by substituting 19yédor:
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(1974 % 400 == 0) || (197 4 % 4 == 0 && 1974 % 100 != 0 );

Since the logical operators are evaluated left to right to support short-circuit evaluation,

the subexpressiol974 % 400 == O is evaluated first. This subexpression is false,
becaus&974 % 400is374. Therightmost parenthesized expression isthen evaluated,
and its subexpressidi®74 % 4 == 0 is evaluated first. Since this subexpression is

false, the entiré&& expression must be false (why?), and the expresk®dd % 100
I= 0 is not evaluated. Since both subexpression$ oére false, the entire expression
is false, andalse is returned.

Boolean-valued functions suchlateapYear are often callegiredicates. Predi-
cate functions often begin with the prefsx. For example, the functiolsEven might
be used to determine whether a number is even; the funisitiime  might be used to
determine whether a number is prime (divisible by only 1 and itself, e.g., 3, 17); and the
functionIsPalindrome  might be used to determine whether a word is a palindrome
(reads the same backward as forward, e.g., mom, racecar).

Program Tip 4.6: Follow conventions when writing programs. Conven-

tions make it easier for other people to read and use your programs and for you to read
them long after you write them. One common convention is using the piefifor
predicate/boolean-valued functions.

Converting Numbers to English. We’'ll explore a program that converts some integers

to their English equivalent. For example, 57 is “fifty-seven” and 14 is “fourteen.”
Such a program might be the basis for a program that works as a talking cash register,
speaking the proper coins to give as change. With speech synthesis becoming cheaper on
computers, it's fairly common to encounter a computer that “speaks.” The number you
hear after dialing directory assistance is often spoken by a computer. There are many
home finance programs that print checks; these programs employ a method of converting
numbers to English to print the checks. In addition to using arithmetic operators, the
program shows that functions can return strings as well as numeric and boolean types,
and it emphasizes the importance of pre- and postconditions.

Program 4.10 numtoeng.cpp

#include <iostream>
#include <string>
using namespace std;

/I converts two digit numbers to English equivalent
/I Owen Astrachan, 3/30/99

string DigitToString(int num)
/I precondition: 0 <= num < 10
/I postcondition: returns english equivalent, e.g., 1->one,...9->nine
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return "zero";

{
if (0 == num)
else if (1 == num) return
else if (2 == num) return
else if (3 == num) return
else if (4 == num) return
else if (5 == num) return
else if (6 == num) return
else if (7 == num) return
else if (8 == num) return
else if (9 == num) return
else return "?";

}

string TensPrefix(int

/I precondition: 10 <= num <= 99 and num % 10

num)

one";
"two";
"three";
"four";
"five";
"six";
"seven";
"eight";
"nine";

= 0

/I postcondition: returns ten, twenty, thirty, forty, etc.
corresponding to num, e.g., 50->fifty

I
{

(20
(30
(40
(50
(60
(70
(80
(90
return "?";

if (10
else if
else if
else if
else if
else if
else if
else if
else if
else

}

num) return "ten";

return
return
return
return
return
return
return
return

num)
num)
num)
num)
num)
num)
num)
num)

string TeensToString(int num)
/I precondition: 11 <= num <= 19

/I postcondition: returns eleven, twelve, thirteen, fourteen, etc.
corresponding to num, e.g., 15 -> fifteen

"

"twenty";
"thirty";
"forty";
"fifty";
"sixty";
"seventy";
"eighty";
"ninety";

{
if (11 == num) return "eleven";
else if (12 == num) return “"twelve";
else if (13 == num) return "thirteen";
else if (14 == num) return "fourteen";
else if (15 == num) return “fifteen";
else if (16 == num) return "sixteen";
else if (17 == num) return "seventeen";
else if (18 == num) return "eighteen";
else if (19 == num) return "nineteen";
else return "?";

}

string NumToString(int num)

/I precondition: 0 <= num <= 99

/I postcondition: returns english equivalent, e.g., 1->one, 13->thirteen

{

if (0 <= num && num < 10)
{  return DigitToString(num);

}

133



June 7,1999 10:10 owltex  Sheet number 52 Page number 18vgentablack

134 Chapter 4 Control, Functions, and Classes
else if (10 < num && num < 20)
{ return TeensToString(num);
}
else if (num % 10 == 0)
{ return TensPrefix(num);
}
else
{ /I concatenate ten’s digit with one’s digit
return TensPrefix(10 * (hum/10)) + "-" + DigitToString(num % 10);
}
}
int main()
{
int number;
cout << "enter number between 0 and 99: "
cin >> number;
cout << number < < " =" << NumToString(number) << endl;
return O;
} numtoeng.cpp

U PR T

prompt> numtoeng
enter number between 0 and 99: 22
22 = twenty-two

prompt> numtoeng
enter number between 0 and 99: 17
17 = seventeen

prompt> numtoeng
enter number between 0 and 99: 103
103 = ?-three

The code inth®igitToString function does not adhere to the rule of using block
statements in eveiif /else statement. Inthis case, usifigdelimiters would make the

program unnecessarily long. It is unlikely that statements will be added (necessitating

the use of a block statement), and the form used here is clear.
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Program Tip 4.7: White space usually makes a program easier to read

and clearer. Block statements used with if /else statements usually

make a program more robust and easier to change. However, there are
occasions when these rules are not followed. As you become a more practiced program-
mer, you'll develop your own aesthetic sense of how to make programs more readable.

A new use of the operateris shown in functioNumToString . In the finalelse
statement, three strings are joined together using thgerator:

return TensPrefix(10*(num/10))+ "-" + DigitToString(num%10);

When used withstring  values, thet+ operator joins orconcatenates(sometimes
“catenates”) thetring  subexpressionsinto anetring . Forexample, the value of
"apple" + "sauce" isanewstring ,"applesauce" . Thisisanother example
of operator overloading; the operator has different behavior fetring , double ,
andint values.

Robust Programs. In the sample runs shown, the final input of 103 does not result in
the display ofone hundred three . The value of 103 violates the precondition of
NumToString , sothere is no guarantee that the postcondition will be satigRedust
programs and functions do not bomb in this case, but either return some value that
indicates an error or print some kind of message telling the user that input values aren’t
valid. The problem occurs in this program becat&e is returned by the function call
TensPrefix(10 * (num/10)) . The value of the argument fensPrefix  is
10x (103/10) == 10x 10==100. This value violates the preconditionla@nsPrefix
If nofinalelse were included to return a question mark, then nothing would be returned
from the functionTensPrefix ~ when it was called with 103 as an argument. This
situation makes the concatenation of “nothing” with the hyphen and the value returned
by DigitToString(num % 10) problematic, and the program would terminate,
because there is reiring  to join with the hyphen.
Many programs likenumtoeng.cpgrompt for an input value within a range. A
function that ensures that input is in a specific range by reprompting would be very
= useful. A library of three related functions is specifiedpmiompt.h We'll study these
= gﬁy functions in the next chapter, and you can find information about them in Howto G. Here
= is a modified version ofnain that usefromptRange :

int main()

{

int number = PromptRange("enter a number",0,99);
cout << number < < " = " << NumToString(number) << endl;

return O;
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prompt> numtoeng

enter number between 0 and 99: 103
enter a number between 0 and 99: 100
enter a number between 0 and 99: -1
enter a number between 0 and 99: 99

99 = ninety-nine

You don’t have enough programming tools to know how to wAtemptRange
(you need loops, studied in the next chapter), but the specifications of each function
make it clear how the functions are called. You can treat the functions as black boxes,
just as you treat the square-root functimrt in <cmath> as a black box.

4.17 Write a functionDaysInMonth that returns the number of days in a month
encoded as an integer with=1 January, 2= February,..., 12= December. The
year is needed, because the number of days in February depends on whether the
year is a leap year. In writing the function, you can dalleapYear . The
specification for the function is

int DaysInMonth(int month,int year)

/I pre: month coded as : 1 = january, ..., 12 = december

/I post: returns # of days in month in year
4.18 Why are parentheses needed in the expregsosPrefix(10*(num/10)) ?
For example, ifTensPrefix(10*num/10) is used, the program generates a
non-number when the user enters 22.

4.19 Write a predicate functiofsEven that evaluates to true if iteit parameter is
an even number. The function should work for positive and negative integers. Try
to write the function using only one statemerdgturn  expression.

4.20 Write a functionDayNamewhose header is

string DayName(int day)

/I pre: 0 <= day <= 6

/I post: returns string representing day, with

I 0 = "Sunday" , 1 = "Monday", ... , 6 = "Saturday"

sothatthe statemecbut << DayName(3) << endl; printsWednesday .

4.21 Describe how to modify the functioNlumToString in numtoeng.cppPro-
gram 4.10, so that it works with three-digit numbers.
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4.22 An Islamic yeary is a leap year if the remainder, whenyl% 14 is divided by
30, is less than 11. In particular, the 2nd, 5th, 7th, 10th, 13th, 16th, 18th, 21st,
24th, 26th, and 29th years of a 30-year cycle are leap years. Write a function
IslslamicLeapYear that works with this definition of leap year.

4.23 In the Islamic calendar [DR90] there are also 12 months, which strictly alternate
between 30 days (odd-numbered months) and 29 days (even-numbered months),
except for the twelfth montiphu al-Hijjah, which in leap years has 30 days. Write
a functionDayslInIslamicMonth for the Islamic calendar that uses only three
if statements.

4.6 Class Member Functions

Section 3.4 discusses a class narBatloon for simulating hot-air balloons. We've
used the classtring  extensively in our examples, but we haven't used all of the
functionality provided by strings themselves. Recall from Section 3.4 that functions
provided by a class are calledember functions In this section we’ll study three
string member functions, and many more are explained in Howto C. We’'ll also have
a sneak preview at the claBsite which is covered more extensively in the next chapter.
We’'ll show just one example program using the class, but the program provides a glimpse
of the power that classes bring to programming.

4.6.1 string Member Functions

The functions we've studied so far, like thosedomath> , are calledree functions
because they do not belong to a class. Member functions are part of a class and are
invoked by applying a function to an object with the dot operator. Program 4.11 shows
thestring member functiontength andsubstr . The functionlength returns

the number of characters in a string, the func8abstr returns asubstringof a string

given a starting position and a number of characters.

Program 4.11 strdemo.cpp

#include <iostream>

#include <string>

using namespace std,;

/I illustrates string member functions length() and substr()

int main()

{

string s;

cout << "enter string: ";

cin >> s;

int len = s.length();

cout << s <<

" has " << len << " characters" << endl;

cout << “first char is " << s.substr(0, 1) << endl;
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cout << "last char is " << s.substr(s.length() -1, 1) << endl;
cout << endl << "all but first is " << s.substr(1,s.length()) << endl;
return 0;
} strdemo.cpp

O U Py T

prompt> strdemo

enter string: theater
theater has 7 characters
first char is t

last char is r

all but first is heater
prompt> strdemo

enter string: slaughter
theater has 9 characters
first char is s

last char is r

all but first is laughter

The first position oindex of a character in a string is zero, so the last index in a string
of 11 characters is 10. The prototypes for these functions are given in Table 4.6.

Eachstring member function used in Program 4.11 is invoked using an object
and the dot operator. For exampeength() returns the length a§. When | read
code, | read this as “s dot length”, and think of the length function as applied to the object
s, returning the number of characters in s.

Table 4.6 Three string  member functions

function prototype and description

int length()
postcondition: returns the number of characters in the string

string substr(int pos, int len)

precondition: 0 <= pos < length()

postcondition: returns substring é¢¢n characters beginning at positiqnos

(as many characters as possible if len too large, but error if pos is out of range)

int find(string s)
postcondition: returns first position/index at which string s begins
(returnsstring::npos if s does not occur)
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Program Tip 4.8: Ask not what you can do to an object, ask what an
object can do to itself. When you think about objects, you'll begin to think about
what an object can tell you about itself rather than what you can tell an object to do.

In the last use ofubstr in Program 4.11 more characters are requested than can
be supplied by the arguments in the calbubstr(1, s.length()) . Starting
at index 1, there are onlg.length()-1 characters irs. However, the function
substr  “does the right thing” when asked for more characters than there are, and gives
as many as it can without generating an error. For a full description of this and other
string  functions see Howto C. Although the string returnedshipstr  is printed in
strdemo.cppthe returned value could be stored in a string variable as follows:

string allbutfirst = s.substr(1,s.length());

The string ~ Member Function find . The member functiofind returns the index
in a string at which another string occurs. For examfgignt"  occurs at index three

in the string"supplant" , at index five in"transplant” , and does not occur in
"vegetable” . Program 4.12strfind.cppshows howfind works. The return value
string::npos indicates that a substring does not occur. Your code should not depend
onstring::npos having any particular valdé.

Program 4.12 strfind.cpp

#include <iostream>

#include <string>

using namespace std;

int main()

{

string target = "programming is a creative process";

string s;

cout << "target string: " << target << endl;
cout << "search for what substring: ";

cin >> s;

int index = target.find(s);
if (index != string::npos)
{ cout << "found at " << index << endl;

}

else

{ cout << "not found" << endl;

}

return O;

strfind.cpp

10Actually, the value ofstring::npos is the largest positive index, see Howto C.
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prompt>  strfind

target string: programming is a creative process
search for what substring: pro

found at O

prompt>  strfind

target string: programming is a creative process
search for what substring: gram

found at 3

prompt>  strfind

target string: programming is a creative process

search for what substring: create
not found
The double colon: used instring::npos separates the value, in this case

npos , from the class in which the value occurs, in this csts|ng . The:: is called
thescope resolution operatoywe’ll study it in more detail in the next chapter.

4.6.2 Calling and Writing Functions

When you first begin to use functions that return values, you may forget to process
the return value. All non-void functions return a value that should be used in a C++
expression (e.g., printed, stored in a variable, used in an arithmetic expression). The
following C++ statements show how three of the functions studied in this chaptér (
NumToString , andlsLeap ) are used in expressions so that the values returned by
the functions aren’t ignored.

double hypotenuse = sqrt{sidel*sidel + side2*side2);
cout << NumToString(47) << endl;
bool millenniumLeaps = IsLeap(2000) || IsLeap(3000);

It doesn’t make sense, for example, to write the following statements in which the value
returned bysqrt is ignored.

double s1, s2;

cout << "enter sides: ";
cin >> sl >> s2;
double root;

sgrt(sl*sl + s2*s2);

The programmer may have meant to store the value returned by the functiorscgtl to
in the variableroot , but the return value from the function call in the last statement is
ignored.
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Whenever you call a function, think carefully about the function’s prototype and its
postcondition. Be sure that if the function returns a value that you use the¥alue.

ProgramTip4.9: Do notignore the value returned by non-void functions.

Think carefully about each function call you make when writing programs and do
something with the return value that makes sense in the context of your program and that
is consistent with the type and value returned.

Werite Lots of Functions. When do you write a function? You may be writing a program
like pizza2.cppProgram 4.7, where the functi@ost is used to calculate how much a
square inch of pizza costs. The function is reproduced here.

double Cost(double radius, double price)
/I postcondition: returns the price per sg. inch

{
}

Is it worth writing another function calle@ircleArea  like this?

return price/(3.14159*radius*radius);

double CircleArea(double radius)
/I postcondition: return area of circle with given radius

{
}

In general, when should you write a function to encapsulate a calculation or sequence of
statements? There is no simple answer to this question, but there are a few guidelines.

return radius*radius*3.14159;

Program Tip 4.10: Functions encapsulate abstractions and lead to code
that’s often easier to read and modify. Do not worry about so-called execution
time “overhead” in the time it takes a program to execute a function call. Make your
programs correct and modifiable before worrying about making them fast.

As an example, it’s often easier to write a complex boolean expression as a function
that might includef/else statements, and then call the function, than to determine
what the correct boolean expression is. In the next section we’ll study a tool from logic
that helps in writing correct boolean expressions, but writing functions are useful when
you're trying to develop appropriate loop tests. For example, if you need to determine

11some functions return a value but are called because they cause some change in program state separate
from the value returned. Such functions are said to tsade-effectssince they cause an effect “on the

side,” or in addition to the value returned by the function. In some cases the returned value of a function
with side-effects is ignored.
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if a one-character string represents a consonant, it's probably easier to write a function
IsVowel and use that functiontowriteConsonant , ortousédlsVowel()  when
you need to determine if a string is a consonant.

bool IsVowel(string s)
/I pre: s is a one-character string
/I post: returns true if s is a vowel, return false

{
if (s.length() = 1)
{ return false;
}
return s == "a" || s == "e" || s == "I" ||
s == "0" || s == "u"
}

The return  Statement. In the functionlsVowel()  there are twaeturn  state-
ments and aif without anelse . When areturn  statement executes, the function
being returned from immediately exits. IsVowel() , if the string parametes has
more than one character, the function immediately rettals® . Since the function
exits, there is no need for aise body, though some programmers prefer to use an
else . Some programmers prefer to have a singtern  statement in every function.
To do this requires introducing a local variable and usinglaa body as follows.

bool IsVowel(string s)
I/l pre: s is a one-character string
/I post: returns true if s is a vowel, else return false

{
bool retval = false; /I assume false
if (s.length() == 1)
{ retval = (s == "a" || s == "e" || s == "I" ||
s == "0" || s == "u");
}
return retval;
}

You should try to get comfortable with the assignmentettval inside theif state-
ment. It's often easier to think of the assignment using this code.

if (s =="a"]s=="e"|s==""s=="0"s=="u")
{ retval = true;

}

else

{ retval = false;

}

This style of programming uses more code. It's just as efficient, however, and it’s ok to
use it though the single assignmentatval is more terse and, to many, more elegant.
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4.6.3 The Date class

Atthe beginning of this chapter we discussed writing a fundéiontMonth  that prints
a calendar for a month specified by a number and ayear. As described, printing a calendar
for January of the year 2001 could be done with thelRaiitMonth(1,2001) . You
could write this function with the tools we've studied in this chapter though it would
be cumbersome to make a complete calendar. However, using th®ekessnakes it
much simpler to write programs that involve dates and calendars than writing your own
functions likelsLeap . In general, it's easier to use classes that have been developed
and debugged than to develop your own code to do the same thing, though it’s not always
possible to find classes that serve your purposes.
We won't discuss this class in detail until the next chapter, but you can see how
~_  variables of typeDate are defined, and two of thBate member functions used in

E 4;04:”/ Program 4.13. More information about the class is accessible in Howto G. Teatise

objects you'll need to ad#dinclude"date.h" to your programs.

Program 4.13 datedemo.cpp

#include <iostream>
using namespace std;
#include "date.h"

/I simple preview of using the class Date

int main()

{
int month, year;
cout << "enter month (1-12) and year "
cin >> month >> year;

Date d(month, 1, year);
cout << "that day is " << d << "/ it i s a " << d.DayName() << endl;
cout << "the month has " << d.DaysIn() << " days in it " << endl;

return 0; -
} datedemo.cpp
After examining the program and the output on the next page, you should be think
about how you would use the claBste to solve the following problems, each can be
solved with just a few lines of code.
Pause to Reflect 4.24 Determine if a year the user enters is a leap year.

o ;
4.25 Determine the day of the week of any date (month, day, year) the user enters.
@

4.26 Determine the day of the week your birthday falls on in the year 2002.
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prompt> datedemo

enter month (1-12) and year 91999

that day is September 1 1999, it is a Wednesday
the month has 30 days in it

prompt> datedemo

enter month (1-12) and year 2 2000

that day is February 1 2000, it is a Tuesday

the month has 29 days in it

_ 4.7 Using Boolean Operators: De Morgan’s
Law

Many people new to the study of programming have trouble developing correct expres-
sions used for the guard of #nstatement. For example, suppose you need to print an
error message if the value of ait  variable is either 7 or 11.

if (value == 7 || value == 11)
{ cout << "*error** illegal value: " << value << endl
}

The statement above prints an error message for the illegal values of 7 and 11 only and
not for other, presumably legal, values. On the other hand, suppose you need to print an
error message if the value is anything other than 7 or 11 (i.e., 7 and 11 are the only legal
values). What do you do then? Some beginning programmers recognize the similarity
between this and the previous problem and write code like the following.

if (value == 7 || value == 11)

{ /I do nothing, value ok

}

else

{ cout << "**error** illegal value: " << value << endl;
}

This code works correctly, but the empty block guarded byifthestatement is not the
best programming style. One simple way to avoid the empty block is to use the logical
negation operator. In the code below the operhtoegates the expression that follows
so that an error message is printed when the value is anything other than 7 or 11.

if (! (value == 7 || value == 11) )
{ cout << "**error** illegal value:

}

<< value << endl;
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Table 4.7 De Morgan’s Laws for logical operators

expression logical equivalent by De Morgan'’s law
I (a & b) (ta) ]| ('b)
I (a |l b) (ta) && ('b)

Alternatively, we can use De Morgan’s |&xo find the logical negation, or opposite,
of an expression formed with the logical operat&&and|| . De Morgan’s laws are
summarized in Table 4.7.

The negation of ad&&expression is alf expression, and vice versa. We can use

De Morgan’s law to develop an expression for printing an error message for any value
other than 7 or 11 by using the logical equivalent of the guard iiif thetatement above.

if ( (value !'= 7 && (value '= 11) )
{ cout << "**error** illegal value:

}

<< value << endl;

De Morgan’s law can be used to reason effectively about guards when you read code.
For example, if the code below prints an error message for illegal values, what are the
legal values?

if (s != "rock" && s != "paper" && s != "scissors")
{ cout << "** error** jllegal value: " << s << endl;
}

By applying De Morgan’s law twice, we find the logical negation of the guard which
tells us the legal values (what would be an else block in the statement above.)

if (s == "rock" || s == "paper" || s == "scissors") //legal

This shows the legal values are “rock” or “paper” or “scissors” and all other strings
represent illegal values.

2Augustus De Morgan (1806—1871), first professor of mathematics at University College, London, as
well as teacher to Ada Lovelace (see Section 2.5.2.)
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Richard Stallman (b. 1953)

Richard Stallman is hailed by many as “the world’s best programmer.” Before the
term hacker became a pejorative, he used it to describe himself as “someone
fascinated with how
things work, [who
would see a broken ma-
chineandtrytofixit].”
Stallman believes
that software should
be free, that money
should be made by
adapting software and
explaining it, but not
by writing it. Of soft-
ware he says, “I'mgo-
ingtomake itfree even
L ifl have towriteitall
myself.” Stallman uses the analogy that for software he means “free as in free
speech, not as in free beer.” He is the founder of the GNU software project, which
creates and distributes free software tools. The GNY compiler, used to de-
velop the code in this book, is widely regarded as one of the best compilers in the
world. The free operating syste@nu/Linux has become one of the mostwidely
used operating systems in the world. In 1990 Stallman received a MacArthur “ge-
nius” award of $240,000 for his dedication and work. He continues this work
today as part of the League for Programming Freedom, an organization that fights
against software patents (among other things). In an interview after receiving the
MacArthur award, Stallman had a few things to say about programming freedom:

| disapprove of the obsession with profit that tempts people to throw away
their ideas of good citizenship....businesspeople design software and make
their profit by obstructing others’ understanding. | made a decision not to
do that. Everything | do, people are free to share. The only thing that makes
developing a program worthwhile is the good it does.

B 4.8 Chapter Review

In this chapter we discussed using and building functions. Changing the flow of control
within functions is important in constructing programs. Encapsulating information in
functions that return values is an important abstraction technique and a key concept in
building large programs.

The if/else statement can be used to alter the flow of control in a program.
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You can write programs that respond differently to different inputs by uéieige
statements. The test in d@n statement uses relational operators to yield a boolean
value whose truth determines what statements are executed. In addition to relational
operators, logical (boolean), arithmetic, and assignment operators were discussed and

used

in several different ways.

The following C++ and general programming features were covered in this chapter:

Theif/else statement is used for conditional execution of code. Casdaded
statements are formatted according to a convention that makes them more readable.

A function’s return type is the type of value returned by the function. For example,
the functionsqgrt returns adouble . Functions can return values of any type.
The library whose interface is specifieddomath> supplies many useful math-
ematical functions.

Boolean expressions and tests have values of true or false and are used as the tests
that guard the body of code ifielse statements. The tygmol is a built-in
type in C++ with values ofrue andfalse

A block (compound) statement is surrounded{land} delimiters and is used to
group several statements together.

Relational operators are used to compare values. For exathpte4 is a rela-

tional expression using theoperator. Relational operators include, =, <, >,

<=, >=. Relational expressions have boolean values.

Logical operators are used to combine boolean expressions. The logical operators
are|| , && !. Both|| and&& (logical or and logical and, respectively) are
evaluated usinghort-circuit evaluation.

Boolean operators in C++ use short-circuit evaluation so that only as much of
an expression is evaluated from left-to-right as needed to determine whether the
expression is true (or false).

Defensive programming is a style of programming in which care is taken to prevent
errors from occurring rather than trying to clean up when they do occur.

Pre- and postconditions are a method of commenting functions; if the preconditions
are true when a function is called, the postconditions will be true when the function
has finished executing. These provide a kind of contractual arrangement between
a function and the caller of a function.

Severalmember functions of the string  class can be used to determine the
length of a string and to find substrings of a given string. Non-member functions
are calledree functions.

Functions encapsulate abstractions like when a leap year occurs and in calculating
a square root. Functions should be used with regularity in programs.

Classes encapsulate related functions together. Thestl#®g encapsulates
functions related to manipulating strings and the dzest® encapsulates functions
related to calendar dates.

De Morgan’s laws are useful in developing boolean expressions for uige in
statements, and in reasoning about complex boolean expressions.



June 7,1999 10:10 owltex  Sheet number 66 Page number l4@gentablack

148 Chapter 4 Control, Functions, and Classes

B 49 Exercises

4.1 Write a program that prompts the user for a person’s first and last names (be careful;
more than onein >> statement may be necessary). The program should print a
message that corresponds to the user’s names. The program should recognize at least
four different names. For example:

OUTPUT :

enter your first name> Owen

enter your last name> Astrachan

Hi Owen, your last name is interesting.

enter your first name> Dave

enter your last name> Reed

Hi Dave, your last name rhymes with thneed.

4.2 Write a function whose specification is

string IntToRoman(int num)
/I precondition: 0 <= num <= 10
/I postcondition: returns Roman equivalent of num

sothattout << IntToRoman(7) << endl; would causéVIIl" to be printed.
Note the precondition. Write a program to test that the function works.

4.3 Write a function with prototypent Min2(int,int) that returns the minimum
value of its parameters. Then use this function to write another function with prototype
int Min3(int,int,int) that returns the minimum of its three parametéi&3
can be written with a single line:

int Min3(int x, int y, int z)
/I post: returns minimum of x, y, and z

{
}

where the two-parameter function is called with appropriate actual parameters. Write a
test program to test both functions.

You can then rewrite the minimum functions, naming them Bdth. In C++, func-

tions can have the same name, if their parameters differ (this is another example of
overloading).

return Min2( );

4.4 Write a program in which the user is prompted for a real number (of tiqéle )
and a positive integer and that prints the double raised to the integer power. Use the
function pow from <cmath> . For example:
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enter real number 3.5
enter positive power 5
3.5 raised to the powe r 5 = 525218

Write a program that is similar toumtoeng.cpd?rogram 4.1, but that prints an English
equivalent for any number less than one million. If you know a language other than
English (e.g., French, Spanish, Arabic), use that language instead of English.

Use the functiorsqrt  from the math librar}® to write a functionPrintRoots  that
prints the roots of a quadratic equation whose coefficients are passed as parameters.

PrintRoots(1,-5,6);

might cause the following to be printed, but your output doesn’t have to look exactly
like this.

roots of equation 1*x"2 - 5* X + 6 are 2.0 and 3.0

(from [Co087]) The surface area of a person is given by the formula

7.18473 x weighf*>? x height""*° (4.2)

where weight is in kilograms and height is in centimeters. Write a program that prompts
for height and weight and then prints the surface area of a person. Use the fyrostion
from <cmath> to raise a number to a power.

Write a program using the clagmate that prints the day of the week on which your
birthday occurs for the next seven years.

Write a program using ideas from the head-drawing progpants.cpp,Program 2.4,
that could be used as a kind of police sketch program. A sample run could look like the
following.

130n some systems you may need to link the math library to get access to the square root function.
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ONC B eD o Nk

prompt> sketch
Choices of hair style follow

(1) parted

(2) brush cut

(3) balding

enter choice: 1

Choices of eye style follow

(1) beady-eyed
(2) wide-eyed
(3) wears glasses

enter choice: 3
Choices of mouth style follow

(1) smiling

(2) straightfaced
(3) surprised
enter choice: 3

NN

4.10Write a function that allows the user to design different styles of T-shirts. You should
allow choices for the neck style, the sleeve style, and the phrase or logo printed on the
T-shirt. For example,
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ONC B eD o K

prompt> teedesign
Choices of neck style follow

(1) turtle neck
(2) scoop neck (rounded)
(3) vee neck

enter choice: 1
Choices of sleeve style follow

(1) short
(2) sleeveless
(3) long

enter choice: 2
Choices of logo follow

(1) logo once
(2) logo three times
(3) logo slanted

enter choice: 3

@]

4.11 (from[KR96]) The wind chill temperature is given according to a somewhat complex
formula derived empirically. The formula converts a temperature (in degrees Fahren-
heit) and a wind speed to an equivalent temperature (eqt) as follows:

temp if wind< 4
eqt=1 a— (b+c x vwind—d x wind) x (a —temp/e iftemp=<45 (4.3)
1.6 « temp— 55.0 otherwise
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Wherea = 91.4,b = 10.45,¢ = 6.69,d = 0.447,¢ = 22.0. Write a program that
prompts for a wind speed and a temperature and prints the corresponding wind chill
temperature. Use a functiofRindChill  with the following prototype:

double WindChill(double temperature, double windSpeed)
/I pre: temperature in degrees Fahrenheit

/I post: returns wind-chill index/

I comparable temperature

4.12 (also from [KR96]) The U.S. CDC (Centers for Disease Control—this time, not Control
Data Corporation) determine obesity according to a “body mass index,” computed by

weight in kilograms
(height in meters)

An index of 27.8 or greater for men or 27.3 or greater for nonpregnant women is
considered obese. Write a program that prompts for height, weight, and sex and that
determines whether the user is obese. Write a function that returns the body mass index
given the height and weight in inches and pounds, respectively. Note that one meter is
39.37 inches, one inch is 2.54 centimeters, one kilogram is 2.2 pounds, and one pound
is 454 grams.

index= (4.4)

4.13Write a program that converts a string to its Pig-Latin equivalent. To convert a string
to Pig-Latin use the following algorithm:

1.  Ifthe string begins with avowel, addvay" tothe string. For example, Pig-Latin
for “apple” is “appleway.”

2. Otherwise, find the first occurrence of a vowel, move all the characters before the
vowel to the end of the word, and atlly” . For example, Pig-Latin for “strong”
is “ongstray” since the characters “str” occur before the first vowel.

Assume that vowels are a, e, i, 0, and u. You'll find it useful to write several functions to
help in converting a string to its Pig-Latin equivalent. You'll need to use string member
functionssubstr |, find , andlength . You'll also need to concatenate strings using
+. Finally, to find the first vowel, you may find it useful to write a function that returns
the minimum of two values. You'll need to be careful with the vadtring::npos

returned by the string member functiind . Sample output for the program follows.

OUTPUT .+

prompt>  pigify

enter string: strength
strength = engthstray
prompt>  pigify

enter string: alpha
alpha = alphaway
prompt>  pigify

enter string: frzzl
frzzl = frzzlay
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“What IS the use of repeating all that stuff,”
the Mock Turtle interrupted, “if you don’t explain it as you go on?
It's by far the most confusing thing | ever heard!”
Lewis Carroll
Alice’s Adventures in Wonderland

I shall never believe that God plays dice with the world.
Albert Einstein
Einstein, His Life and Times, Philipp Frank

Theiflelse  statement selects different code fragments depending on values calculated

at run time by the program. In this chapter we will study control statements ¢adipd,

which are used to execute code segments repeatedly. Repetition significantly extends
the kinds of programs we can write. We will also study several classes that extend the

domain of problems we can solve by writing programs.

To extend the range of problems and programs, we will use some basic design
guidelines that help in writing code, functions, and programs. As programs get larger
and more complicated, these design guidelines will help in managing the complexity
that comes with harder and larger problems.

In the first part of the chapter we'll introduce a basic loop statement. We'll use loops
to study applications in different areas of computer science. We’'ll end the chapter with
a study of two classes used in this book that extend the kind of programs you can write.
Using loops and these classes will make it possible to write programs to print calendars
for any year, to simulate gambling games, and to solve complex mathematical equations.

B 51 Thewnhile Loop

banana problemt Not knowing where or when to bring a
production to a close. “l know how to spell ‘banana,’

but I don’t know when to stop.”

The New Hacker's Dictionary

In the last chapter Program 4.1ymtoeng.cppprinted English text for integers in
the range of 1-99. Converting this program to handle all C++ integer values would be
difficult without using loops. Loops are used to execute a group of statements repeatedly.
Repeated executionis often callegtation. The mostbasic statementin C++forlooping
is thewhile statement. It is similar syntactically to tiife statement, but very different
semantically. Both statements have tests whose truth determines whether a block of

153
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if (test) while (test)
statement Iist; statenment Ilist;
next statenent; next statemnent;

|l
true
false | |statement list;| ,a,sel [statement Iist;
[next statenent; [next statenent ;] |

Figure 5.1 Flow control for if and while statements.

statements is executed. When the test df aistatement is true, the block of statements
that the test controls is executed once. In contrast, the block of statements controlled by
the test of avhile loop is executed repeatedly, as long as the test is true.

The control flow forif statements andhile statements is shown in Fig. 5.1.
In awhile loop, after execution of the last statement in kbep body (the block of
statements guarded by the test), the test expression is evaluated again. If it is true, the
statements in the loop body are executed again, and the process is repeated until the test
becomes false. The test of a loop must be false when loop exits. The body of a

Svntax: while stat . while loopisthe group of state-
yntax-whiie statemen mentsin the curly braces guarded

while ( test expressioh by the parenthesized test. The
{ test is evaluated once before all

statement list; the statements in the loop body
} are executedyot once after each

statement. If the test is truall

the statements in the body are executed. After the last statement in the body is executed,
the test is evaluated again. If the test evaluates to true, the statements in the loop body
are executed again, and this process of test/execute repeats until the test is false. (We
will learn methods for “breaking” out of loops later that invalidate this rule, but it is a
good rule to keep in mind when designing loops.)

When writing loops, remember that the loop testds reevaluated after each state-
ment in the loop body, only after the last statement. To ensure that loops do not execute
forever, it's important that at least one statement in the loop changes the values that are
part of the test expression. As a simple example, Program 5.1 prints a string backwards.
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Program 5.1 revstring.cpp

#include <iostream>
#include <string>
using namespace std;

int main()
{
int k;
string s;
cout << “enter string: ";
cin >> s;
cout << s << " reversed is "

k = s.length() — 1; /I index of last character in s
while (k >= 0)
{ cout << s.substr(k,1);
k —= 1;
}
return O; -
} revstring.cpp

O U Py T

prompt> revstring

enter string: desserts
desserts reversed is stressed
prompt> revstring

enter string: deliver
deliver reversed is reviled

In Program 5.1 the value of the indexing variaklechanges each time the loop
executes. Since is used in the loop guard, akiddecreases each time the loop executes,
you can reason informally that the loop will terminate: the loop executes exactly as
many times as there are characters in the stsinddeveloping loop tests/guards can
be difficult, and we’ll study techniques that will help you develop loops that execute
correctly. In general there are three conceptual parts in developing a loop test.

1.  Theinitialization of variables/expressions that are part of the loop, in particular
of the loop guard. Imevstring.cppthe initialization is the following statement.

k = slength() - 1; /I index of last character in s
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2. Theloop guard or test which is a boolean expression whose truth determines if the
loop body executes. Thisks >= 0 in revstring.cpp

3. Theupdate of variables/expressions. The update must have the potential to make
the loop test false. Usually this means changing the value of a variable used in the
test. Inrevstring.cppthe following statement is the update.

k -= 1;

For the string'flow" , the initial value ofk is 3. The loop body executes fér
having the values 3, 2, 1, and 0. Whkns zero, the letter 'f’ is printed, and is
decremented to have the valué. The loop guard is tested and is false, so the loop exits
whenk has the value-1.

5.1.1 Infinite Loops

You must be careful when writing loops, because it is possible for a loop to execute
forever—a so-callehfinite loop. As a simple example, consider the loop

while (6 = 4)
{ cout << "this will be printed many times" << endl,
}

which will execute forever (or until the user stops the program), because 6 is not equal to
4, and the truth of the loop test is unchanged by any of the statements in the loop body.
On many systems, typing Ct@-will stop an infinite loop.

Usually infinite loops aren’t as easy to spot as the loop above. You may, for example,
forget to update a variable and thus create an infinite loop. For example, leaving out the
statemenk -= 1 in revstring.cppProgram 5.1 creates an infinite loop that prints the
last character of the string “forever”. The following loop is infinite for some values of
num

int num;

cin >> num;

int start = 0;

while (start !'= num)
{ start += 2;

}

The values fostart  are{0, 2, 4, ...}. If numis an odd number, the loop is infinite. If
the purpose of the loop is to incremestart  until it “passes’num, then it would be
better to use the following loop test.

int num;
cin >> num;
int start = O;

while (start <= num)
{ start += 2;

}
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Pause to Reflect 5.1 Write a loop to print the numbers from 1 up to a value entered by the user, one
number per line. Modify the loop to print the numbers from the user-entered value

o
down to 1.
~Gft,
5.2 Complete the following loop so that it prints all powers of two less than 30,000,
starting withl 2 4 8 16 ...You can do this by adding a singte statement

to the loop.

num = 1;
while (num < 30000)
{ cout << num << endl;

}

5.3 How can you determine quickly that the following loop is an infinite loop (and
will execute “forever”) whenevenumis less than 100?
cout << "enter number ";
cin >> num;
while (num < 100)
{ product = product * num;
answer = answer + 1;

}

5.4 Write a loop that allows the user to enter a string, and that prints the first vowel
that occurs in the string. Assume a boolean-valued funésidowel exists that
takes a string as a parameter and returns true if the string is vowel, otherwise

returns false.

5.5 Write the function with the following specification.

string revstring(string s)
/I pre: returns reverse of s, that is, "stab" for "bats"

Assumingevstring  works, write a boolean-valued functitsPalindrome
thatreturns true if a string isgalindrome, (i.e., is the same forwards as backwards

like "mom" and"racecar" ).

5.1.2 Loops and Mathematical Functions

The first computers were used almost exclusively as “number crunchers”—machines that
solved numerical problems and equations. The very word “computer” formerly meant
a person employed to perform such extensive calculations. For that reason, one of the
first machines to do the job had the name ENIAC,EtectronicNumericall ntegrator

And Computer. This special-purpose computer eventually evolved into a more general
machine called UNIVAC, fotJniversalAutomaticComputer.
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Today the machines we now call “computers” are much more general-purpose, and
many people find it difficult to imagine writing without using a word processor, movies
without digital special effects, and banking without automatic tellers. All these applica-
tions require computers used in ways that at least on the surface don’t involve numerical
computations. Nevertheless, all information stored in today’s computers is represented
at some level by a number (even words are “converted” to 0's and 1's when stored in
a computer’'s memory)Numerical analysisis a branch of computer science in which
mathematical methods for solving many kinds of equations using computers are designed
and developed. Although we won't delve deeply into this branch of computer science,
we’'ll use some simple mathematical examples to study some broader concepts.

We'll investigate three mathematical functions: one to calculatéatterial of an
integer, one to determine whether an integgprimne, and one to de&xponentiation
or raising a number to a power. These functions provide simple examples of loops and
loop development, reinforce the concept of programmer-defined functions, and introduce
functions to which we will return later.

5.1.3 Computing Factorials

The factorial function, usually denoted mathematically és) = x!, is used in statistics,
probability, and an area of computer science and mathematics caftgainatorics One
definition of the function is

n=1x2x---xm—1 xn (5.1)

sothat =1 x 2x 3x4x5x6=720. As a special case, by definitioh£ 1.
Program 5.2 implements and tests a function for computing factorials.

Program 5.2 fact.cpp

#include <iostream>
#include "prompt.h"
using namespace std;

/I illustrates loop and integer overflow

long Factorial(int num);

int main()

{

int highValue = PromptRange("enter max value for factorial”,1,30);
int current = 0; // compute factorial of this value

while (current <= highValue)
{ cout << current << " I = " << Factorial(current) << endl;
current += 1;

}

return O;
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long Factorial(int num)
/I precondition: num >= 0
/I postcondition returns num!
{

long product = 1;

int count = O;

while (count < num) /I invariant: product == count!
{ count += 1;

product %= count;
}

return product;
} fact.cpp

In the functionFactorial the variableproduct accumulates the result with
the statemenproduct *= count; this result is returned when the loop finishes
executing. The values of the variablg®duct andcount change each time that the
loop test is evaluated in computingj &s shown in Fig. 5.2.

O U Py T

prompt> fact
enter max value for factorial between 1 and 30: 17
o =1

=1

21 = 2

3l =6

4! = 24

5l = 120

6! = 720

7! = 5040

8! = 40320

9! = 362880

10! = 3628800
11! = 39916800
12! = 479001600
13! = 1932053504
14! = 1278945280
15! = 2004310016
16! = 2004189184
17! = -288522240

Each time that the loop test is evaluated, the value of the vanablkfuct is always
equal to(count)! (that'scount factorial), as shown. Since & 1 (by definition),
this is true the first time the loop test is evaluated as well as after each iteration of the
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Figure 5.2 Relationship between variables product and count in fact.cpp.

loop body. A statement that is true each time a loop test is evaluated is cdtled a
invariant —the truth of the statement does not vary or change. Loop invariants can
help us reason about the correctness of programs that use loops.pRidoet ==

count! isaninvariant, angroduct isreturned, we can reason that fectorial

function calculates the correct valuecibunt == num . Since the loop test is false
when the loop exits, and the logical negationcofint < num is count >= num

we're almost there. Sinasunt is incremented by one, it cannot go pagmwithout
being equal tmumfirst. Thus the loop test’s negation, in conjunction with the invariant,
help us reason about the correctness of the loop.

Conceptually, the functioRactorial ~ in Program 5.2 will always return the correct
value. However, in practice the correct value may not be returned, as is evident from
the foregoing run of the program. Note thatl 16 15!; that 17 is a negative nhumber;
and that although 13= 13 x 12!, the value for 18ends in a four while 12ends in a
zero. None of these results represents mathematical truth. Because integers stored in a
computer have a largest value, it is possible for seemingly bizarre results to occur when
this largest value is exceeded. Keep in mind that the limitation on integer values is one
of many ways that a computer program can function exactly as it should (although not,
perhaps, as intended), but produce unanticipated and often inexplicable results. | used
long as the return type dfactorial and as the type giroduct to ensure that the
function returns “correct” results through twelve factorial even on 16-bit machines.

Using the clasBigInt instead ofint orlong allows calculations with arbitrarily

= large integers. Details of the clas®igInt can be found in Howto G, but you can

E gﬁﬂy program with them as though they were integers, that is use arithmetic operators, print
3 them, and read them. Program S&jfact.cpp shows how simple it is to udgigint
(you must usétinclude"bigint.h" when programming witlBigint  values.)

Program 5.3 bigfact.cpp

#include <iostream>
#include "prompt.h"
#include "bigint.h"
using namespace std;

1The integers aren't really arbitrarily large, they’re limited by the memory in the computer. In practice
Bigint values are as big as you want; your programs will most likely run out of time in making
calculations with them before running out of memory.
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/I illustrates loop and integer overflow

BigInt Factorial(int num);

int main()

{

}

int highValue = PromptRange("enter max value for factorial",1,50);
int current = 0; // compute factorial of this value

while (current <= highValue)
{ cout << current << " I = " << Factorial(current) << endl;
current += 1;

}

return O;

BigInt Factorial(int num)
/I precondition: num >= 0
/I postcondition returns num!

{

Bigint product = 1,
int count = 0;

while (count < num) /I invariant: product == count!
{ count += 1;
product %= count;

}

return product; K
bigfact.cpp

O U Py T

prompt> bigfact
enter max value for factorial between 1 and 50: 18

output of 0! to 11! is not shown here

12! = 479001600

13! = 6227020800

14! = 87178291200

15! = 1307674368000
16! = 20922789888000
17! = 355687428096000

18! = 6402373705728000

Unlike the results generated by Program $a2t.cpp the factorial calculations from
bigfact.cppare correct.
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Cryptography and Computer Science

Before the 1970s, encryption techniques were largely based on sharing a private
key that was used to encrypt messages. Both the sender and the receiver needed to
have the private key. This was a potential security leak: how is the key transmitted
from one person to another? In old movies couriers transported keys in briefcases
strapped to their wrists. Apparently this method was used in real life as well.

In the mid-1970s several people develogmeblic-key cryptography. The
essence of these methods is that there are two keys: one private and one pub-
lic. Everyone in the world has access to the public key and can use it to encrypt
messages. Only the receiver of the message has the private key, and this key is
required to decrypt the message. The keys are numbers and are calculated by
choosing two large prime numbers, multiplying them together, and then doing a
few other mathematical operations. The August 1977 “Mathematical Games” sec-
tion of the magazin&cientific Americamxplained this method of cryptography
and had a challenge from the inventors of the method: Decrypt a message based
on factoring the number called RSA-129 (it has 129 digits and is named for the
inventors of the encryption method: Rivest, Shamir, and Adleman):

114,381,625,757,888,867,669,235,779,976,146,
612,010,218,296,721,242,362,562,561,842,935,
706,935,245,733,897,830,597,123,563,958,705,
058,989,075,147,599,290,026,879,543,541

The column claimed that it would take 40 quadrillion years to decrypt the message
and offered $100.00 to the first person to do it. In 1994, more than 1600 com-
puters around the world were put to work for eight months using new factoring
methods to factor RSA-129. Coordinated by Arjen Lenstra, the computers used
"wasted cycles"—time that the computers would have been otherwise idle—to fac-
tor RSA-129. The number was successfully factored, and the message from the
Scientific Americararticle decrypted. The message WaddE MAGIC WORDS
ARE SQUEAMISH OSSIFRAGE

For an illuminating account of the method and history of public-key cryptog-
raphy, and of a public-domain program called PGP that can be used for encrypt-
ing/decrypting, see [Gar95].

5.1.4 Computing Prime Numbers

Prime numbers used to be the domain of pure mathematicians specializing in number
theory. Today, they play an increasingly important role in computer science applica-
tions. Currenencryption techniques, used to encode data so that information cannot be
read (electronically or visually), are largely based on efficient methods for determining
whether a number is prime. Data encryption is a big business, with many ethical and
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privacy considerations. In addition, writing programs to determine whether numbers are
prime is part of the rites of passage one traditionally undergoes in studying programming.

By definition, a number is prime if its only divisors are 1 and the number itself. For
example, 5, 7, 53, and 97 are prime, but 91 is not prime, since it is divisible by 7 (and
13). The only even prime number is 2. By convention, 1 is not considered prime.

It seems that we’ll need to check divisors of a numiieo see whether the number is
prime. We could naively check all numbers from INas potential divisors, checking
the remainder each time. This method can be improved by checking only potential
divisors less than the square root of a number. For example, to determine whether 119
is prime, we check divisors up to 11 (becausé £1121 > 119). Any number greater
than 11 that divides 119 must have a corresponding factor less than 11, since factors
come in pairs. Thus 7 and 17 are both factors of 119, but only one factor is needed to
show that 119 is not prime (and the second factor is easily obtained by dividing by the
first).

We need to be careful. We don’t want to check that 1 is a divisor, since it divides
every number evenly. We can also avoid testing even numbers as potential divisors,
since 2 is the only even number that’s prime. The approach used in the boolean-valued
functionlsPrime shown in Program 5.4 tests numbers less than or equal to 2 explicitly,
avoids testing even numbers other than 2, then uses a loop to check all potential divisors
less than the square rootof the parameter afsPrime

Program 5.4 primes.cpp

#include <iostream>
#include <cmath> /I for sqrt
using namespace std,;

/I program to check for primeness
/I Owen Astrachan, 4/1/99

bool IsPrime(int n); /I determines if n is prime
int main()
{

int k,low,high;

int numPrimes = 0;
cout << "low number> "
cin >> low;

cout << "high number> "
cin >> high;

cout << "primes between " << low << " and " << high << endl
cout << " " << endl;

k = low;
while (k <= high)
{ if (IsPrime(k))
{ cout << k << endl;
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numPrimes += 1;

}
k += 1,
}
cout << "— " << endl;

cout << numPrimes << " primes found between " << low
<< " and " << high << endl;

return O;
bool IsPrime(int n)

/I precondition: n >= 0
/I postcondition: returns true if n is prime, else returns false

1 returns false if precondition is violated
{
if (n <2 /' 1 and O aren’t prime
{ return false; /I treat negative #'s as not prime
}
else if (2 == n) /l 2 is only even prime number
{ return true;
}
elseif ( n % 2 ==0) /I even, can't be prime
{ return false;
}
else /I number is odd
{ int limit = int(sgrt(n) + 1); /I largest divisor to check
int divisor = 3; /I initialize to smallest divisor

/I invariant: n has no divisors in range [2..divisor)

while (divisor <= limit)

{ if (n % divisor == 0) /I n is divisible, not prime
{ return false;
}
divisor += 2; /I check next odd number
}
return true; /I number must be prime
} B
} primes.cpp

Eachreturn statementinsPrime exits the function. Flow of control continues
with the statement that follows the call &Prime . In particular, theeturn  state-
ment in the while loop permits a kind of premature loop exit. As soon as a divisor is
found, the function exits and returfelse . If control reaches theeturn  statement
after the while loop, the loop test must be false; thatligisor > limit . In this
casen is prime.
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U PR T -

prompt> primes

low number> 100000

high number> 100100

primes between 100000 and 100100

100003
100019
100043
100049
100057
100069

6 primes found between 100000 and 100100

Program Tip 5.1: When a return statement is executed, flow of con-

trol immediately leaves the function in which the return is located and
continues with the statement that follows the function call. No other
statements within the function are executed. One school of thought says that
each function should have exactly orturn  statement. This is always possible, but
it often requires the introduction of extra variables or more complicated code. You will
find that judicious use of multipleeturn s within one function can make the function
simpler to write and easier to reason about.

On some computers the assignmient limit = sqrt(n) + 1 may cause a
warning:

primes.cpp: In function ‘bool IsPrime(int)’:
primes.cpp:53: warning: initialization to ‘int’ from ‘double’

The value returned bgqgrt is adouble . Assigning adouble to anint is not
always possible, because the largimible value may be greater than the largest

value. Even though a program compiles, compiler warnings should not be ignored; they
are often an indication that you have misused the language. In this case, you can avert
the warning by explicitly converting thdouble value to anint . This is shown in
primes.cpgn the statement assigning a valuditoit

int limit = int(sqrt(n) + 1); /I largest divisor to check

Using the typent like a function call explicitly converts the valegrt(n) + 1  into
an integer. This is called tgpe cast. The cast prevents the warning, because you, the
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programmer, explicitly converted one type to another. We’'ll study casts in more detail
in Section 6.3.6.

The valuesqgrt(n) + 1  isused instead ofqrt(n)  because of the limited pre-
cision of floating-point numbers. For example, the square root of 49 might be calculated
as 6.9999 rather than 7.0. In this case, the assignieriimit = sqrt(49)
stores the value 6 ilmit , because thdouble is truncated when it’'s assigned to an
int . Adding 1 avoids this kind of problem.

5.1.5 Kinds of Loops

The loop inmain of primes.cppterates exacthhigh-low+1 times, so iflow is 10
andhigh is 20, the loop executes 11 times, forhaving values 1011, ..., 19, 20.
When the value of a simple arithmetic expression high-low+1  gives the number
of loop iterations (and the value can be calculated before the loop executes the first time),
the loop is called alefinite loop. When the update of the expression used in the loop
test is an increment by one, suchkast= 1 or a decrement by one, suchlas= 1
in Program 5.1revstring.cppthe definite loop is often called@unting loop.

In contrast, the loop in the functidsPrime of primes.cppis not a definite loop.
Although the maximum number of iterations can be calculated in advaneéoop exits
as soon as a divisor is found. The early exit means that no simple expression determines
the number of loop iterations. However, in some sense the loop is a kind of counting
loop since the value afivisor is incremented by two for each iteration.

5.1.6 Efficiency Considerations

How important is it to check divisors up tg/n rather tham in determining whether

a number is prime? People often suggest ugif@ rather tham. Is this better than

/n? These questions are important in determining the efficiencpmiplexity of the
algorithm used insPrime , but they don't affect the correctness of the algorithm.
Consider that/50,000 = 2236, but that 50000/2 = 25,000. This difference means

that usingn/2 as the limit inlsPrime could result in approximately 12,388 more
numbers being checked as potential divisors in determining that 49,999 is prime (it is).
The extra number of divisors is 12,388 rather than 24,776 because only odd numbers
are checked as potential divisors in the loop. | timed two versions of Program 5.4: one
that usedimit = sqrt(n) + 1 and one thatusddnit = n/2 + 1 . Ittook

1.44 seconds to determine that there are 5,133 primes between 1 and 50,000 when the
square root limit was used, but 45.78 seconds when the limit based on halivag

used. Interestingly, even checking only divisors less than the square root of a number
is much too slow for the encryption algorithms that are based on using large prime
numbers. These encryption algorithms use pairs of large prime numbers, so they need
to determine whether 200-digit numbers are prime. The square root of such a number
has 100 digits. Testing 1# numbers as potential divisors would require more time

2As we'll see in Section 6.3.6, the latest C++ standard has a casting opstiatior cast , whose
use is preferred to the style of cast we've shown here. Not all compilers sigiatict cast

3The maximum number of iterations is rough§i /2.
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than the universe has been in existence. What makes the encryption algorithms feasible?
Computer scientists and mathematicians developed efficient methods for determining
whether a number is prime. These methods don't actually factor a number; they just
yield a yes or no answer to the question “Is this number prime?” However, no one
has developed an efficient algorithm for factoring numbers. The keys to the encryption
methods used are (1) efficiently determining that a number is prime, and (2) difficulty
in factoring the product of the two primes.

5.1.7 Exponentiation: A Case Study in Loop Development

We'll use the mathematical operation of raising a number to a power, called exponen-
tiation, as an illustration of algorithm efficiency and of using invariants to develop a
loop.

Today'’s businesses and governments rely increasingly on electronic messages and
transactions. With powerful computers to assist in electronic spying, many worry that no
message is safe from being stolen and deciphered. However, computer scientists have
developed methods of data encryption that result in messages that are provably difficult
to decrypt or decode.

These techniques of data encryption require that large prime numbers (approximately
150 digits) be manipulated by raising these numbers to large pbwRasa encryption is
used to prevent people from “spying” on electronic information. For example, someone
sending an electronic message from an office in Europe to an office in Canada might
be worried that the message will be intercepted by electronic eavesdroppers. Instead
of being sent aplain text (i.e., understandable by anyone), the message might be
encrypted so that it cannot be intercepted and understood.

Efficient methods for computing”, the operation oéxponentiation,are essential
when bothx andn are large. In C++, the exponentiation operation is not a built-in
operator, as addition, subtraction, multiplication, division, and some others are (e.g., the
% operator for remainder). The library of routines specified in the headecfitath>
does include an exponentiation routine calbedv (see Table F.1), but it is useful for us
to examine ways of implementing a function to perform exponentiation. Not only will
doing so illuminate concepts of programming and C++; it is sometimes necessary to
implement such a function when the one provided in the math library won't work, such
as in raising 8igint  value to a power.

Exponentiation can be defined in at least three ways. The first method is the one you
may be accustomed to.

at=axax---Xa (5.2)
——
n times
An equivalentinductive or recursive definition follows.
1 ifn=0
n __
@ = {a x a1V otherwise (5:3)

4This is part of howRSAencryption works; the powers are computed modulo another numberthat
the result is constrained to be between 0 and 1.
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Table 5.1 Calculating 3'© Efficiently. The Answer column cannot be filled in until the Depends
On column is filled in from the bottom to the top. x; indicates a value to fill in.

Power Depends On Answer

316 — (38)2 (x4)? 43 046,721
xs =3B =(3%2 (x3)? 6, 561
x3=3*=(3%? (x2)? 81
x; =3 =(3H? (x1)? 9
x1=3t none 3

Finally, it's possible to take advantage of properties of exponents such-as88x 3*
to define exponentiation.

n

a" = a"? x a"/? if nis even (5.4)

{ 1 ifn=0
a x a"? x a"? if nis odd (note that /2 truncates to an integer)

This last definition has the advantage that it may lead to fewer multiplications than the
first two definitions when we develop a program to translate the definitions into code. For
example, given the task of computingf3you might break the problem down as shown
in Table. 5.1, where®8 is calculated by computing@nd squaring the result. In turrf, 3
is calculated by computing*Zind squaring it. This process of breaking down a number
continues until the simple case df 3 3 is reached. Note that only four multiplications
are required—one for squaring each of the numbers; 81, 6561. This is many fewer
multiplications than the 16 required by the naive method used in the first definition of
exponentiation above.

Definition 5.2 leads to the following relatively simple counting loop in the function
Power for raising a number to an integer power.

double Power(double base,int expo)
/I precondition: expo >= 0
/I postcondition: returns base“expo (base to the power expo)

{
double result = 1.0;
while (expo > 0)
{ result *= base;
expo -= 1;
}
return result;
}

The loop iterates exactixpo times so that calculating’ requires: multiplications and

n subtractions. We want to develop a similar function, one that is black-box equivalent
to Power, but that uses fewer multiplications as with definition 5.4. We'll use a loop
guard similar to the one above, but we'll use a loop invariant to help explain the loop and
reason about its correctness. The invariant will also help you remember how to develop
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the code on your own. We’'ll start with the following code that accumulates the final
answer in the variableesult

double Power(double base, int expo)
/I precondition: expo >= 0
/I postcondition: returns base“expo (base to the power expo)

{
double result = 1.0;
/I invariant: result * (base”expo) == answer
while (expo > 0)
{
}
return result;
}

Recall that a loop invariant is true each time the loop test is evaluated. In particular, itis
true the first time the test is evaluated. The invariant is expressed as a comment:

resultx bas& PO = answer (5.5)

Since the initial value ofesult is 1.0, the invariant is true the first time the loop test
is evaluated. Sincexpo is used in the loop test, the valuee{po must change as the
loop iterates. For the invariant to remain true, the values of eigmilt  or base
must change as well. When the loop terminates, we’ll want the valexpd to be
zero. Since the invariant is true, this will guarantee that the correct answer is returned
sincex® = 1 for all x.

When the exponent is even, definition 5.4 dictates dividing the exponent by 2, that
is taking advantage of the property thdP 3= 3% x 30, If the exponent is divided in
half then eitheresult  or base (or both) must change to establish the truth of the
invariant. We’'ll use the following properties of even exponents.

a’ = ab? x a"? = (a x a)"'? (5.6)

Using this property, when we dividexpo by 2 we’ll squarebase so that the value of
the expression in the invariant shown in Equation 5.5 remains the same.

resultx bas&*PO = resultx (basex basg®*P9?2 (5.7)
This relationship leads to the following loop (the function header isn’t duplicated).

double result = 1.0;

/[ invariant: result * (base“expo) == answer
while (expo > 0)
{ if(exp 0% 2 ==0) /I exponent is even
{ expo /= 2;
base *= base; Il (@*a)’(b/2) == a’b
}

else /I must handle this case

}

return result;
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The loop is almost done, but we must still deal with odd exponents. Definition 5.4 for
odd exponents is similar to the case for even exponents, but an additional fauaseof
is involved, that is:

resultx bas&*PO = (resultx basg x bas& P92 x pasé&*PI2 (5.8)

The part of this expression involving exfiis identical to the expression used for even
exponents. To incorporate the additional factobate we’ll multiply result by
base . This re-establishes the invariant.

double result = 1.0;
/I invariant:  result * (base“expo) == answer
while (expo > 0)
{ ifexp 0% 2 ==0) I
{ expo /= 2;
base *= base;

exponent is even

/I (a*a)"(b/2) == ab
}
else
{ expo /= 2;
result *= base;
base *= base;
}
}

return result;

Before we look at the code one final time, we’ll review how the invariant helps reason
about the correctness of the program.

1. The invariant is true each time the loop test is evaluated. In particular, it must be
true the first and last times the test is evaluated.

2. Whenthe loop finishes, the loop test must be false. We can use this, in conjunction
with the truth of the invariant, to reason about a loop’s correctness.

In the loop fromPower, the value ofexpo will be zero when the loop exits. We can
infer this because since the loop test is false, we knowekd <= 0 . Butexpo can
never be negative since it is only changed when it is divided by two. Since the invariant
is true, and the value @&xpo is zero, we have the following:

resultx bas&*PO = resultx bas® = result= final answer (5.9)

Sinceresult isreturned, we have “proved” that the function correctly satisfies its post-
condition. Of course this is an informal proof, but hopefully it is effective in convincing
you about the loop and the function.

Before you decide you're “done” in writing a function, class, or program, you should
review the code. In the functidRower the same statements appear in bothithend
theelse block. You should alwayfactor out duplicated code by moving it before or
after theif/else statement as appropriate. Here, we can factor out two statements,
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and leave aif without anelse . To do this, we negated the original test used in the
if so that now the code tests for odd exponents.

double Power(double base, int expo)
/I precondition: expo >= 0
/I postcondition: returns base“expo (base to the power expo)

{
double result = 1.0;
/I invariant: result * (base”expo) = answer
while (expo > 0)
{ if exp 0 % 2 !=0) /I exponent is odd
{ result *= base;
}
expo /= 2; /l 42 == 2, 5/2 ==
base *= base; Il (@*a)’(b/2) == a'b
}
return result;
}

Program Tip 5.2: Invariants are useful in developing and documenting
loops. You should try to include an invariant in every loop you write. At first this will
seem difficult or useless. But what's obvious to you today won't be obvious to someone
else, or to you tomorrow, so document, document, document your code.

Program Tip 5.3: Factor out common code. Don't be satisfied when your

function or program works. Be sure that your code is easy to understand, is not uselessly
redundant, and that code duplication is minimized.

Pause to Reflect 5.6 Assume that the factorial of a negative number is defined to be the factorial of the
corresponding absolute value so that, for exam@ld)! = 5! = 120. Modify
o ) ) . )
@\{ the functionFactorial in Program 5.2 so that the correct value is returned for
/ any value ofnum. Be sure to change the comments.

5.7 What value is returned by the cdilctorial(-7) in the progranfact.cpp
Program 5.2?

5.8 Write a function to calculate!! wherex!! = (x!)!. For example, B = 6! = 720.

5.9 Generalizing the previous exercise, write a function with two parameters to cal-
culatex(!)”, wherex()" = x !!...!. UseBigInt s for the calculations.

n times
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5.10 Here is another version dfactorial ; this version is changed only slightly
from that given in Program 5.2. Does this version pass a black-box test comparing
it with the original? What is a good invariant for the loop?

int Factorial(int num)
{

int product = 1;
int count = 1;
while (count <= num)
{ product *= count;

count += 1;

}

return product;

}

5.11 Ifthe statemendlivisor += 2  ischangedtalivisor += 1 , does the func-
tion IsPrime  still work as intended?

5.12 What value is returned by the c&dPrime(1)  ? Isthis what should be returned?

5.13 It is possible to write a loop without a return from the middle of the loop in the
functionlsPrime . Thewhile loop can be replaced by the following:

while (divisor <= limit & & n % divisor != 0)
{ divisor += 2;
}

What statement is needed after the loop to ensure that the correct value is returned?

5.14 What values doesexpo have each time the loop test is evaluated in the final
version of the functiofPower if the original value is 1,024? If the original value
is 1,0007? (the last value is 0 in all cases).

5.15 Why is the invariant for the loop ofsPrime in primes.cpp Program 5.4 true
the first time the loop test is evaluated? Write an informal argument about the
correctness dfsPrime using the invariant and the loop test together.

5.16 Before common code was factored out in the loop for calculating powers, the two
statements below were part of thlse clause.

result *= base;
base *= base;

Can the order of these statements be changed? Why?

5.17 Modify the functionPower to work with negative exponents, where" = 1/a".
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5.1.8 NumbersWritten in English

As another example of a loop we’'ll ugigitToString from numtoeng.cpplro-
gram 4.10, to convert a number to an English equivalent string formed from the digits.
For example, 123 is represented'lope two three" , and 4017 is represented by
"four zero one seven"

We'll need a loop to do two things:

| Extract one digit at a time from the number
] Build up the string one word at a time

The modulus operat@bomakes it easy to determine the rightmost digit of any number.
It's difficult to get the leftmost digit, because we don’t know how many digits are in the
number. To build the English equivalent, we’'ll have to buiktiing by concatenating
each digit-string in the proper order. Each time a digit is peeled off the number, its
corresponding string is concatenated to the front ofthieg  being built.

Program 5.5 digits.cpp

#include <iostream>

#include <string>

using namespace std,;

/I illustrates loops, convert a number to a string of English digits
/I i.e., 1346 -> one three four six
/I Owen Astrachan, 6/8/95

string DigitToString(int num);
string StringOut(long int number);

int main()

{

}

long number;

cout << "enter an integer: ";
cin >> number;
cout << StringOut(number) << endl;

return O;

string DigitToString(int num)
/I precondition: 0 <= num < 10
/I postcondition: returns english equivalent, e.g., 1->one,...9->nine

{

if (0 == num)

else
else
else
else

return “zero",
if (1 == num) return "one";
if (2 == num) return "two";
if (3 == num) return "three";
if (4 == num) return "four";
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else if (5 == num) return “five";
else if (6 == num) return "six";
else if (7 == num) return "seven";
else if (8 == num) return "eight";
else if (9 == num) return "nine";

else return "?";

string StringOut(long number)
/I precondition : 0 < number
/I postcondition: returns string formed from digits written in English

I

{

e.g., 123 -> "one two three"

strin g s ="

int digit;

while (humber != 0)

{ digit = number % 10;
s = DigitToString(digit )+ " "+ s
number /= 10;

}

return s; L
digits.cpp

O Ul Py T

prompt> digits

enter an integer: 9299338

nine two nine nine three three eight
prompt> digits

enter an integer: 401706

four zero one seven zero six
prompt> digits

enter an integer: -139

??27?

prompt> digits

enter an integer: 18005551212

eight two five six eight two zero two eight
prompt> digits

enter an integer: 8005551212
2272727227272 zero

The first time the loop test is evaluatediepresents the empty strifi : astring

with no characters. The valuedfjit is undefined because no value has been assigned
to digit . Since a space is always added after the digit string added to the front of

string s , there is a space at the endf This space won't be “visible” ifs is
printed, unless another string is printed immediately afteFhe space will be included



June 7,1999 10:10

owltex  Sheet number 39 Page number 17Gigentalack
5.1 The while Loop 175

in calculating the length of, soStringOut(111).length() == 12
string is"one one one "

, since the

5.1.9 Fence Post Problems

The extra space after the last English digit of #tieng  made byStringOut  in
Program 5.5digits.cpp is undesirable. Spaces should occur between each two digits
rather than after each digit. A similar problem occurs with the following loop, intended
to print the numbers 1 through 10 separated by comrh@s3,4,5,6,7,8,9,10

The loop doesn’t work properly:

int num = 1;

while (num <= 10)

{ cout << num << "'
num += 1,

}

cout << endl;

The loop printsl,2,3,4,5,6,7,8,9,10, instead (note the trailing comma). The
problem here is that the number of numbers is one more than the number of commas, just
as the number of digits is one more than the number of spaces in the fugtriiogOut.

This kind of problem is often called fence postproblem, because a fence (see
picture below) has one more fence post than fence crosspieces. In our example, the
numbers are the posts and the commas are the crosspieces.

===

The correct number of posts and crosspieces cannot be printed in a loop that outputs
both fences and crosspieces, because the loop generates the same number of each. There
are three alternatives: print the first fence post (number) before the loop; print the last
post (humber) after the loop; or guard the printing of the crosspiece inside the loop. The
three approaches are coded as follows:

int n = 1;
cout << n;
n += 1;

while (n <= 10)
{  cout << "

n += 1,

}

cout << endl;

Program 5.6 threeloops.cpp

int n = 1; int n = 1;
while (n < 10) while (n <= 10)
{ cout << n << "M { cout << n;
n += 1; if (n < 10)
<< n; } cout << "
cout << n << endl n += 1;

}

cout << endl; threeloops.cpp

In the solution on the left, the comma is printed before each number is printed in the
loop. This requires an increment before the loop or a different initialization of

Printing the comma after each number requires printing the final number after the
loop. This is shown in the code in the middle where the loop test is modified te use
instead of<=.
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Both solutions share the problem of code duplication. In the code segment at the top
left, n is incremented by one in two places. In the segment at the top right, there are two
cout << n statements. Code duplication often causes maintenance problems, since
changes must be made identically in more than one place. The solution on the right
avoids the code duplication but mimics the loop test inside the loop, which is a slightly
different kind of code duplication. Each of these solutions is an acceptable way to solve
fence post problems.

Pause to Reflect 5.18 Write code that permits the user to enter the number of fence posts in a fence and
that then “draws” a fence as shown in the following sample output:

-Sit,

enter number of fence posts: 8

5.19 Alter the code in the functioBtringOutin Program 5.5digits.cpp,so that spaces
occur between each digit as opposed to after each digit.

5.20 Modify StringOutto generate a string that's backwards, for examfiteee
two one" for the number 123.

5.21 Write a function that returns the number of characters iman, accounting for
a minus sign for negative numbers. For examplemDigits(1234) returns
4, andNumDigits(-1234) returns 5.

5.22 Write a loop that prints the numbers 1 through 100 with each group of 10 numbers
starting on a new line. There should be a space between each of the numbers on
aline:

12345678910
11 12 13 14 15 16 17 18 19 20

91 92 93 94 95 96 97 98 99 100
You may find it useful to use the statement

if (num % 10 == 0)
{ cout << endl;

}
in the loop body.
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5.23 Write a loop using the operatde that calculates how many times a number
can be divided in half before 0 is reached. For example, 2 can be divided twice
(attaining 1 then 0), 3 can be divided twice, 511 can be divided 9 times, and 512
can be divided 10 times. Use this loop to write a funcliategerLog  that has
two parameterspumber andn, and returns how many timesimber can be
divided byn.

B 5.2 Alternative Looping Statements

Writing loops can be difficult. It's not always easy to determine what the loop test should
be, what statements belong in the loop body, and how variables should be initialized and
updated before, in, and after a loop. Loops tend to have four sections:

] Initialization: This step occurs prior to the loop. Variables that need to be initial-
ized are given values prior to the first time the loop test is evaluated.

] Loop test: The test determines whether the loop body will be executed. When the
loop test is false, the loop body is not executed. If the loop test is always true, an
infinite loop results, unless the loop is exited withedurn  statement, as used
in IsPrime in primes.cppProgram 5.4.

| Loop body: The statements that are executed each time the loop test evaluates to
true.

] Update: The statements that affect values in the loop test. These statements ensure
that the loop will eventually terminate. Values of variables in the loop test will be
changed by the update statements.

These sections are diagrammed in Fig. 5.3 for the two loopsiines.cppProgram 5.4

int limt = sqrt(n) + 1;
int divisor = 3;

k = |0W; 4’_\ r—»
while (k <= high) Initializw<: i)
{ \/\

if (1sPrime(k)) Test {

if (n %divisor == 0)

{
. {
cout .<< k << endl; Body return fal se:
nunPrimes += 1; }
} Update di visor += 2;

} k+u W

Figure 5.3 The four sections of a loop.
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5.2.1 Thefor Loop

These loops are often written using an alternative looping construct tettite  loop.
Thefor loop is just a kind of shorthand, @yntactic sugar® that can be used instead of
awhile loop. Anything written with one loop can be written with the other and vice
versa.

Thefor loop offers some economy in terms of lines of code when compared with
its while loop equivalent. Thénitialization statement is executed only once, before
the evaluation of the test for the first time. Tiest expressions evaluated; if it is true,
the loop body executes. After the last statement iddbp body is executed, thep-

datestatement executes. The test

SMEVS {2l [TT7 is then evaluated again, and the

for (initialization; test expressigrupdate process continues (withoutinitial-

{ ization) untilthe testisfalse. Since
statement list; all the information in dor loop

} appears at the beginning of the

loop, it is often easier to under-
stand than the correspondindnile loop. The update statement should change values
used in the test expression so that the loop makes progress toward termination.

Here is thewhile loop from main in primes.cpp Program 5.4, with the corre-
spondingfor loop:

k = low; for(k=low; k <= high; k += 1)
while (k <= high) { if (IsPrime(k))
{ if (IsPrime(k)) { cout << k << end|;
{ cout << k << endl numPrimes += 1;
numPrimes += 1; }
} }
k += 1;
}

The parentheses following thier loop enclose three separate parts of a loop: initial-
ization, test, and update. These parts are separated by semicolons as shown. Block
statement delimiters enclose the body of fitne loop just as they enclose the body of
thewhile loop.

| adhere to a style of programming in whitdr loops are used only when a bound
on the number of iterations can be simply calculated. Such loops are sometimes called
definite loops. Typically, these loops are counting loops—Iloops that execute a sequence
of statements a fixed number of times, as shown in the example aboveffiroes.cpp
Many C++ programmers uder loops exclusively; the economy of code makes pro-
gramsappearshorter. Choosing the style of loop to use should not be a major decision
point in developing a program. Sticking with the style adopted in this book is one way
of ensuring that little time is spent on deciding what kind of loop to use. As an example
of when | choos@otto use dor loop, awhile loop fromdigits.cpp,Program 5.5, is
shown in Program 5.7 on the left with the correspondarg loop on the right:

5The termsyntactic sugaris used for constructs that don’t have a new meaning but are more aesthetically
pleasing in some way. Often this means “easier for a human reader to understand.”
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Program 5.7 digitloops.cpp

while (number != 0) for(; number != 0; number /= 10)
{ digit = number % 10; { s = DigitToString (digit )+ """ +s;

s = DigitToString(digit )+ " "+ s }

number /= 10; R E—
} digitloops.cpp

This isnot a counting loop. The number of times the loop body is executed depends
on how many timeswumber can be divided by tef. This example shows that the
initialization part of afor loop can be omitted. The other parts dfioa loop can be
omitted too, but omitting the test part results in an infinite loop.

5.2.2 The Operators ++ and ——

Counting loops often require statements suck as= 1. Because incrementing by one
is such a common operation, C++ includes an operator that can be used to increment by
one in place of += 1. The statement

k++;

can be used in place &f += 1. Similarly, the statemerkt-- can be used in place of

k -= 1 todecrement a value by one. The operatsiis thepostincrementoperator,
and the operator- is the postdecrementoperator. In all the code in this book, the
expressionx++ is used only as shorthand far += 1. Similarly, x-- is used only as
shorthand fox -= 1 . If you read other books on C++, you may find these operators
used as parts of other expressions. For example, the statemert + y++ islegal

in C++. This statement storegs+ y in x, and then increments the valueyoby one.
Don't try to use the operator this way—it will invariably get you into trouble. Instead,
use++ and-- only as abbreviations as already described. When used in this way, the
statements below on the left affectthe same way: its value is incremented by one.
Similarly, the statements on the right decremeltity one.

X += 1; X -=1
X++; X--:
++X; -X;

| don't use thepreincrement operator ++x or thepredecrement operator--x in this
book. When used in expressions like= z + ++y , the value ofy is incremented
first, then the value of + vy is stored inx. Since | don’t uset+ and-- except as
abbreviations forr= 1 and-= 1, | use only the postincrement and postdecrement
operators.

An example of a countinépr loop using the postincrement operator follows; this
is thewhile loop frommain of primes.cppProgram 5.4:

6Although this number of iterations can be calculated using logarithms, this isn’'t done in this loop.
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for(k = low; k <= high; k++)
{ if (IsPrime(k))
{ cout << k << end|;
numPrimes++;
}
}

5.24 ThefunctionFactorial  infact.cppProgram 5.2, usesrhile loopto calculate
the factorial of a number. Rewrite the function so th&dra loop is used instead.

5.25 Write awhile loop equivalent to the followinfpr loop:

double total = 0.0;

double val;

for(val = 1.0; val < 10000; val *= 1.5)
{ total += val;

}

5.26 Write afor loop equivalent of the followingvhile loop:

int kK = 1;
int sum = O;
while (k <= num)
{ sum += k;

k += 2;
}

5.27 What is printed by the followindor loop?

int k;
for(k=1024; k >= 0 ;k/i=2)
{ cout << k << endl;

}

5.2.3 The do-while Loop

Many programs prompt for an input value within a range. For example, Program 4.10,
numtoeng.cpprompts for arint  between 0 and 100. THeromptRange functions
declared ifprompt.h”  ensure that input is within a range specified by the program-
mer. Think for a moment about how to write a loop that continually reprompts if input is
not within a specific range. Since you must enter a value before any test can determine
whether the value is valid, usingahile loop leads to a fence post problem. Instead, a
do-while loop can be used. Thi#n-while loop works similarly to avhile loop, but

the loop test occurs at the end of the loop rather than at the beginning. This means that
the body of ado-while loop is executed at least once. In contrasthéle loop does

not iterate at all if the loop test is false the first time it is evaluated. Here is the body of
one of thePromptRange functions (fromprompt.cpp:
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int PromptRange(string prompt,int low, int high)
/I pre: low <= high
/I post: returns a value between low and high (inclusive)

{
int value;
do
{ cout << prompt << " between "
cout << low << " and " << high << " ",
cin >> value;
} while (value < low || high < value);
return value;
}

Note that the output statements for the prompt are executed prior to the input statement.
If the value entered is not valid, the loop continues to execute until a valid value is
entered.

5.2.4 Pseudo-Infinite Loops

Because of errors in design, loops sometimes execute forever. It’s fairly common to
forget to increment a counter when writingvdiile  loop. This is a good reason to use
afor loop—it’s harder to forget the update statement fora loop.

Sometimes, however, it's useful to write seemingly infinite loops with an exit condi-
tion from within the loop body. We'll use this style of loop with an exit only in situations
that would cause code to be duplicated otherwise. Consider the following loop, which
sums user-entered values until the user enters zero:

int sum = 0O;

int number;

cin >> number;

while (number != 0)

{ sum += number;
cin >> number;

}
cout << "tota | = " << sum << endl;
To evaluate the testhile (number != 0) , the variablenumber is given a value

before the test is evaluated for the first time as well as each time the loop body is
executed. Reading an initial value so that the loop test can be evaluated the first time
is calledpriming the loop. A word is read again within the loop body before the next
evaluation. Eric Roberts, author dhe Art and Science of Calls these “loop-and-a-

half” loops [Rob95]. Studies show that loop-and-a-hldbps are easier for students to
write as infinite loops with an exit.

"It would be nice to say that four out of five programmers surveyed preféie (true) with
break loops. Studies do indicate that students find it easier to write code using this kind of loop than
using a primedvhile loop.
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The following loop avoids duplicating the code that extracts a valuadionber
from cin :

while (true) /I until break from within loop
{ cin >> number;
if (number == 0)

{ break; /I OUT OF LOOP
}
sum += number;

}

cout << "tota | = " << sum << endl;

Since the loop test is always true, the loop appears to be an infinite loop. There is no way
for the test to become false. Theeak statement in the loop causes an abrupt change
in the flow of control. When executed,bmeak causes execution to break out of the
innermost loop in which thereak occurs. In the example here, execution continues
with the output statemegbut << "total = ..." when thebreak is executed.
As an alternative tavhile(true) , the loop tesfor(;;) is a special C++ idiom
that also means “execute forever.” | don't use this style of infinite loop since its purpose
doesn’t seem as clear as thhile(true) loop.

Itis easy to carry this style of writing loops to extremes and write only infinite loops
with break statements. You should try to write loops with explicit loop tests and use
while(true) loops only for loop-and-a-half problems.

ProgramTip 5.4: The break statement causes termination of the inner-

most loop in which it occurs. Control passes to the next statement after

the innermost loop. Use the break statement judiciously in situations

where code would be duplicated otherwise. Aswe’ll see in later chapters, loop

tests often provide meaningful clues when it becomes necessary to reason about how a
loop works and whether or when the loop terminates. A testuef doesn'’t provide

many clues. However, used properly, infinite loops avoid code duplication and thus lead
to programs that are easier to maintain.

Some programmers find it easier to understand the logic of the following loop than that
of the loop used ifPromptRange shown previously:

while (true)

{ cout << prompt << " between ";
cout << low << " and " << high << ™ ",
cin >> value;
if (low <= value && value <= high) return value;

}

Thereturn  statement exits the function (and the loop) when the user-entered value is
withinthe specified range. Sometimesit's easierto develop the logic for loop termination,



June 7,1999 10:10 owltex  Sheet number 47 Page number 18&gentablack

5.2 Alternative Looping Statements 183

as shown above, than forloop continuation, as shownin the furetmmptRange . De
Morgan'’s law from Section 4.7 can help in converting logical expressions for continuation
into expressions for termination since one is typically the logical negation of the other.

5.2.5 Choosing a Looping Statement

Thewhile loop is the kind of loop to use in most situations. For writing definite loops,
afor loop may be appropriate. For writing loops that must iterate onde-ahile

loop may be appropriate. Given that there are three different kinds of loops, it’'s natural
to wonder whether there are rules that can make the “correct” choice of what kind of loop
to apply easier to determine. Since any loop can be made to do the work of any other by
using appropriate statements, we won’t worry too much about this kind of decision. In
summary, however, the following guidelines may prove helpful:

| Thewhile loop is a general-purpose loop. The test is evaluated before the loop
body, so the loop body may never execute.

] Thefor loop is best for definite loops—loops in which the number of iterations
is known before loop entry.

] The do-while loop is appropriate for loops that must execute at least once,
because the test is evaluated after the loop body.

] Infinite loops, with abreak (or return from function) statement, are often
useful alternatives, especially when loop priming is necessary or when it's difficult
to develop the logic used in the loop test.

In all three types of loop the bracgsthat surround the loop body are not required
by the compiler if the loop body is a single statement. However, the style guidelines for
code in this book require the bodies of loops #ndelse statements to be enclosed in
braces, even if they consist of single comments.

5.2.6 Nested Loops

When one loop occurs in the body of another loop, the loops together are icaditstl
loops In primes.cppProgram 5.4, there is a “virtual nested loop,” because the loop in
the functionlsPrime is executed repeatedly by the call from the looriain .

An example adapted from [KR96] shows how nested loops can be used to print a
table of wind chill values. The effective temperature is significantly decreased when the
wind speed is high. For example, a 20 mile-per-hour wind on a 50-degree day reduces
the temperature to an equivalent wind chill index of 32 degrees. The desired output is
a table of wind speed and temperature, with the wind chill index temperature given as
follows:
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prompt>  windchill

deg. F: 50 40 30 20 10 0 -10 -20 -30 -40
0 mph: 50 40 30 20 10 0 -10 -20 -30 -40
5 mph: 47 37 26 16 -4 -15 -25 -36 -47
10 mph: 40 28 15 3 -9 -21 -33 -46 -58 -70
15 mph: 35 22 8 -4 -18 -31 -45 -58 -72 -85
20 mph: 32 17 3 -10 -24 -39 -53 -67 -82 -96
25 mph: 29 14 0 -14 -29 -44 -59 -74 -89 -104
30 mph: 28 12 -2 -17 -33 -48 -63 -79 -94 -109
35 mph: 26 11 -4 -20 -35 -51 -67 -82 -98 -113
40 mph: 25 9 5 -212 -37 -53 -69 -85 -101 -116
45 mph: 25 9 -6 -22 -38 -54 -70 -86 -102 -118
50 mph: 25 9 -7 -23 -39 -55 -71 -87 -103 -119

Because the table must be printed one row at a time, a first cut at the code is row-
oriented, with one row for each wind speed between 0 and 50 miles per hour:

for(windspeed=0; windspeed <= 50; windspeed += 5)
print a row of temperatures;

Printing a row also requires a loop, and this leads to the nested loops shevimdin
chill.cpp, Program 5.8. Each wind chill temperature is printed byitiresr loop, in
which temperature varies from 50 downtd0 degrees; the inner loop prints a complete
row of the table. The inner loop executes completely before one iteration otitee
loop has finished.

Program 5.8 windchill.cpp

#include <iostream>
#include <iomanip>
#include <cmath>
using namespace std,;

/I for setw
/I for sqrt

/I Owen Astrachan

/I nested loops to print wind-chill chart

1

/I idea: Programming with Class by Kamin and Reingold, McGraw-Hill

/I formula for wind-chill from

/I UMAP Module 658, COMAP, Inc., Lexington, MA 1984, Bosch and Cobb

double WindChill(double temperature, double windSpeed);

int main()
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const int WIDTH = 5;

const int MIN_TEMP =  —40;
const int MAX_TEMP = 50;
const string LABEL = "deg. F: ";
int temp,wind;

/I print column headings

cout << LABEL;

for(temp = MAX_TEMP; temp >= MIN_TEMP; temp  —=10)
{ cout << setw(WIDTH) << temp;

}

cout << endl << endl;
/I print table of wind chill temperatures

for(wind = 0; wind <= MAX_TEMP; wind += 5) // row heading
{ cout << wind << " mph:\t";

for (temp = MAX_TEMP; temp >= MIN_TEMP; temp —= 10) // print the row
{ cout << setw(WIDTH) << int(WindChill(temp,wind));
}
cout << end|;
}

return 0O;

}

double WindChill(double temperature, double windSpeed)
/I precondition: temperature in degrees Fahrenheit
/I postcondition: returns wind-chill index/comparable temperature

{
if (windSpeed <= 4) /I low wind, temperature unaltered
{ return temperature;
}
else if (windSpeed <= 45) /I high wind
{ return
91.4 — (10.45 + 6.69 =xsqrt(windSpeed) — 0.447 % windSpeed) %
(91.4 — temperature)/22.0;
}
else
{ retun (1.6 * temperature — 55.0);
} } windchill.cpp

Because the functiowindChill  returns adouble value and there is no reason
to print several numbers after a decimal point in the table, the value returned by the
WindChill ~ function is stored in aint variable. The value is converted to
using the expressiont(WindChill(temp,wind)) just as the value returned by
the functionsqrt was converted to aimt in primes.cppProgram 5.4. To make each
column of the table line up properly, a stream manipulattw for the input stream
cout isused. The argumentsetw specifies dield width used to print the next value.
Printing a number like 27 in a field width of five requires three extra spaces in addition to
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the two characters &7 to pad the output to five characters. If the output occupies three
spaces (e.g., the number 123 or the sttiogt" ), then two literal blanks ' will

pad the output to five spaces. If the value being printed requires more than five spaces
(e.g., for the number 123456), the entire value is still printed. You don’t setd ; it's
possible to print the right number of spaces by testing the value being printed as follows
and padding with spaces as shown below, but usetgy is much simpler.

if (num < 10)

{ cout <<™" " /I two spaces
}

else if (num < 100)

{ cout << " /I one space
}

cout << num;

Program output should be easy to read, but you should not concentrate on well-formatted
=_ output when first implementing a program. Informationsmtw and other functions
;i‘i‘"/ that help in formatting output is in Howto B.

) Sometimes it is useful to use the value of the outer loop to control how many times
the inner loop iterates. This is shown fmultiply.cpp,Program 5.9, which prints the
lower half of a multiplication table (the upper half is the same, because multiplication
is commutative: 2< 5 = 5 x 2). Both loops are counting loops. The outer loop,
whose loop control variable s, determines how many rows appear in the output. The
statemencout << endl is executed once each time the body of the outer loop is
executed. The number of iterations of the inner loop is determined by the vajue of
As can be seen in the output, the number of entries in each row increases by 1 in each
successive row. Whgnis one, there is one numbdr, in the first row. When is three,
there are three numbef%,6 9, in the third row. Thevidth member function ensures
that three-digit numbers and two-digit numbers line up properly in columns.

Program 5.9 multiply.cpp

#include <iostream>

#include <iomanip>  // for setw
#include "prompt.h"

using namespace std,;

/I simple illustration of nested loops

int main()
{
int jk;
int limit = PromptRange("number for multiply table",2,15);

for(j=1; j <= limit; j++)
{ for(k=1; k <= j; k++)
{ cout << setw(3) << k  xj << " "

}
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cout << endl;

}
return O; -
} multiply.cpp

O U Py T

prompt> multiply
number for multiply table between 2 and 15: 5
1

2 4

3 6 9

4 8 12 16

5 10 15 20 25

prompt> multiply

number for multiply table between 2 and 15: 10
4
6 9
8 12 16

10 15 20 25

18 24 30 36

14 21 28 35 42 49

16 24 32 40 48 656 64

18 27 36 45 54 63 72 81

20 30 40 50 60 70 80 90 100

COWoww~NOUO~WNEPER
[N
N

[EY

If abreak statementis inserted as the last statement of the inner loop, immediately
following cout << setw(3) << k*j << " " , the output changes:

O U Py T

prompt> multiply
number for multiply table between 2 and 15: 4
1

2
3
4
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Note that the outer loop isot exited early. Thdreak statement causes the innerloop
(in which the loop control variable is) to exit before the loop te&t <= j becomes
false. This means that the inner loop executes exactly once.

You should think very carefully when you decide that nested loops are necessary,
especially if you're usingvhile loops. Nested loops are often necessary when data are
printed or processed in a tabular format, but it is often possible to use a single loop with
anif statement in the loop body, and one loop is usually easier to code properly than
two nested loops are.

Program Tip 5.5: Coding is often easier if you move the inner loop of a
nested loop into a separate function, and then call the function. It's often

easier to test a function than to test a loop, and keeping the inner loop in a separate function
helps in developing correct programs.

5.2.7 Defining Constants
In windchill.cpp Program 5.8 severabnstantidentifiers are defined.

const int WIDTH = 5;
const int MIN_TEMP = -40;
const int MAX_TEMP = 50;

The type modifieconstmeans thaMIN_TEMPis a constant. Because it is constant,
MIN_TEMPcannot be assigned a new value or changed in any way. For example, if the
line

MIN_TEMP = -80;

is added immediately after the definition MIN_TEMR one compiler generates the
error message belaotv.

Error : not an Ivalue
windchill.cpp line 19 MIN_TEMP = -80;

In general, it is good programming practice to use constants to represent values that do
not change during the execution of a program. Some examples of constant definitions
are the following:

const double Pl = 3.14159265;

const double INCHES_PER_CM = 0.39370;
const int January = 1,

const string cpp = "C++";

8An Ivalueis an object to which a value can be assigned; the “I” is for left, since assignment changes
the variable on the left.
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Using named constants not only improves the readability of a program; it permits edit
changes in a program to be localized in one place. For example, if you need a more
precise value of of 3.1415926535897, only one constant is changed (and the program
recompiled). Mnemonic hames, or names that inditeg@urpose they serve, also pro-
vide meaning and make it eas-
ier to read and understand code.
Using the constarltanuary in-
stead of 1 in a calendar-making
program can make the code much easier to follow. It is a common convention for con-
stant identifiers to consist of all capital letters and to use underscores to separate different
words.

Using constants also protects against inadvertent modification of a variable. The
compiler can be an important tool in developing code if you use language features like
const appropriately.

Syntax: const value

const type identifier= value

5.28 Write a loop that accepts input from the user until the number zero is entered.
The output should be the number of positive numbers entered and the number of
negative numbers entered.

5.29 Thereis afence post problemrultiply.cpp a space is printed after every number
rather than between numbers. Modify the loop so that no space is printed after
the last number in a rovHint; it's possible to do this by modifying hogetw is
used).

5.30 Write nested loops to print (a) the pattern of stars on the left and (b) the pattern of
stars on the right. The number of rows should be entered by the user; thére are

stars in rownk.

* *

* % * *
* % * * * %
* * * * * * % *
* % * % * * * % *x *

5.31 Write appropriate constant definitions to represent the number of feet in a mile
(5,280); the number of ounces in a pound (16); the mathematical corestant
(2.71828); the number of grams in a pound (453.59); and the number foot-pounds
in an erg(1.356 x 107).

5.3 Variable Scope

In Section 3.1.2 we discussed where variables are defined, and we showed that it is
possible to define variables anywhere, not just immediately following a curly Brace
You need to be aware of how the location of a variable’s definition affects the use of
the variable. For example, the variallemPrimes , defined inmain of primes.cpp,
Program 5.4, is not accessible from the functisfrime . A variable defined within a



June 7,1999 10:10

190

owltex  Sheet number 54 Page number 18@gentelack

Chapter 5 Iteration with Programs and Classes

function islocal to the function and cannot be accessed from another function. Param-
eters provide a mechanism for passing values from one function to another.

Similarly, a variable defined between two curly bragesis accessible only within
the curly braces. To be more precise, a variable name can be used only from the point
at which it is defined to the first right curly brageFor example, consider the following
fragment from the functiofsPrime . The variabledimit anddivisor  are acces-
sible only within theelse block in which they are defined. The added comment after
the else block indicates that these variables cannot be accessed at that point.

else /I number is odd

{
int limit = int(sqrt(n) + 1);
int divisor = 3; // smallest divisor

while (divisor <= limit)

{ if (n % divisor == 0) // n is divisible, not prime
{ return false;
}
divisor += 2; /I check next odd number
}
return true; /I number must be prime

}
/I comment added: limit and divisor NOT defined here

The following code fragment shows a variableunt that can only be accessed in the
bottom “half” of a loop:

while(total <= limit)
{ /I count NOT accessible here

int count = O;

/I count IS accessible here

}

/I count NOT accessible here

The variablecount is accessible only from within the loop, and only from its definition
to the bottom of the loop. The part of a program in which a variable name is accessible
is called the variable namesxope

You should be careful when defining variables in loop bodie#f (delse blocks),
because these variables will not be accessible outside the loop body. In particular, be
careful offor loops written as follows:

for(int k=0 ; k < 10; k++)
{ /I loop body
}
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The variablek is not, strictly speaking, defined within the curly braces that delimit
the body of the loop. Nevertheless, the scopé @$ local to the loopk cannot be
accessed after the loop. Not all compilers support this kind of scopingevitnoops,

but according to the C++ standard the scoping should be supported. It is common to
need to access the value of a loop index variablie the example above) after the loop

has finished. In such a case, the loop index cannot be local to the loop.

5.4 Using Classes

In addition to built-in C++ types liként anddouble , we've made extensive use of

the classstring  in the programs we've studied so far. In Section 5.1.3 we showed
how theBigInt  class was useful for representing integers without the limits on values
inherent in using thént type. In this section we extend our programming toolkit by
looking briefly at two classes: theate for representing calendar dates and the class
Dice for simulating the kind of dice used in board games. We’'ll look at these classes as
client programmers or users of the classes rather than implementers. In the next chapter
we'll look more closely at how classes are implemented, but here we're more interested
in extending the kinds of programs we can write by using classes, rather than studying
the classes themselves.

5.4.1 The Date Class

In general, manipulating and understanding dates and calendars is an integral part of
many software products. The so-callgshr 2000 problentas cost companies billions

of dollars as they try to cope with software written when memory and disk space were
expensive; the software typically uses two digits to represent a year, that is 99 represents
1999. The year 2000 will cause problems with much of this software because, for
example, a credit card issued in 1998 that expires in two years might be stored in software
as expiring in the year 100 (two years after the year 98). Careless programming and
design can lead to serious problems with such products. In [Neu95] several potential
problems with software that manipulates dates and times are illustrated:

| With COBOL (COmmon Business-Oriented Language), a programming language
used extensively in business and finance, most software allocates only two digits
for the year part of a date. This will undoubtedly cause problems in switching
from December 31, 1999, to January 1, 2000.

| Early releases of the spreadsheet program Lotus 1-2-3 treated 2000 as a nonleap
year and 1900 as a leap year when, in fact, the opposite is the case. Later versions
of the software corrected the problem for the year 2000, but not for 1900, which
remains a leap year according to the software.

] A Washington, D.C., hospital computer crashed on September 19, 1989, precisely
32,768 days after January 1, 1900. Note that 32,767 is the largest integer repre-
sentable by aint  on typical microcomputers.
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We'll examine a class that represents calendar dates for any month in any year after
October, 1752. Some of the tools for implementing a calendar date class have been
developed already in previous programs: determining the number of days in a month
and determining when a year is a leap year.

Rather than use these tools to develop code that calculates the day of the week, we’'ll
use a clas®ate , accessible using the include flldate.h" . In making a calendar,
not all of the member functions of tHeate class will be used. (Full details of the
class can be found in Howto G.) Instead, we'll rely on a simple example program to
understand how to use some of the member functions of theBktss.

Program 5.10 usedate.cpp

#include <iostream>

#include "date.h"

using namespace std;

/I show Date member functions

int main()

{

Date today;

Date birthDay(7,4,1776);
Date million(1000000L);

Date badDate(3,38,1999);
Date y2k(1,1,2000);

cout << "today \t: " << today << endl;
cout << "US bday \t: " << birthDay << endl;
cout << "million \t: " << million << endl;

cout << "bad date \t: " << badDate << endl << end];

cout << y2k << " i s a " << y2k.DayName() << endl << endl;

Date one = million — 999999L;

Date birthDay2000(birthDay.Month(), birthDay.Day(), 2000);

today++;

cout << “"day one \t: " << one << " 0 n a " << one.DayName() << endl;
cout << "pday2K \t: " << birthDay2000 << endl;

cout << "tomorrow \t: " << today << endl

return 0O;

usedate.cpp

9The calendar used in the United States is@mnegoriancalendar, which went into effect in 1582, but

not in the English-speaking world until 1752. Several countries did not adopt this calendar until the
1900s, but it is adopted almost universally today. In-depth and interesting information about calendars
can be found in [DR90, RDC93].
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In reading the output below it might help to know that | ran the program on March
15, 1999. Think about what appears on each line of the output and hd»atkeeclass
works.

U P T -

prompt> usedate

today : March 15 1999
US bday :July 4 1776
million : November 28 2738
bad date : March 1 1999

January 1 2000 is a Saturday

day one :Januar y 1 1 on a Monday
bday2K : July 4 2000
tomorrow : March 16 1999

Constructors and Initialization. The technical word that describes object initialization
and definition isconstruction. Construction initializes the state of an object. For
programmer-defined classes likate , a special member function, calleccanstruc-
tor, performs this initialization. The first line of output fromsedate.cppvill differ
depending on the day the program is run. This is because the vetoaale , defined
using the parameterlessaefault constructor, constructs a variable with “today’s date”
according to the documentation date.h,Program G.2. The variableirthDay is
constructed using the three-parameter constructor. According to the documentation in
date.hthe parameters specify the month, day, and yeardi@ object. The variable
million is constructed using the single-parameter constructor. The documentation in
date.hindicates that the value of the parameter specifies the absolute number of days
from January 1A.D. 1; one million days from this date is November 28, 278&inally,
the variablebadDate is constructed with an invalid date in March; the invalid date is
converted to March 1 (as described in the beginning of the header file.) Invalid months
(i.e., outside the range 1-12) are converted to January.

Classes often have more than one constructor, especially when there is more than one
way to specify the value of an object. The compiler can determine which constructor to
use since the parameter lists are different.

191n the constant value 1000000L, the L is used to indicate that thisoisga int  value. On 32-bit
machines the L isn't necessary, but it is needed on 16-bit machines where the ilargesalue is
32,767.
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Other Date Member Functions. Based on the output afsedate.cpgou may be able
to determine that thBate member functiorDayName() returns the day of the week
on which a date occurs. You can check a calendar to see that New Year’s day in 2000
is a Saturday (which makes it convenient to celebrate on Friday night!) The functions
Month() andDay() return the number of the month (1 12) and day, respectively,
foragiven date. Theseretumt values, asyou might have determined by the similarity
of the construction obirthDay2000  to birthDay

It's also possible to perform arithmetic wibate objects. The variablene is
constructed by subtracting a (long) integer value from Efae object million
This yields another date, in the same way that the valueddy - 1 is aDate
representing yesterday. The statenteday++ changedoday to represent the next
day, or tomorrow. Of course it's confusing that the valuéocafay becomes tomorrow
after the statement executes.

You can compare dates using the relational operators, sughas and others. For
complete information, see the headerfidate.h”  and the exercises at the end of this
chapter.

5.32 How would you use @ate variable to determine on what day of the week you
were born?

5.33 How would you use thé®ate class to determine how many days you've been
alive (hint: subtract twd®ate objects)?

5.34 Using oneDate variable and the member functi@aysin() (that returns the
number of days in the month, seate.h ) write the boolean-valued function
IsLeapYear as specified, imsleap.cppProgram 4.8.

5.35 If the one-millionth day is November 28, 2738 (sesedate.cpp do we need
to worry that theDate class is not robust and might cause problems when the
absolute number of days sincé\1D. exceeds the largest value ofcang ?

5.36 In Canada and Europe dates are usually specified by giving the day first rather
than the month. In the United States, 4/8/2000 means April 8, 2000. The same
date means August 4, 2000 in Canada. Is it possible to write a program using the
Date class for dates in Canada? How?

5.37 Write a function that determines and returns the Date on which Thanksgiving
(a U.S. holiday) occurs in any year. Thanksgiving is the fourth Thursday in
November. Use the following header.

Date Thanksgiving(int year)
/I post: returns the Date for Thanksgiving in year

5.38 Many people prefer Fridays to Mondays. Write a function that prints all the months
in a given year that have more Fridays than Mondays.
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5.4.2 The Dice Class

In this section you'll learn about a programmer-defined class, néied, that permits

the computer to simulate the kind of dice used in board games. The class simulates dice
with any number of sides, not just common six-sided dice. It's even possible to have
one-sided dice and million-sided dice, both of which are easy to simulate but hard to
carve. Six- and twelve-sided dice are shown in the following figure.

Lood)

‘oo

The clasDice is very general and permits simulation ofldrsided die for anyN.

These simulated dice, and the computer-generated random numbers on which they are
based, are part of an application area of computer science satiathtion. Simulations
model real-world phenomena using a computer, which becomes a virtual laboratory
for experimenting with models of physical systems without the expense of building the
systems. Computer-based simulations are used to design planes, trains, and automobiles;
to predict the weather; and to build and design computers and programs. We'll study
simulation in more detail in the later chapters, but we’ll useliee ! class to study
program and class construction.

To use theDice class in a program you must inclutidice.h”  just as you must
include"date.h” to use theDate class and<string> to use thestring class.
(The header file for th®ice class is in Howto G.) Program 5.11 is a simple program
showing all theDice member functions.

Program 5.11 roll.cpp

#include <iostream>
using namespace std,;

#include "dice.h"

/I simple program illustrating use of Dice class
/I roll two dice, print results, Owen Astrachan, 3/31/99

int main()

{

Dice cube(6);

/I six-sided die

Dice dodeca(12); /I twelve-sided die

cout << "rolling " << cube.NumSides() << " sided die" << endl;
cout << cube.Roll() << endl;

cout << cube.Roll() << endl;

cout << "rolled " << cube.NumRolls() << " times" << endl;

1The worddiceis the plural form of the wordlie, but a class nameDie seems somewhat macabre.
Also, usingDice prevents professors from jokingly saying “Die Class” to their students.
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"rolling " << dodeca.NumSides() << "
dodeca.Roll() << endl;
dodeca.Roll() << endl;
dodeca.Roll() << endl;
"rolled " << dodeca.NumRolls() << " times" << endl;

sided die" << endl;

roll.cpp

O U PRy T

prompt> roll
rolling 6 sided die
5

3

rolled 2 times
rolling 12 sided die
8

1

12

rolled 3 times

prompt> roll
rolling 6 sided die
1

6

rolled 2 times
rolling 12 sided die
8

9

2

rolled 3 times

Dice Construction. When you define ®ice object likecube ordodeca you must
specify the number of sides for the simulated Dice object. Unlike the Blags which

has a default (parameterless) constructor,Diee class does not; you must supply

the number of sides. Many people think it makes sense to have a default constructor
yield a six-sidedice object, so thaDice x1,x2,x3;
However, when | designed thHgice class | decided to require a parameter. You can,
of course, change the implementation of the class to permit a default constructor. We'll

study how classes are implemented in the next chapter.

defines three six-sided dice.
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In C++ a constructor is a member function with the same name as the class. Con-
structors are functions with no return type. Neithieid ,int , double , nor any other
type can be specified as the return type of a constructorDita variable is defined
without providing arguments to the constructor as showmyiroll.cpp, Program 5.12,
an error message will be generated. Different compilers issue different error messages
and the messages are not always intuitive for beginning programmers. However, the
compilers always identify the line on which an error occurs.

Program 5.12 tryroll.cpp

#include <iostream>
using namespace std;

#include "dice.h"

int main()

{

Dice spinner;

cout << "# of side s = " << spinner.NumSides() << endl;

return O;

tryroll.cpp

The error message generated by the g++ compiler follows:

tryroll: In function ‘int main()’:
tryroll:7: no matching function for call to ‘Dice::Dice ()’
tryroll:7: in base initialization for class ‘Dice’

Note that the error messages indicate that the compiler tries to find a constructor with no
parametersDice::Dice() but cannot find one. We'll discuss thie operator later.
Using Metrowerks Codewarrior the error is less helpful:

Error : function call '?0()’ does not match
'Dice::Dice(int)’

'Dice::Dice(const Dice &)

tryroll.cpp line 7 Dice spinner;

Using Visual C++ the error indicates that default constructor can be found:

Compiling...

tryroll.cpp

C:\tryroll.cpp(7) : error C2512: ’'Dice’ : no appropriate
default constructor available

Error executing cl.exe.

A default constructor is one with no parameters, see the error message from the g++
compiler.
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Program Tip 5.6: When compilation errors occur at the point an object

is constructed in a program, look carefully at the constructors in the cor-
responding header file to see why the error occurs. You must try to find a
constructor whose parameters correspond to the the arguments passed when the object is
defined.

5.4.3 Testing the Dice Class

When a new class is designed and implemented, it must be tested. Testing usually
requires programs specifically designed for testing rather than for general use or for a
specific application. For thBice class we’d like to know whether the simulated dice
behave as we'd expect real dice to behave. Are the simulated dice truly random? Do the
simulated dice conform to the mathematical models that exist for random events such
as dice rolls? To test tHeice class, we’'ll use a program to see whether the theoretical
outcomes of rolling dice are matched by the empirical results of the test program.

We’'ll use a prograndicetest.cppiesigned to toss two six-sided dice and to determine
how many rolls are needed to obtain a specific sum. For example, we should expect that
fewer rolls of a pair of dice are required to obtain a sum of 7 than to obtain a sum of 2.
Furthermore, given that there is exactly one way to obtain a sum of 2 and one way to
obtain a sum of 12 (rolling two ones and two sixes, respectively), we should expect the
same number of simulated rolls to obtain either the sum of 2 or 12. The program will
simulate tossing two dice and record the number of rolls needed to obtain some target
between 2 and 12. We'll repeat this experiment several times and output the average
number of rolls needed to obtain each sum. We wouldn't be surprised, for example, if
a program needed only one roll to obtain a sum of twelve—tossing double sixes does
happen. We should be surprised, however, if the experiment of trying for a twelve
was repeated 1,000 times and the average number of rolls before rolling a twelve was
reported to be 1—this doesn’t match either our intuitive expectation or the mathematical
expectation of how many rolls it takes to obtain a twelve with two six-sided dice.

Program 5.13 testdice.cpp

#include <iostream>
using namespace std;

#include "prompt.h"
#include "dice.h"

/I simulate rolling two dice to obtain all possible sums
/I repeat the "experiment" specified number of times

/I Owen Astrachan
double RollTest(int

int main()

{

, 8/9/94, modified 6/9/95, 4/20/99

target,int experiments);
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int numTimes; /I for one trial
long totalRolls; /I accumulate for all trials
int k;
numTimes = PromptRange("number of ‘trials’ ",100,20000);
totalRolls = O;
for(k=2; k <= 12; k++)
{ cout << k << "\t" << RollTest(k,numTimes) << endl;
}
return 0O;
}
double RollTest(int target, int trials)
/I precondition: 2 <= target <= 12 , 0 < trials
/I postcondition: returns average # of rolls needed to obtain target
I trying ‘trials’ times
{
Dice d1(6);
Dice d2(6);
int total = O;
int k;
for(k=0 ; k < ftrials; k++)
{ int numRolls = 1, [ffirst time through loop is 1 roll
while (d1.Roll() + d2.Roll() != target)
{ numRolls += 1;
}
total += numRolls;
}
return double(total)/trials; -
} testdice.cpp
number of ’trials’ between 100 and 20000: 10000
2 35.9015
3 18.0322
4 11.9391
5 9.0508
6 7.1973
7 5.9474
8 7.2554
9 8.9598
10 12.0036
11 17.9579
12 36.9615
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The results obtained for trying to roll a two and a twelve are very close. Consulting
a book on discrete mathematics provides an answer that is correct theorttiaatly
might further validate these empirical results. The average returned by the function
RollTest() in Program 5.13 is converted tadauble value by casting:

return double(total)/trials;

Casting is needed because btital andtrials  areint values and the result of
dividing anint by anint value is anint . A long is used fortotalRolls in
main instead of arint because the total number of rolls over many trials will exceed
the largestnt value on 16-bit computers.

5.39 Modify the loop intestdice.cppProgram 5.13, so that the values of the dice rolls
are printed for each simulated roll (run the program for only one trial). You'll
need to define two integer variables to store the values of the dice rolls to print
them (this can be tricky).

5.40 Write a function that rolls twd\-sided dice and returns how many rolls are needed
before the dice show the same number—that is, until doubles are rolled. The
function should have one parameter: the number of sides on the dice.

5.41 Write a function that “flips a coin” (a two-sidedice object)Ntimes, whereN
is a parameter, and returns the number of times “heads” is flipped.

5.42 Write a function that rolls three six-sided dice and returns the number of rolls
needed before all three dice show the same number. De Morgan’s law may be
useful in developing a loop test.

5.43 Write code that picks a random month of the year, and a random day in that
month, then prints the date. THhice objects you use should never cause an
error. This means that for February you'll need either a 28-sided die or a 29-sided
die depending on whether it's a leap year.

5.44 Write a loop to count how many times three six-sided dice must be rolled until the
values showing are all different. De Morgan’s law may be useful in developing a
loop test.

2Mmathematically, the expected number of rolls to obtain either a two or a twelve is 36. This is a property
of independent, discrete random variables. The expected number of rolls to obtain a seven is 6.
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Grace Murray Hopper (1906-1992)

Grace Hopper was one of the first programmers of the Harvard Mark |, the first pro-

grammable computer builtin the United States. In her words she was “the third pro-

grammer on the world s first large-scale digital computerd8 This work was

done while shewas

in the Navy in the

lastyears of World

War ll. Itwas while

working on the

Mark Il that Hop-

per was involved

with the first doc-

umented “bug”: the

famous moth in-

side one of the com-

puter’s relays that

led to the use of

the termdebugging
She developed

the first compiler,

called A-0, while

working for Remlngton Rand in 1952. Until that time, many people believed that

computers were only good for “number crunching,” that computers were not ca-

pable of programming—which is what a compiler does: it produces a working

program from a higher-level language. After a period of retirement, Hopper re-

turned to naval duty in 1967, at the age of 60. She remained on active duty for

19 more years and was promoted to commodore in 1983 and to admiral in 1985.

She was a proponent of innovative thinking and kept a clock on her desk that ran

counterclockwise to show that things could be done differently. Although very

proud of her career in the Navy, Hopper had little tolerance for bureaucracies,

saying:

“It's better to show that something can be done and apologize for not asking
permission, than to try to persuade the powers that be at the beginning.”

The Grace M. Hopper award for contributions to the field of computer science
is given each year by the ACM (Association for Computing Machinery) for work
done before the age of 30. In 1994 this award was given to Bjarne Stroustrup for
his work in inventing and developing the language C++.

For more information see [Sla87], from which some of this biography is taken.
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5.5 Chapter Review

In this chapter we discussed how classes are implemented. We also covered different
looping and selection statements. Guidelines were given to assist in determining what
kind of loop statement should be used and how loops are developed. The important
topics covered in this chapter are summarized here.

| Interface (h file) and implementation¢pp files) provide an abstraction mech-
anism for writing and using C++ classes.

| Constructors are member functions that are automatically called to construct and
initialize an object.

| Member functions are used to access an object’s behavior or to get information
about the object’s state.

| Thefor loop is an alternative looping construct used for definite loops (where
the number of iterations is known before the loop executes for the first time).

] Thedo-while loop body is always executed once, in contrastwchde loop
body, which may never be executed.

] Infinite loops formed usingvhile(true) or for(;;) are often used with
break statements to avoid duplicated code and complex loop tests. However,
you should be judicious in usirtgeak statements, because overreliance on them
can lead to code that is hard to understand logically.

| A loop invariant is a statement that helps reason about and develop loops. A loop
invariant is true each time the loop test is evaluated, although its truth must often
be reestablished during the loop’s execution.

| The built-in typesnt anddouble represent a limited range of values in com-
puting, compared to the infinite range of values of integers and real numbers in
mathematics. You must be careful to take this limited range of values into account
when interpreting data and developing programs.

] Often small differencesin a program can have a drastic effect on program efficiency.
Determining whether a number is prime illustrates some considerations in making
a program efficient.

| A return  statement causes a function to stop, and control is returned to the
calling statement. It is possible and often convenient toraggn to exit a
function early, much as break statement is used to exit infinite loops.

| Fence post problems are typical in code that loops. A fence post problem is often
solved using a special case before the loop or after the loop.

| The postincrement and postdecrement operaterand-- are convenient short-
cuts for adding and subtracting one, respectively.

| Variables modified withconst have values that do not change. Using such
constants can make programs more readable; for example, the c@ns@GBADRO
or MOLEcarries more meaning th&023e23 .

] A variable is accessible only within its scope, usually delimited by curly braces:
{ and}. Private data variables in a class are global to all member functions of the
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class.

| Constructors are special member functions used to initialize an object. A default
constructor is one with no parameters. A class can have more than one constructor,
like theDate class or only one constructor, like tBéce class.

] Develop test programs when you design and implement classes. Testing should
be an integral part of the process of program and class design.

5.6 EXxercises

5.1 Write a program modeled after ti®0 bottles of X on the walong (see the Exercises
in Chapter 3.) that will print as many verses of the song as the user specifies (both the
kind of beverage and the number of bottles should be specified by the user). Try to
make the program grammatical so that it doesn’t print

one bottles of sarsaparilla on the wall

note the incorrect plural of bottle).

5.2 Write a program that prints a totem pole of random heads. Prompt the user for the
number of heads; each head of the totem pole should be randomly drawn by using a
Dice variable to choose among different choices for hair, eyes, mouth, etc.

ONC B eD o Nk -

prompt> totem
how many head: 2
W
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5.3 Modify testdice.cppProgram 5.13, so that it calculates the average number of rolls to
obtain all possible sums for twe-sided dice, whera is a value entered by the user.
The number of “trials should also be entered by the user. Write functions that can be
used to minimize the amount of code that appearaaimn . As an example, you might

consider a function with the following prototype:

double AverageRolls(int target, int trials, int numSides)
2 <= target <= 2*numSides

/I post: returns average # of rolls needed to obtain
sum ‘target’ rolling two dice with 'numSides’
sides, repeating the experiment 'trials’ times

Il pre:

1
1

Can you modify this program easily to work for thresided dice rather than two?

5.4 Write a program that finds the greatest common divisor, or gcd, of two numbers. The
gcd of two numberg andy is the largest number that evenly divides be#ndy. For
example, the gcd of 12 and 42 is 6, and the gcd of 14 and 74 is 2. Euclid developed
an algorithm for determining the gcd more than 2,000 years ago. You should use this

algorithm in calculating the greatest common divisok ady:

assign r the valu
if r equals 0

then

STOP, gcd is y

else

assign x the value y
assign y the value r
repeat (back to top)

ex %y

Write a function that returns the gcd of two numbers, and use the function to create a
table of gcds similar to the following table, where the range ahdy are entered by

the user.

y
x|1 2 3 4
1111 1 1 1
12|11 2 3 4
13|11 1 1 1
1411 2 1 2
1511 1 3 1

N e

5

N EFE OB

3

P NP R

5.5 Write a program to simulate tossing a coin (use a two-sided die). The program should
toss a coin 10,000 times (or some number of times specified by the user) and keep track
of the longest run of heads or tails that occurs in a sequence of simulated coin flips.
Thus, in the sequend¢THTTTHHHHThere is a sequence of 3 tails and a sequence of

4 heads.
To keep track of the runs, four variablefieadRun, tailRun

, maxHeads, and

maxTails —are defined and initialized to 0. These variables keep track of the length
of the current head run, the length of the current tail run, and the maximum runs of
heads and of tails, respectively. After the statenteratds++ , the value ofheadRun
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is incremented. After the statemdatls++  the value ofailRun is incremented.
In addition, these variables must be reset to zero at the appropriate time and the values
of the max head run and max tail run variables set appropriately.

Write a program that computes alin primes between two values entered by the user.
Twin primes are numbers that differ by two and are both primes, such as 1019 and 1021.

Write a function with prototypét NumDigits(num) that determines the number

of digits in its parameter. Use the ideas of the previous exercise, but be sure that the
function works forall integer values (including zero, which has one digit, and negative
numbers—don't forget about the functifabs ).

Write a boolean-valued predicate function similadig¢Brime that returns true if its
parameter is a perfect number and false otherwise. A number is perfect if it is equal to
the sum of its proper divisors (i.e., notincluding itself). For example, 5+ 2+ 3 and

28 = 14+2+4+7+ 14 are the first two perfect numbers. Recall that the expresasion

% divisor has value 0 exactly whedivisor  dividesnum exactly; for example,

30 % 6 == 0but30 % 7 = 2 The function should be namésPerfect

Write a functionSumOfNumsthat calculates and returns the sum of the numbers from
1 ton (wherenis a parameter). The statement

cout << SumOfNums(100) << endl;

should cause 5050 to be printed sineeZ4-- - - +-100= 5050. It's possible to write this
program without using a loop (such a solution is often attributed to the mathematician
C. F. Gauss, who supposedly discovered it when he was a boy).

5.10The following loop sums all numbers entered by the user (and stops when the user enters

a nonpositive number).

int num;
cin >> num;
int sum = O;

while (num >= 0)
{ sum += num;
cin >> num;

}

Explain how the two uses @in >> correspond to a kind of fence post problem. Then
write a program based on the foregoing loop to calculate the average of a sequence of
nonnegative numbers entered by the user.

5.11 Write a function that simulates a slot machine by printing three randomly chosen strings

asthe values displayed by the slot machine. Each string should be chosen randomly from
among four different choices, such'asange" , "lemon" , "lime" , "cherry"

(but any words will do). Choose the random values eight times and display each choice
of three as shown in the following sample run. If the strings are all the same or are all
different when the final sequence of these strings appears, then print a message that the
user wins; otherwise the user loses.
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prompt>  slots
Welcome to the slot machine simulation
Here's a spin....
cherry orange cherry
lime lemon cherry
lime lemon lemon
lime  cherry cherry
lemon lime  cherry
lemon lemon lime
orange lime lime
you losel!!

prompt> slots

Welcome to the slot machine simulation
Here's a spin....

lime lime  orange
orange cherry orange
orange cherry lime

cherry orange lime

lime orange orange
cherry orange lemon
lemon lemon lemon

all values equal, you win!!

prompt>  slots

Welcome to the slot machine simulation
Here's a spin....

lemon cherry orange
lemon orange lemon
cherry orange lime

lime  cherry lime

cherry cherry cherry

orange cherry cherry

orange lime  cherry

all values different, you win!!

5.12Using the clasBigint make a table of how many times each of the digits.®
occurs in huge numbers like 200! ot°®. You can determine digits by peeling off
digits one at a time, as idigits.cpp Program 5.5, or you can use tBgint member
function ToString() which returns a string of digits, such &234567" for the
value 1,234,567, then look at each character of the string.

5.13Write a program that displays the prime factors of a number. The prime factors of 60
are 2x 2 x 3 x 5. Use the program to display the prime factors of all numbers between
two user-entered numbers.



June 7,1999 10:10

owltex  Sheet number 71 Page number 20iagentalack

5.6 Exercises 207

5.14 Consider the following U.S. holidays:

| Mother’s Day, the second Sunday in May
| Labor Day, the first Monday in September
| Thanksgiving, the fourth Thursday in November

Write one function that determines the date on which these holidays fall in any year. The
same function should be called with different parameters for the different holidays. For
example, for Labor Day you would pass paramet&tenday"” , 1, and 9 for the first
Monday in September (the ninth month); for Mother’s day you would jfagaday"” ,

2, and 5 (for May).

Use this function and write code to determine how many school days (Mon-Fri) there
are between Labor Day and Thanksgiving in any year.

5.15 Daylight-saving time causes clocks to be reset in the spring and fall in many (but not
all) parts of the United States. Daylight saving begins on the first Sunday of April (set
clocks ahead one hour, “spring ahead”) and ends on the last Sunday of October (set
clocks back one hour, “fall back”). Write a program that shows the number of days in
which daylight-saving time is in effect for all years from 1990 to 2010. You may find
it useful to write a function that returns the number of daylight-saving days given the
year (as a parameter).

5.16 Some people believe that our physical, emotional, and intellectual habits are governed
by biorhythms A biorhythm cycle exists for each of these three traits; the length of the
cycle differs, but all cycles start when we are born. The physical cycle is 23 days long,
the intellectual cycle is 33 days long, and the emotional cycle is 28 days long. The
cycles repeat as sine waves, with the period of each wave given by the cycle length. A
critical day occurs when all three cycles cross at the equivalent-ef0 if the cycles
are plotted orx andy axes. When a cycle is at its peak (e.g., agssii) is the peak of
a sine wave), we are favored for that cycle, so that a peak on the intellectual cycle is a
good day to take an exam.

Use theDate class to determine when your next critical day is and when your next
peak and low days are for each of the three cycles.

5.17 Here are rules for one version of the game of craps, played with six-sided dice.

Aplayerrollstwo dice. Ifthe sumofthetwois 7 or 11, the roller wins immediately;

if the sumis a2, 3, or 12, the roller loses at once. If the sumis 4,5, 6, 8, 9, or 10,
the roller rolls again. By repeating the initial number, the roller “makes his or her
point” and wins. By rollirg a 7 the roller “craps out” and loses. Otherwise, the
roller keeps on rolling again until he or she wins or loses.

Write a program that simulates a game of craps, then modify the program to simulate
10,000 games, reporting how many simulated games are “won.”

5.18 Write a program that prints a calendar for any month in any year as shown below.
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prompt> calendar
enter month between 1 and 12: 6
enter year between 1752 and 2500: 1999

June 1999
Su Mo Tu We Th Fr Sa
1 2 3 4 5

6 7 8 910 11 12
13 14 15 16 17 18 19
20 21 22 23 24 25 26
27 28 29 30

For a real challenge, make it possible for the user to specify how large the calendar
should be, something like this:

Su Mo Tu We Th Fr Sa
R S S
| 1112]3]4]5]6]
S S
| 7181 9] 10 11] 12] 13|
T S S T
| 14] 15| 16| 17| 18] 19| 20|
B s (T IR SR R B
| 21| 22| 23| 24| 25| 26| 27|
S
| 28/ 29130 | | | |

B
or like this

Sunday Monday Tuesday

+ +. +
T T T

1

+———— +

+ 4+ +
T T T

5.19 Write a program to track the number of times each sum for two 12-sided dice occurs
over 10,000 rolls, or more generally, the number of times each sum foNtsined
dice occurs. We’'ll learn how to do this simply in Chapter 8, but with the programming
tools you have, you'll need to write a program to write the program for you! Write a
program, namecdhetadice.cppthat reads the number of sides of the dice and outputs
programthat can be compiled and executed. For example, the following function might
be part of the program; it defines and initializes variables to track each dice sum:



June 7,1999 10:10 owltex  Sheet number 73 Page number 20@&gentablack

5.6 Exercises 209
void Definitions(int sides)
/I post: variable definitions for c2, c3, ...
I are output int cX = 0; 2 <= x <= 2*sides
{
int k;
for(k=2; k <= 2*sides; k++)
{ cout << "\t" << "int ¢" << k < <" = 0" << endl
}
cout << endl << endl;
}

The functionDefinitions creates the variable definitions shown below; these are
part of the progranthat is outputby the progranmetadice.cpphat you write (and of
which the functiorDefinitions is a part).

ORC O od ok

prompt> metadice
enter # sides: 5
#include <iostream>
using namespace std;
#include "dice.h"

int main()

{ .
int c2
int c3
int c4
int c5
int c6
int c7
int c8
int c9
int c10 = 0;

CeLeLeLeeee

program continues here

return O;
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Nature uses only the longest threads to weave her pattern, so each small piece of the fabric
reveals the organization of the entire tapestry.
Richard Feynman
in Grady Booch, Object Solutions

The control structures we studied in Chaps. 4 and 5 permit program statements to be
executed selectively or repeatedly according to values entered by the user or calculated
by the program. In Section 5.4 we saw how using classe®like andDate extends

the domain of problems we can solve by programming. In this chapter we’ll extend the
idea of repetition by processing various data in several applications. A common pattern
emerges from all these applications: the pattern of iterating over a sequence of data.
Examples of such iteration include processing each word in one of Shakespeare’s plays,
processing the elements of a set, and processing movement of a simulated molecule.
We'll also explore classes in more depth, studying class implementation as well as class
use. We'll explore design guidelines for constructing classes and programs.

In particular, we'll cover classes used to read information from files stored on a disk
rather than entered from the keyboard. We'll use a standard stream class that behaves in
the same wagin behaves but that allows data to flow from text files. We'll develop a
new class for reading words from files and build on the pattern of iteration developed for
the class to develop new classes. Writing programs and functions that use these classes
requires a new kind of parameter, calleteéerence parametewhich we’ll discuss in
some detail.

6.1 Classes: From Use to Implementation

In Section 5.4 we studied code examples using claBgas andDate . These classes
complement the standard C++ clageng and will be part of the toolkit of classes
we’ll extend and use throughout the book. In this section we’ll examine classes more
closely. This will help you get comfortable with the syntaxatdiss implementation

in addition to the syntax of using classes that you've already seen. You'll learn how to
modify classes and how to implement your own.

6.1.1 Class Documentation: The Interface (.h File)

C++ classes encapsulatate andbehavior. The behavior of a class is what the class
does. Behavior is often described with verbs: cats eat, sleep, and play; dice are rolled.
The state of a class depends on physical properties. For example, dice have a fixed
number of sides.

213
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Class behavior is defined Ipyblic member functions; these are the class functions
that client programs can call. Public member functions of the @éss are theDice
constructor and the functioMéumRolls() , NumSides() , andRoll() . Theclass
declaration for Dice is shown below; the entire header fileee.his found in Howto G

= ;ﬁy as Program G.3 (the header file includes many comments that aren’t shown below.)
class Dice
{
public:
Dice(int sides); /I constructor
int Roll(); /I return the random roll

int NumSides() const; // how many sides this die has
int NumRolls() const; // # times this die rolled

private:
int myRollCount; /I # times die rolled
int mySides; /I # sides on die

h

The state of an object is usually specified by clasgate data like myRollCount
andmySides foraDice object. Private state data are often calleeinber data, data
members instance variablesor data fields As we’ll see, the term instance variable is
used because ea€lice instance (or object) has its own data members.

When an object islefined, by a call to a constructor, memory is allocated for the
object, and the object’s state is initialized. When a built-in variable is defined, the
variable’s state may be uninitialized. For programmer-defined types sublcas,
initialization takes place when tHeice variable is defined. As a programmer using
the Dice class, you do not need to be aware of hoWiae object is initialized and
constructed or what is in the private section of iee class. You do need to know
some properties, such as wheldige objectis constructed it has been rolled zero times.
As you begin to design your own classes, you'll need to develop an understanding of
how the state of an object is reflected by its private data and how member functions use
private data. Class state as defined by private data is not directly accessitieriby
programs. A client program is a program lit@l.cpp, Program 5.11, that uses a class.
We'll soon see how a class likeice is implemented so that client programs that use
Dice objects will work.

6.1.2 Comments in .h Files

The documentation for a class, in the form of comments irhtreder filein which the
class is declared, furnishes information about the constructor’s parameters and about all
public member functions.

The names of header files traditionally end witthasuffix. When the C++ stan-
dard was finalized, theh suffix was no longer used so that what used to be called
<iostream.h>  became<iostream> . | continue to use theh suffix for classes
supplied with this book, but use the standard C++ header file names.
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In this book the name of a header file almost always begins with the name of the
class that is declared in the header file. The header file provides the compiler with the
information it needs about the form of class objects. For programmers using the header
file, the header file may serve as a manual on how to use a class or some other set of
routines (axcmath> or <math.h> describes math functions suchszgt ). Not all
header files are useful as programmer documentation, but the compiler uses the header
files to determine if functions and classes are used correctly in client programs. The
compilermustknow, for example, that the member functiddamsSides and Roll
are legalDice  member functions and that each returndrén value. By reading the
header file you can see that tyavate data variables, myRollCount andmySides ,
define the state of Bice object. As the designer and writer of client programs, you do
not need to look at the private section of a class declaration. Since client programs can
access a class only by calling public member functions, you should take the view that
class behavior is described only by public member functions and not by private state.

A header file is amnterface to a class or to a group of functions. The interface is a
description of what the behavior of a class is, but not of how the behavior is implemented.
You probably know how to use a stereo—at least howto turn one on and adjust the volume.
From a user’s point of view, the stereo’s interface consists of the knobs, displays, and
buttons on the front of the receiver, CD player, tuner, and so on. Users don’t need
to know how many watts per channel an amplifier delivers or whether the tuner uses
phase-lock looping. You may know how to drive a car. From a driver’s point of view,

a car’s interface is made up of the gas and brake pedals, the steering wheel, and the
dashboard dials and gauges. To drive a car you don’t need to know whether a car engine
is fuel-injected or whether it has four or six cylinders.

Thedice.h header file is an interface to client programs that Ds® objects.
Just as you use a stereo without (necessarily) understanding fully how it works, and just
as you use a calculator by pressing tfiebutton without understanding what algorithm
is used to find a square root,Cice object can be used in a client program without
knowledge of its private state. As the buttons and displays provide a means of accessing
a stereo’s features, the public member functions of a class provide a means of accessing
(and sometimes modifying) the private fields in the class. The displays on an amp, tuner,
or receiver are like functions that show values; the buttons that change a radio station
actually change the state of a tuner, just as some member functions can change the state
of a class object.

When a stereo is well-designed, one component can be replaced without replacing
all components. Similarly, several models of personal computer offer the user the ability
to upgrade the main chip in the computer (the central processing unit, or CPU) without
buying a completely new computer. In these cases the implementation can be replaced,
provided that the interface stays the same. The user won't notice any difference in howthe
buttons and dials on the box are arranged or in how they are perceived to work. Replacing
the implementation of a class may make a user’s program execute more quickly, or use
less space, or execute more carefully (by checking for precondition violations) but should
not affect whether the program works as intended. Since client programs depend only
on the interface of a class and not on the implementation, we say that classes provide a
method ofinformation hiding —the state of a class is hidden from client programs.
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William H. (Bill) Gates (b. 1955)

Bill Gates is the richest person in the United States and CEO of Microsoft. He
began his career as a programmer writing the first BASIC compiler for early
microcomputers while a student at
Harvard.

When asked whether studying com-
puter science is the best way to pre-
pare to be a programmer, Gates re-
sponded:No, the best way to pre-
pare is to write programs, and to
study great programs that other peo-
ple have written. In my case, | went
to the garbage cans at the Computer
Science Center and | fished out list-
ings of their operating system. You've
got to be willing to read other peo-
ple’s code, then write your own, then
have other people review your code.
Gates is a visionary in seeing how
computers will be used both in busi-
nessandinthe home. Microsoft pub-
lishes best-selling word processors,
programming languages, and oper-
ating systems as well as interactive
encyclopedias for children. Some people question Microsoft’s business tactics,
but in late 1994 and again in 1999 antitrust proceedings did little to deter Mi-
crosoft's progress. There is no questioning Gates’s and Microsoft’s influence on
how computers are used.

Although Gates doesn’t program anymore, he remembers the satisfaction that
comes from programming.

When | compile something and it starts computing the right results, | really
feel great. I'm not kidding, there is some emotion in all great things, and
this is no exception.

For more information see [Sla87].

6.1.3 Class Documentation: the Implementation or .cpp File

The header filecmath> (or <math.h> ) contains function prototypes, or headers, for
functions likesqrt andsin . The bodies of the functions are not part of the header file.
A function prototype provides information that programmers need to know to call the
function. A prototype also provides information that enables the compiler to determine
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if afunction is called correctly. The prototype is an interface, just as the class declaration
in"dice.h" is an interface for users of thgice class.

The bodies of th®ice member functions are not part of the headerditee.h Pro-
gram G.3. These function bodies provide an implementation for each member function
and are putin a separate file. As a general rule (certainly one we will follow in this book),
the name of thémplementation file will begin with the same prefix as the header file
but will end with a.cpp  suffix, indicating that it consists of C++ cotle

Like all functions we've studied, a member function has a return type, a name, and a
parameter list. However, there must be some way to distinguish member functions from
nonmember functions when the function is defined. The double coloscope resolu-
tion operator specifies thata member functionis part of agiven class. The protiotype
Dice::NumSides() indicates thaNumSides() is a member function of thBice
class. Constructors have no return type. The protoBjipe::Dice(int sides)
is theDice class constructor. The prototype for the constructor oBhkkoon class
described igballoon.hProgram 3.7, iBalloon::Balloon() , Since no parameters
are required. As an analogy, when I'm with my familyym known simply asOwen
but to the world at large I'm

Syntax: member function prototype

Astrachan::Owen . This
ClassName::ClassName ( parametens help; identify which of many
/I constructor (cannot have return type) possible Owens | am; I belong

to the Astrachan  “class.”

The implementation of each
Dice member function is in
dice.cpp Program 6.1. Eacbice member function is implemented with only a few
lines of code. The variablaySides , whose value is returned Ijice::NumSides

is not a parameter and is not defined within the function. Similarly, the variable
myRollCount , incremented within the functiobice::Roll  , is neither a parameter
nor a variable locally defined iDice::Roll

typeClassName::FunctionName ( parameters
/I nonconstructor member function

#include "dice.h"

Program 6.1 dice.cpp

#include "randgen.h"

/I implementation of dice class
/I written Jan 31, 1994, modified 5/10/94 to use RandGen class
/I modified 3/31/99 to move RandGen class here from .h file

Dice::Dice(int sides)
/I postcondition: all private fields initialized

myRollCount = 0;
mySides = sides;

}

int Dice::Roll()

1A suffix of .cc is used in the code provided for use in Unix/Linux environments.
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/I postcondition: number of rolls updated

1 random ’die’ roll returned

{
RandGen gen; /I random number generator
myRollCount= myRollCount + 1; /I update # of times die rolled
return gen.Randint(1,mySides); /I in range [1..mySides]

}

int Dice::NumSides() const
/I postcondition: return # of sides of die

{
}

return mySides;

int Dice::NumRolls() const
/I postcondition: return # of times die has been rolled

{

return myRollCount;
} dice.cpp

The variableamyRollCount and mySides are private variables that make up

the state of éDice object. As shown in Figure 6.1, each objectinstance of the

Dice class has its own state variables. Each object may have a different number of
sides or be rolled a different number of times, so different variables are needed for
each object’s state. The convention of using the prefipwith each private data field
emphasizes that the data belongs to a particular object. The varidigein roll.cpp,
Program 5.11, hasmySides field with value six, whereas thmySides that is part

of thedodeca variable has value 12. This is witlpdeca.NumSides()  returns 12
butcube.NumSides() returns 6; the member functicdumSides returns the value

of mySides associated with the object to which it is applied withthe dot operator.

Dice (int sides) Dice (int sides)
i Il = o |int Roll .
% int Roll() 5 g () 5
2 | int Nunsides() const E & | int Nunsides () const E
int NunRolls() const | int NunRolls() const |
Rol | Count Q Rol | Count Q
SR [ ]]s | o]
© ) © (D]
> . > .
£ msi des \ZI £ ms des
cube, after Dice cube(6); dodeca, after Dice dodeca (12);

Figure 6.1 After Dice constructors have executed.
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If the interface (header file) is well designed, you can change the implementation

without changing or recompiling the client prograrsimilarly, once the implementation

is written and compiled, it does not need to be recompiled each time the client program
changes. For large programs this can result in a significant savings in the overhead of
designing and testing a program. With the advent of well-constructed lthaases

that are available for a fee or for free, users can write programs much more easily and
without the need for extensive changes when a new implementation is provided. This
process of compiling different parts of a program separately is described in Section 3.5.

6.1.4 Member Function Implementation

We'll look briefly at the implementation of each member function ofhiee class as
given indice.cpp Program 6.1.

The Dice Constructor. A class’s constructor must initialize all private data (instance
variables), so each data member should be given a value explicitly by the constructor.
In the body of the constructd@ice::Dice() both instance variableaySides and
myRollCount  are initialized.

Program Tip 6.1: Assign a value to all instance variables in every class
constructor. It's possible that you won't know what value to assign when an object is
constructed, because the actual value will be determined by another member function. In
this case, provide some known value, such as zero fartaninstance variable. Known
values will help as you debug your code.

The Member Functions Dice::NumRolls ~ and Dice::NumSides . Class mem-
ber functions are often divided into two categories:

| Accessor functionsthat access state, but do not alter the state.
| Mutator functions that alter the state.

The functionsDice::NumRolls() and Dice::NumSides() are accessor
functions since they return information aboutzice object, but they do not change
the object’s state. Note that the implementation of these functions is a single line that
returns the value of the appropriate instance variable. Accessor functions often have
simple implementations like this. Nearly every programmer that designs classes adheres
to thedesign heuristicof making all state data private. A heuristic is a rule of thumb or
guideline. As a guideline, there may be exceptional situations in which the guideline is
not followed, but in this book all class state will be private.

2You will need to relink the client program with the new implementation.
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Program Tip 6.2: All state or instance variables in a class should be pri-

vate. You can provide accessor functions for clients to get information about an object’s
state, but all access should be through public member functions; no instance variables
should be public.

Accessor functions in C++ almost always have the keywewdst following the
parameter lists, both in the .h file and in the .cpp file. We discuss this usenst in
detail in Howto D. Since accessor functions IR&e::NumSides  do not change an
object’s state, the wordonst is used by the compiler to actually prohibit changes to
state.

Program Tip 6.3: Make accessor functions const . You make a member
function aconst function by putting the keywordonst after the parameter list.

The Member Function Dice::Roll . The functionDice::Roll() is amutator
function since it alters the state of@ice object. State is altered sinceDace ob-

ject keeps track of how many times it has been rolled. The private instance variable
myRollCount is modified as follows.

myRollCount = myRollCount + 1;

Because the state changes, the fundbare::Roll() cannot be @onst function.
The other lines iice::Roll() actually generate the random roll using another
classRandGen that generates pseudo-random numbers.

6.1.5 Scope of Private Variables

The instance variables defined in the private section of a class declaration are ac-
cessible in all member functions of the class. Private variable nameglabval to

all member functions, since they can be accessed in each member function. In the
Dice class the instance variabieySides is initialized in the constructor and used

in Dice::Roll() to generate a random roll. The instance variahidrollCount

is initialized in the constructor, incrementedDxice::Roll() and used to return a
value inDice::NumRolls()

Program Tip 6.4: If a variable is used in only one member function, it’s
possible that the variable should be defined locally within the function,

and not as a private instance variable. There are occasions when this heuristic
doesn’t hold (e.g., when a variable must maintain its value over multiple calls of the same
member function), but it's a good, general class design heuristic.
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By defining a variable at the beginning of a program and outside of any function,
you can make it global to all the functions in a programglébal variable is accessible
everywhere in a program without being passed as a parameter. This is considered poor
programming style, because the proliferation of global variables in large programs makes
it difficult to modify one part of the program without affecting another part. Because
global variables cannot be used in large programs without great care (and even then
global variables can cause problems) we will not use any global variables even in small
programs.

Program Tip 6.5: Avoid using global program variables. Global variables
don't work in large programs, so practice good coding style by avoiding their use in small
programs.

6.1 How do the displays and buttons on a stereo receiver provide an interface to the
receiver? If you purchase a component stereo system (e.g., a CD player, a tuner,
areceiver, and a cassette deck), do you need to buy a new receiver if you upgrade
the CD player? How is this similar to or different from a header file and its
corresponding implementation?

6.2 Do you know how a soda-vending machine works (on the inside)? Can you
“invent” a description of how one works that is consistent with your knowledge
based on using such machines?

6.3 Why are there so many comments in the headedfde.h ?

6.4 What is the purpose of the member functidtismSides andNumRolls ? For
example, why won't the lines

Dice tetra(4);
cout << "# of side s = " << tetra.mySides << end|;

compile, and what is an alternative that will compile?

6.5 In the member functioice::Roll() the value returned is specified by the
following:

gen.RandInt(1,mySides)

What type/class of variable gen and where is the class declared?

6.6 What changes tooll.cpp, Program 5.11, permit the user to enter the number of
sides in the simulated die?

6.7 Can the statemenhyRollCount++ by used in place omyRollCount =
myRollCount + 1 in Dice::Roll() ?
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6.8 Suppose a member functi@ice::LastRoll() is added to the cladice .
The function returns the value of the most recentroll. Shbide::LastRoll()
be aconst function? What changes to private data and to other member functions
are needed to implement the new member function?

int Dice::LastRoll() // is const needed here?
/I post: returns value of last time Roll() was called

B 6.2 Program Design with Functions

To see how useful classes are in comparison to using only free funtiiotie design

and implementation of programs we’'ll study a program that gives a simple quiz on
arithmetic using addition. For example, you might be asked to write a program like
this to help your younger sibling practice with math problems, or to help an elementary
school teacher with a drill-and-practice program for the computer. We'll begin with a
program that uses free functions to implement the quiz. In the next chapter we’ll modify
the quiz programs from this chapter so that several collaborating classes are used instead
of free functions. The version developed in this chapter serves as a prototype of the final
version. Aprototype is not a finished product, but is useful in understanding design
issues and in getting feedback from users.

Program Tip 6.6: A prototype is a good way to start the implementa-

tion phase of program development and to help in the design process. A
prototype is a “realistic model of a system’s key functions” [McC93]. Booch says that
“prototypes are by their very nature incomplete and only marginally engineered.” [Boo94]
Aprototype is an aid to help find some of the importantissues before design and implemen-
tation are viewed as frozen, or unchanging. For those developing commercial software,
prototypes can help clients articulate their needs better than a description in English.

/_/’f‘—/,,i Program 6.2 uses classes and functions we've used in programs before. The header
‘fiia/ file randgen.h  for classRandGen is in Howto G, but we’ll need only the function
= RandGen::RandiInt thatreturns arandom integer between (and including) the values

of the two parameters as illustrated in Program 6.2

Program 6.2 simpquiz.cpp

#include <iostream>

#include <iomanip> /I for setw
#include <string>

using namespace std;

#include "randgen.h” /I for RandInt
#include "prompt.h"

3Recall that a free function is any function defined outside of a class.
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/I simple quiz program

int MakeQuestion()
/I postcondition: creates a random question, returns the answer
{

const WIDTH = 7,

RandGen gen;

int numl = gen.RandInt(10,20);

int num2 = gen.RandInt(10,20);

cout << setw(WIDTH) << numl << endl
cout << "+" << setw(WIDTH —1) << num2 << endl
cout << "—" << endl;

return numl + num2;

int main()
{
string name = PromptString("what is your name? ");
int correctCount = 0;

int total = PromptRange(name +
int answer,response, k;

, how many questions, ",1,10);

for(k=0 ; k < total; k++)
{ answer = MakeQuestion();

cout << "answer here: "
cin >> response;

if (response == answer)
{ cout << "correct! " << endl;
correctCount++;
}
else
{ cout << "incorrect, answe r =" << answer << endl
}
}
int percent = double(correctCount)/total * 100;

cout << name << ", your score is " << percent << "%" << endl;

return 0O;

223

simpquiz.cpp
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U PR T -

prompt> simpquiz
what is your name?  Owen

Owen, how many questions, between 1 and 10: 3
20
+ 18

answer here: 38
correct
13
+ 17
answer here: 20
incorrect, answer = 30
18
+ 10
answer here: 28
correct
Owen, your score is 66%

6.2.1 Evaluating Classes and Code: Coupling and Cohesion

This program works well for making simple quizzes about arithmetic, but it's hard to
modify the program to make changes such as these:

1.  Allow the student (taking the quiz) more than one chance to answer the question.
A student might be allowed several chances depending on the difficulty of the
guestion asked.

2. Allow more than one student to take a quiz at the same time, say two students
sharing the same keyboard.

3. Record a student’s results so that progress can be monitored over several quizzes.

As we noted in Program Tips 4.4 and 4.10, writing code that’s simple to modify is
an important goal in programming. You can't always anticipate what changes will be
needed, and code that's easy to modify will save lots of time in the long run.

The modifications above are complicated for a few reasons.

1. There's no way to repeat the same question. If the student is prompted for an
answer several times, the original question may scroll off the screen.

2. The body of thdor loop could be moved into another function parameterized by
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name. This might be the first step in permitting a quiz to be given to more than
one student at the same time, but in the current program it’s difficult to do this.

3. Once we learn about reading and writing information from and to files we’ll be
able to tackle this problem more easily, but it will still be difficult using the current
program. It's difficult in part because the code for giving the quiz and the code
for recording quiz scores will be mixed together, making it hard to keep the code
dealing with each part separate. Keeping the code separate is a good idea because
it will be easier to modify each part if it is independent of the other parts.

The last item is very important. It is echoed by two program and class design
heuristics.

Program Tip 6.7: Code, classes, and functions should be as cohesive as
possible. A cohesive functiondoes one thing rather than several thingscohesive
classcaptures one idea or set of related behaviors rather than many more unrelated ideas
and behaviors. When designing and implementing functions and classes you should make
them highly cohesive.

The functionMakeQuestion from Program 6.2 does two things: it makes a ques-
tion and it returns the answer to the question. Doing two things at the same time makes
it difficult to do just one of the two things, (e.g., ask the same question again). Functions
that do one thing are more cohesive than functions that do two things.

ProgramTip 6.8: Code, classes, and functions should not be coupled with

each other. Each function and class should be as independent from others as possible,
orloosely coupled It's impossible to have no coupling or functions and classes wouldn'’t
be able to call or use each other. But loose coupling is a goal in function and class design.

A function is tightly coupled with another function if the functions can'’t exist in-
dependently or if a change in one causes a change in the other. Ideally, changing a
function’s implementation without changing the interface or prototype should cause few
changes in other functions. In Prog 62mpquiz.cpphe functionMakeQuestion
which makes questions anghin which gives a quiz are tightly coupled with each other
and with the student taking the quiz. These three parts of the program should be less
coupled than they are.

6.2.2 Toward a Class-based Quiz Program

We want to develop a quiz program that will permit different kinds of questions, that is
not just different kinds of arithmetic problems, but questions about state capitals, English
literature, rock and roll songs, or whatever you think would be fun or instructive. We'd
like the program to be able to give a quiz to more than one student at the same time, so
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that two people sharing a keyboard at one computer could both participate. If possible,
we'd like to allow a student to have more than one chance at a question.

In the next chapter we’ll study one design of a program that will permit different
kinds of quizzes for more than one student. That program will use three collaborating
classes. However, we need to study a few more C++ language features and some new
classes before we tackle the quiz program.

Before we develop the class design we must study another mode of parameter passing
that we’ll need in developing more complex classes, functions, and programs. We’'ll use
a modified version o$impquiz.cppProgram 6.2.

As we move toward a new quiz program, think about how the program changes.
You'll find that there is no “best design” or “correct design” when it comes to writing
programs. However, there are criteria by which classes and programs can be evaluated,
such ascoupling andcohesionas outlined in Program Tips 6.8 and 6.7.

6.2.3 Reference parameters

Program 6.3simpquiz2.cppis a modified version of Program 6.2 that uses a function
GiveQuiz as an encapsulation of the codenain of Program 6.2. This encapsulation
makes it easier to give a quiz to more than one person in the same program and is a step
toward developing a class-based program. The output of Program 6.2 and Program 6.3
are exactly the same (given that the random questions may be different). The function
GiveQuiz passes two values backteain whenGiveQuiz is called: the number
of questions answered correctly and the total number of questions. Since two values are
passed back, it's not possible to use a return type which passes only one value back.

In the header oGiveQuiz in Program 6.3simpquiz2.cppnote that the last two
parameters are preceded by an ampers&andsing an ampersand permits values to be
passed back from the function to the calling statement.

Program 6.3 simpquiz2.cpp

#include <iostream>
#include <iomanip> /I for setw

#include <string>

using namespace std;
#include "randgen.h" /I for RandInt
#include "prompt.h"

/I simple quiz program

int MakeQuestion()
/I postcondition: creates a random question, returns the answer

{

const WIDTH = 7;
RandGen gen;

int numl =
int num2

gen.RandInt(10,20);
gen.RandInt(10,20);

cout << setw(WIDTH) << numl << endl
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cout << "+" << setw(WIDTH —1) << num2 << endl;
cout << "—" << endl;
return numl + num2;
}
void GiveQuiz(string name, int & correct, int & total)
/I precondition: name = person taking the quiz
/I postcondition: correc t = # correct answers, tota | = # questions
{
correct = 0;
total = PromptRange(name + ", how many questions, ",1,10);
int answer,response, k;
for(k=0 ; k < total; k++)
{ answer = MakeQuestion();
cout << "answer here: ";
cin >> response;
if (response == answer)
{ cout << "correct! " << endl;
correct++;
}
else
{ cout << "incorrect, answe r =" << answer << endl
}
}
}
int main()
{
int correctCount, total;
string student = PromptString("what is your name? ");
GiveQuiz(student, correctCount, total);
int percent = double(correctCount)/total * 100;
cout << student << ", your score is " << percent << "%" << endl;
return O; -
} simpquiz2.cpp

The first parameter of the functidBiveQuiz represents the name of the student
taking the quiz. This value is passed into the function. The other parameters are used
to pass values back from the functi@iveQuiz to the statement calling the function.
These last three parameters @ferenceparameters; the ampersand appearing between
the type and name of the parameter indicates a reference parameter. The diagram in
Figure 6.2 shows how information flows betwégiveQuiz and the statement that calls
GiveQuiz frommain . The ampersand modifier used for the last three parametersin the
prototype ofGiveQuiz makes these references to integers rather than integers. We'll
elaborate on this distinction, but a reference is used as an alias to refer to a variable that
has already been defined. The memory for a reference parameter is defined somewhere
else, whereas the memory for a nonreference parameter, also cafiecegparameter,
is allocated in the function.
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int correctCount,total; string student;

Function call, arguments

G veQui z(student, correct Count, total);
[ owen | | 6 | | 10 |

void G veQuiz(string name, int & correct, int & total)

Function prototype/header, formal parameters

Figure 6.2 Passing parameters by value and by reference in simpquiz2.cpp

The value oktudent (Owen,in the figure) is copied frommain into the memory
location associated with the paramatame in GiveQuiz . Once the value is copied,
the variablestudent defined inmain and the parameteramein GiveQuiz are not
connected or related in any way. For example, if the valueasfie in GiveQuiz is
changed, the value afame in main is not affected. This is very different from how
reference parameters work. As indicated in Figure 6.2, the storage for the last two argu-
ments in the function call is referenced, or referred to, by the corresponding parameters
in GiveQuiz . For example, the variabtmrrectCount  defined inmain is referred
to by the nameorrect  within the functionGiveQuiz . When one storage location
(in this case, defined imain ) has two different names, the temtiasing is sometimes
used. Whatever happensdorrect  in GiveQuiz is really happening to the variable
correctCount  defined inmain sincecorrect refers tocorrectCount . This
means that if the statemeabrrect++; assigns 3 ta@orrect  in GiveQuiz , the
value is actually stored in the memory location allocatech&in and referred to by the
namecorrectCount  in main . Rich Pattis, author oBet A-Life: Advice for the Be-
ginning C++ Object-Oriented ProgrammégPat96] calls reference parameters “voodoo
doll” parameters: if you “sticktorrect in GiveQuiz , the objectorrectCount
in main yells “ouch.”

One key to understanding the difference between the two kinds of parameters is
to remember where the storage is allocated. For reference parameters, the storage is
allocated somewhere else, and the name of the parameter refers back to this storage.
For value parameters, the storage is allocated in the function, and a value is copied into
this storage location. This is diagrammed by the leftmost arrow in Figure 6.2. When
reference parameters are used, memory is allocated for the arguments, and the formal
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parameters are merely new names (used within the called function) for the memory
locations associated with the arguments. This is shown in Figure 6.2 by the arrows
that point “up” from the identifiergorrect andtotal that serve as aliases for the
memory locations allocated for the variabtesrectCount  andtotal in main.

6.2.4 Pass by Value and Pass by Reference

Program 6.4 pbyvalue.cpmshows a contrived (but hopefully illustrative) example of
parameter passing.

Program 6.4 pbyvalue.cpp

#include <iostream>
#include <string>
using namespace std;

/I illustrates pass-by-value/pass-by-reference semantics

void DoStuff(int number, string & word)

{

cout <<
number
word =
cout <<

"DoStuff in:\t" << number < < " " << word << endl;
*= 2;

"What's up Doc?";

"DoStuff out:t" << number < <" " << word << endl

void DoStuff2(int & one, int & two, string & word)

cout <<
one x=
cout <<
two +=
word =
cout <<

}

int main()

{

int num

"DoStuff2 in:\t" << one < < """ << two << " " << word << endl;
2;

"DoStuff2 mid:\t" << one < < "M << two << " " << word << endl;
1

"What's up Doc?";

"DoStuff2 out:\t" << one < < """ << two << " " << word << endl;
= 30;

string name = "Bugs Bunny";

DoStuff(num,name);

cout <<

endl << "DoStuff main:\t" << num < < " " << name << endl << endl;

DoStuff2(num,num,name);

cout <<

return O;

endl << "DoStuff2 main:\t" << num < <" " << npame << endl

pbyvalue.cpp
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The parametenumber in the functionDoStuff is passed by value, not by refer-
ence, so assignment tmmber doesnot affect the value of the argumentm. The
same does not hold for the reference parameted ; the changed value does change
the value of the argumename in main .

In contrast, all parameters are reference parametdbo®tuff2 . What's very
tricky* aboutDoStuff2 s that the reference parameterse andtwo both alias the
same memory locationumin main . Assignment tamne is really assignment toum
and thus also assignmenttteo since bothone andtwo reference the same memory.
It helps to draw a diagram like the one in Figure 6.2, but with arrows fsom andtwo
both pointing to the same memory location associated mithin main .

OUTPUT :

prompt> pbyvalue
DoStuff in: 30 Bugs Bunny
DoStuff out: 60 What's up Doc?

DoStuff main: 30 What's up Doc?

DoStuff2 in: 30 30 What's up Doc?
DoStuff2 mid: 60 60 What's up Doc?
DoStuff2 out: 61 61 What's up Doc?

DoStuff2 main: 61 What's up Doc?

The first line of output prints the values that are passdddStuff . The value of
the parametenumber in DoStuff is the same as the valueefimin main since this
value is copied when the argument is passeBa&tuff . After the value is copied,
there is no relationship betweemmber andnum. This can be seen in the first line
of output generated imain : numis still 30. However, the change to parametard
does chang@ame in main . Values arenot copied when passed by reference. The
identifiersword andname are aliases for the same memory location.

When a function is called and an argument passed to a reference parameter, we use
the termcall by reference When an argument is copied into a function’s parameter,
we use the terntall by value. Value parameters require time to copy the value and
require memory to store the copied value; it's possible for this time and space to have
an impact on a program’s performance. Sometimes reference parameters are used to
save time and space. Unfortunately, this permits the called function to change the value
of the argument—the very reason we used reference parameters in Program 6.3. You
can, however, protect against unwanted change and still have the efficiency of reference
parameters when needed.

4l could have written, “what’s verwy twicky,” but | didn’t.
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6.2.5 const Reference Parameters

Value parameters are copied from the corresponding argument, as shgwyratue.cpp,
Program 6.4. For parameters that require a large amount of memory, making the copy
takes time in addition to the memory used for the copy. In contrast, reference parameters
are not copied, and thus no extra memory is required and less time is used.

Some programs must make efficient use of time and memory space. Value parameters
for large objects are problematic in such programs. Usintst referenceor constant
referenceparameters yields the efficiency of reference parameters and the safety of value
parameters. “Safety” means that it's not possible to change a value parameter so that
the argument is also changed. The argument is protected from accidental or malicious
change. Like value parameters, const reference parameters cannot be changed by a
function so that the argument changes (as we’ll see, assignments to const reference
parameters are prohibited by the compiler.)cénst reference parameter is defined
using theconst modifier in conjunction with an ampersand as shownanstref.cpp,
Program 6.5. Const reference parameters are also caliedonly parameters.

Program 6.5 constref.cpp

#include <iostream>

#include <string>

using namespace std;
#include "prompt.h"

/I illustrates const reference parameters
/I Owen Astrachan, 7/11/96, 4/19/99

void Print(const string & word);

int main()

{

void

string word = PromptString("enter a word: ");

Print("hello world");

Print(word);
Print(wor

return O;

d+" "+ word);

Print(const string & word)

cout << "printing: " << word << endl;

constref.cpp
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OUTPUT :

prompt> constref
enter a word: rabbit
printing: hello world
printing: rabbit

printing: rabbit rabbit

The parametawrord in Print  isaconst reference parameter. The useohst
prevents the code iRrint  from “accidentally” modifying the value of the argument
corresponding tavord . For example, adding the statemewdrd = "hello” just
before the output statement generates the following error message with one compiler:

Error : cannot pass const/volatile data object to
non-const/volatile member function
constref.cpp line 23 {word = "hello";

In addition, const reference parameters allow literals and expressions to be passed as ar-
guments. Irconstref.cppthe first call ofPrint  passes the literdhello world" ,

and the third call passes the expressiand + " " + word . Literals and expres-

sions can be arguments passed to value parameters since the value parameter provides
the memory. However, literals and expressions cannot be passed to reference parameters
since there is no memory associated with either a literal or an expression. Fortunately,
the C++ compiler will generate a temporary variable for literals and expressions when

a const reference parameter is used. Ifdbest modifier is removed fronfPrint  in
constref.cppthe program will fail to compile with most compilers.

ProgramTip6.9: Parameters of programmer-defined classes like string

should be const reference parameters rather than value parameters.
(Occasionally a copy is needed rather than a const reference parameter, but such situa-
tions are rare). There is no reason to worry about this kind of efficiency for built-in types
like int anddouble ; these use relatively little memory, so that a copy takes no more
time to create than a reference does and no temporary variables are needed when literals
and expressions are passed as arguments.

For some classes a specific function is needed to create a copy. If a class does not
supply such a “copy-making” function—actually a special kind of constructor called a
copy constructor—one will be generated by the compiler. This default copy constructor
may not behave properly in certain situations that we’ll discuss at length later. A brief
discussion of copy constructors can be found in Section 12.10.

The compiler will allow only accessor functions (see Section 6.1) labelledrast
member functions to be applied to a const reference parameter. If you try to invoke a
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mutator (non-const) member function on a const reference parameter the compilation
will catch this error and fail to compile the program.

Pause to Reflect 6.9 What is the function header and body of a funct®etName that prompts for a
o first and last name and returns two strings, one representing each name?
% 6.10 Write a functionRoots having the following function header:

void Roots(double a, double b, double c,
double & rootl, double & root2)
/I precondition: a,b,c coefficients of

I ax’2 + bx + ¢
/I postcondition: sets rootl and root2 to roots
1 of quadratic

that uses the quadratic formula:

—b + V/b? — dac
2a

to find the roots of a quadratic. The cBRlbots(1,5,6,r1,r2) would result
inrl andr2 being set to-2 and—3. You'll have to decide what to do if there
are no real roots.

6.11 Suppose that a functiddystery has only value parameters. What is printed by
the following statements? Why?

int num = 3;

double top = 4.5;

Mystery(num,top);

cout << num < < " " << top <<  end]

6.12 Write the header for a function that returns the number of weekdays (Monday
through Friday) and weekend days (Saturday and Sunday) in a month and year
that are input to the function as integer values using 1 for January and 12 for
December. Don'’t write the function, just a header with pre- and post-conditions.

6.13 Two formal parameters can alias the same argument as shd@hmainge :

void Change(int & first, int & second)
{

first += 2;

second *= 2;

5Some older compilers may issue a warning rather than an error, but 32-bit compilers will catch const
errors and fail.
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Using the functiorfChange above, explain why 20 is printed by the code fragment
below and determine what is printechifimis initialized to 3 rather than 8.

int main()

{
int num = 8;
Change(num,num);
cout << num << endl;
return O;

}

6.14 It is often necessary to interchange, or swap, the values of two variables. For
example, ifa = 5 andb = 7, then swapping values would resultdn= 7 and
b = 5. Write the body of the functioBwap (Hint: You'll need to define avariable
of typeint ).

void Swap(int & a, int & b)
/I postcondition: interchanges values of a and b

We want to develop question classes for different kinds of quizzes, but we need
some more programming tools. In the next sections we’ll see how to read from
files instead of just from the keyboard. We’ll see how to write to files too.

6.3 ReadingWords: Stream Iteration

If you steal from one author, it's plagiarism;
if you steal from many, it’s research.
Wilson Mizner

Word processing programs merely manipulate words and characters, but scholars some-
times use programs that process character data to determine authorship. For example,
literary investigators have sought to determine the authorship of Shakespeare’s plays
and sonnets. Some have argued that they were written by philosopher Francis Bacon or
dramatist Christopher Marlowe, but most Shakespearean authorities doubt these claims.
To amass evidence regarding the authorship of a literary work, it is possible to gather
statistics to create a “literary fingerprint.” Such a fingerprint can be based on frequently
used words, phrases, or allusions. It can also include a count of uncommon words.
Computer programs facilitate the gathering of these data.

In this section, we demonstrate the pattern of iterating over words and characters by
simpler, but similar, kinds of programs. These programs will count words and letters—
the kind of task that is built into many word processing programs and used when a limit
on the number of words in an essay is set, (e.g., by newspaper columnists and students
writing English papers). We'll first write a program that counts words entered by the
user or stored in a text file. A text file is the kind of file in which C++ programs are
stored or word processing documents are saved when the latter are saved as plain text
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I'll adopt a four-step process in explaining how to develop the program. As you write
and develop programs, you should think about these steps and use them if they make
sense. These steps are meant as hints or guidelines, not rules that should be slavishly
followed.

6.3.1 Recommended Problem-solving and Programming Steps

1.  Think about how to solve the problem with paper, pencil, and brain (but no com-
puter). Consider how to extend the human solution to a computer-based solution.
You may find it useful to sketch a solution usipgeudocodea mixture of English
and C++.

2. If, after thinking about how to solve the problem with a computer (and perhaps
writing out a solution), you are not sure how to proceed, pause. Try thinking
about solving a related problem whose solution is similar to a program previously
studied.

3.  Develop aworking program or class in an iterative manner, implementing one part
at a time before implementing the entire program. This can help localize problems
and errors because you'll be able to focus on small pieces of the program rather
than the entirety.

4.  When you've finished, pause to reflect on what you've learned about C++, pro-
gramming, and program design and implementation. You may be able to develop
guidelines useful in your own programming, and perhaps useful to others as well.

We will use these steps to solve the word count problem. First we'll specify the problem
in more detail and develop a pseudocode solution. This step will show that we're missing
some knowledge of how to read from files, so we'll solve a related problem on the way
to counting the words in a text file. After writing a complete program we’ll develop a
class-based alternative that will provide code that’s easier to reuse in other contexts.

6.3.2 A Pseudocode Solution

Counting the words in this chapter or in Shakespeare’s idEayletby hand would be

a boring and arduous task. However, it's an easy task for a computer program—simply

scan the text and count each word. It would be a good idea to specify more precisely

what a “word” is. The first part of any programming task is often a casgfatification

of exactly what the program should do. This may require defining terms sugbrds

In this case, we'll assume that a word is a sequence of characters separated from other

~=_ words by white space. White space characters are included in the escape characters in

;ﬁi*’/ Table A.5 in Howto A; for our purposes, white space i5s , ' \t' , and’ \n’ : the

space, tab, and newline characfeiSscape sequences represent certain characters such

5The adjectiveplain is used to differentiate text files from files in word processors that show font, page
layout, and formatting commands. Most word processors have an option to save files as plain text.

"Other white space characters are formfeed, return, and vertical tab.
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as the tab and newline in C++. To print a backslash requires an escape sequence;
prints as a single backslash

For this problem, we'll write a pseudocode description of a loop to count words.
Pseudocode is a language that has characteristics of C++ (or Java, or some other lan-
guage), but liberties are taken with syntax. Sketching such a description can help focus
your attention on the important parts of a program.

numWords = 0;

while (words left to read)

{ read a word;
numwWords++;

}

print number of words read

White Space Delimited Input for Strings. These pseudocode instructions are very close
to C++, except for the test of thvehile  loop and the statemergad a word . Infact,
we've seen code that reads a word using the extraction operate.g., Program 3.1,
macinput.cppp  White space separates one string from another when the extraction
operator>> is used to process input. This is just what we want to read words. As an
example, what happens if you typteel-gray tool-box when the code below is
executed?

string first, second,;

cout << "enter two words:";

cin >> first >> second;

cout << first < <" :" << second << endl

Since the space between thef steel-grayand thet of tool-boxis used to delimit the
words, the output is the following:

steel-gray : tool-box

As another example, consider this loop, which will let you enter six words:

string word,
int numWords;
for(humWords=0; numWords < 6; numWords++)
{ cin >> word;

cout << numWords < <

<< word << endl;

}

8Consider buying groceries. Often a plastic bar is used to separate your groceries from the next person’s.
What happens if you go to a store to buy one of the plastic bars? If the person behind you is buying one
too, what can you use to separate your purchases?
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Suppose you type the words below with a tab character betiteeandain't , the
return key pressed aftbroke , and two spaces betwedon’t andfix

If it ain't broke,
don't fix it.

Although the input typed by the user appears as two lines, the input stivaprocesses

a sequence of characters, not a sequence of words or lines. The characters on the input
stream appear as literally a stream of characters (the symi®lsed to represent a
space).

If wit \tain \'t ubroke, \ndon\'t wu fix it.

There are three different escape characters in this stream: the tab chapacteg

newline charactei\n, and the apostrophe charactgr, We don’t need to be aware of

these escape characters, or any other individual character, to read a sequence of words
using the loop shown above. At a low level a stream is a sequence of characters, but at
a higher level we can use the extraction operatpr,to view a stream as a sequence of
words.

The extraction operator>—when used witlstring  variables—groups adjacent,
nonwhite space characters on the stream to form words as shown by the output of the
while loop above. Note that punctuation is included as part of the vooolte,
because all nonwhite space characters, including punctuation, are the same from the
point of view of the input strearin . Since the operator> treats all white space
the same, the newline is treated the same as the spaces or tabs between adjacent words.
Any sequence of white space characters is treated as white space, as can be seen in the
example above, where a tab character space sepdraftesm aint  and two spaces
separatelon’t from fix

Now that we have a better understanding of how the extraction operator works with
input streams, characters, and words, we need to return to the original problem of count-
ing words in a text file. We address two problems: reading an arbitrary number of words
and reading from a file. We cannot use a definite loop because we don't know in advance
how many words are in a file—that's what we’re trying to determine.
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6.3.3 Solving a Related Problem

How can a loop be programmed to stop when there are no more words in the input? Step
two of our method requires solving a familiar but related problem when confronted with

a task whose solution isn’timmediately apparent. In this case, suppose that words are to
be entered and counted until you enter some specific word signaling that no more words
will be entered. The test of a while loop used to solve this task can consigtitef

(word != LAST_WORD) , whereLAST_WORI the special word indicating the end

of the input andvord holds the value of the string that you enter.

This is an example of sentinelloop—the sentinel is the special value that indicates
the end of input. Such loops are classic fence post problems: you must enter a word
before the test is made and, if the test indicates there are more words, you must enter
another word. Program 6.6 shows such a sentinel loop accepting entries until the user
enters the wor@nd. The special sentinel value it considered part of the data being
processed. Sometimes it’s difficult to designate a sentinel value since no value can be
singled out as invalid data. In the second run the number of words does not appear
immediately after the wordndis entered since more typing takes place afterward. The
number of words is not output until after the return key is pressed, and this occurs several
words after the wor@éndis entered.

Program 6.6 sentinel.cpp

#include <iostream>

#include <string>

using namespace std;

/I count words in the standard input stream, cin

int main()

{

const string LAST_WORD = "end";

string word;

int numWords = 0; /I initially, no words

cout << "type ™ << LAST_WORD << ™ to terminate input" << endl;

cin >> word,;
while (word !'= LAST_WORD) /I read succeeded
{ numWords++;

cin >> word;

}

cout << "number of words rea d = " << numWords << endl;

return 0O;

sentinel.cpp
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U PR T

prompt> sentinel

type ’end’ to terminate input
One fish, two

fish, red fish, blue fish

end

number of words read = 8

prompt> sentinel

type ’end’ to terminate input

How will the world end — with a bang or a whimper?
number of words read = 4

This apparent delay is a side effectufffered input, which allows the user to make
corrections as input is entered. When input is buffered, the program doesn’t actually
receive the input and doesn’t do any processing until the return key is pressed. The input
is stored in a memory area calledbaffer and then passed to the program when the
line is finished and the return key pressed. Most systems use buffered input, although
sometimes it is possible to turn this buffering off.

Although we still haven't solved the problem of developing a loop that reads all
words (until none are left), the sentinel loop is a start in the right direction and will lead
to a solution in the next section.

Pause to Reflect 6.15 The sentinel loop shown here reads integers until the user enters a zero. Modify the

o loop to keep two separate counts: the number of positive integers entered and the
number of negative integers entered. Use appropriate identifiers for each counter.

@ g g pprop

const int SENTINEL = 0;

int count = O;

int num;
cin >> num;
while (num != SENTINEL)
{ count++;
cin >> num;

}

6.16 Does your system buffer input in the manner described in this section? What
happens if Program 6.6 is run and the user enters the text below? Why?

This is the start, this is the end --- nothing
is in between.
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6.17 Another technique used with sentinel loops is to force the loop to iterate once. This
is calledpriming the loop. If the statementin >> word before thewhile
loop in Program 6.6 is replaced with the statemeotd = "dummy"; , how
should the body of the while loop be modified so that the program counts words
in the same way?

6.18 Suppose that you want to write a loop that stops after either of two sentinel values
is read. Using the technique of the previous problem in which the loop is forced
to iterate once by giving a dummy value to the string variable used for input, write
a loop that counts words entered by the user until the user enters either the word
end or the wordfinish . Be sure to use appropriatenst definitions for both
sentinels.

6.3.4 The Final Program: Counting Words

We are finally ready to finish a program that counts all the words in a text file or all
the words a user enters. We would like to refine the loop in Progransémsinel.cpp,

so that it reads all input but does not require a sentinel value to identify the last word
in the input stream. This will let us calculate the number of words (or characters, or
occurrences of the wotti€) in any text file since we won'’t need to rely on a specific word

to be the sentinel last word. This is possible in C++ because the extraction operator not
only extracts strings (or numbers) from an input stream, but returns a result indicating
whether the extraction succeeds. For example, a code fragment used earlier read the
wordssteel-gray ~ andtool-box  using the statement

cin >> first >> second;
This statement is read, or parsed, by the C++ compiler as though it were written as
(cin >> first) >> second,

because> is left-associative (see Table A.4 in Howto A.) Think of the input stream,
cin , as flowing through the extraction operators, The first word on the stream is
extracted and stored first  , and the stream continues to flow so that the second word
on the stream can be extracted and storezkoond . The result of the first extraction,
the value of the expressidnin >> first) , is the input streangin , without the
word that has been stored in the variafilst

The ReturnValue of operator ~ >>. The mostimportant point of this explanation is

that the expressioftcin >> first) not only reads a string fromin but returns the

stream so that it can be used again, (e.g., for another extraction operation). Although it
may seem strange at first, the stream itself can be tested to see if the extraction succeeded.
The following code fragment shows how this is done.

9The derivation of priming probably comes from old water-pumps that had pibveed or filled with
water before they started.
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int num;
cout << "enter a number: ";
if (cin >> num)
{ cout << "valid integer: " << num << endl
}
else
{ cout << "invalid integer: " << num << endl;
}

U P T -

enter a number: 23

valid integer: 23

enter a number: skidoo23
invalid integer: 292232

enter a number: 23skidoo
valid integer: 23

The expressiofcin » num) evaluates torue when the extraction of an integer
from cin has succeeded. The charact®loo23 do not represent a valid integer,
so the messagavalid integer is printed. The integer printed here is a garbage
value. Since no value is stored in the variablenwhennumis first defined, whatever
value is in the memory associated witmis printed. Other runs of the program may
print different values. Note that whe2Bskidoo s entered, the extraction succeeds
and 23 is stored in the variabtem. In this case, the characteskidoo remain on the
input stream and can be extracted by a statement sugh as> word , whereword
isastring variable. The use of the extraction operator to both extract input and return
a value used in a boolean test can be confusing since the extraction operation does two
things.

Some people prefer to write tlie statement using thiail  member function of
the streantin .

cin >> num;
if (! cin.fail())
{ cout << "valid integer: " << num << endl;

}

The member functioffiail ~ returns true when an extraction operation has failed and
returns false otherwise. You do not need to tek explicitly since the extraction
operator returns the same valuefais , but some programmers find it clearer to use
fail . The stream member functidail returns true whenever a stream operation
has failed, but the only operations we've seen so far are 1/O operations. Details of all
the stream member functions can be found in Howto B.
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Program 6.7 correctly counts the number of words in the input stoganby testing
the value returned by the extraction operator imhdle loop.

Program 6.7 countw.cpp

#include <iostream>
#include <string>
using namespace std;

/I count words in the standard input stream, cin

int main()

{
string word;
int numWords = O; /I initially, no words
while (cin >> word) /I read succeeded

{ numWords++;
cout << "number of words rea d = " << numWords << endl;

return O;
countw.cpp

Thetestofthevhile loop isfalse whenthe extraction operation fails. When reading
strings, extraction fails only when there is no more input. As shown above, input with
integers (andlouble s) can fail if a noninteger value is entered. Since any sequence
of characters is a string, extraction fails for strings only when there is no more input. If
you're using the program interactively, you indicate no more input by typing a special
character called thend-of-file character. This character should be typed as the first and
only character on a line, followed by pressing the return key. When UNIX or Macintosh
computers are used, this character is Cirand on MS-DOS/Windows machines this
character is CtrE. To type this character the control key must be held down at the same
time as the D (or Z) key is pressed. Such control characters are sometimes not shown
on the screen but are used to indicate to the system running the program that input is

finished (end of file is reached).

O U P T

prompt> countw

How shall | love thee? Let
me count

the ways.

D

number of words read = 10
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The end-of-file character wamttyped as the stringD but by holding down the Control
key and pressing the D key simultaneously.
We'll modify countw.cppso that it will count words stored in a text file; then we’ll
see how to turn this program into a class that makes it a general-purpose programming
tool.

6.3.5 Streams Associated with Files

In Program 6.6sentinel.cppand Program 6.7%ountw.cppthe standard input stream,

cin , was used as the source of words. Clearly you can’t be expected to type in all
of Hamletto count the words in that play. Instead, you need some way to create a
stream associated with a text file (rather than with the keyboard and the standard input
stream,cin ). A classifstream , accessible by including the fikfstream>  (or
<fstream.h> onsome systems), is used for streams that are associated with text files.
Program 6.8countw2.cppjs a modification of Program 6.7 but uses iéstream

variable.

Program 6.8 countw2.cpp

#include <iostream>

#include <fstream> /I for ifstream
#include <string>

#include "prompt.h"

/I count words in a file specified by the user

int main()
{
string word;
int numWords = O; /I initially no words
int sum = O; /I sum of all word lengths

ifstream input;

string filename = PromptString(“"enter name of file: ");
input.open(filename.c_str()); /I bind input to named file
while (input >> word) /I read succeeded

{ numWords++;
sum += word.length();

cout << "number of words rea d = " << numWords << endl;
cout << “"average word lengt h =" << sum/numWords << endl;
return 0O;

countw2.cpp

In the following runs, the filemelville.txt is the text of Herman Melville's
Bartleby, The Scrivener: A Story of Wall-Stre€he filehamlet.txt is the complete
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text of William Shakespeareldamlet. These, as well as other works by Shakespeare,
Edgar Allen Poe, Mark Twain, and others, are accessible as text%iles.

OUTPUT -

prompt> countw2

enter name of file: melville.txt
number of words read = 14353
average word length = 4

prompt> countw2

enter name of file: hamlet.txt
number of words read = 31956
average word length = 4
prompt> countw?2

enter name of file: macbet.txt
number of words read = 0
Floating exception

The variablénput is aninstance of the clagstream —aninput file stream—
and supports extraction usirep just ascin does. The variablénput is asso-
ciated, orbound, to a particular user-specified text file with the member function
ifstream::open()

input.open(filename.c_str()); // bind input to named file

The stringfilename  that holds the name of the user-specified file is an argument to
the member functiorifstream::open() . The standard string member function
c_str()  returns a C-style string required by the prototype for the funatipen() .
Theopen() function may be modified to accept standard strings, but the conversion
functionc_str()  will always work. Oncenput is bound to a text file, the extraction
operator>> can be used to extract items from the file (instead of from the user typing
from the keyboard as is the case wiih ).

There is a similar clasafstream (for output file streamalso accessible by including
the header file<fstream> . This class supports the use of the insertion operator,
justadfstream  supports extraction, using tke operator. The code fragment below
writes the numbers 1 to 1,024 to a file namiadms.dat" , one number per line.

ofstream output;
output.open("nums.dat");
int k;

for(k=0 ; k < 1024; k++)

1%The files containing these literary works are available with the material that supports this book. These
texts are in the public domain, which makes on-line versions of them free.
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{ output << k << endl;
}

In the example of using Program 6.8, fikeacbet.txt has no words. | made a
mistake when entering the name of the file to read (I meant tonypebeth.txt ),

which caused the extraction operation to fail because the file does not exist. Because no
words were read, the average calculation resulted in a division-by-zero error. On some
systems, division by zero can cause the machine to cragiobuést program protects
against errors. Program 6.8 could be made robust by guarding the average calculation
with anif statement to check whetheumWords == 0. It's also possible to check

the result of the functioifstream::open as shown.

input.open(filename.c_str());
if (input.fail())
{ cout << "open for

}

You should always look carefully at program output to determine if it meets your
expectations. The average printed for bbagmletandMelville is four. This is surpris-
ing; you probably do not expect the averages to be exactly the same. To fix this problem
we’'ll need to change how the average is calculated; we need toudse values.

<< filename << " failed " << endl

6.3.6 Type Casting

Since botmumWords andsum areint  variables, the result of the division operator,
/ ,is anint . How can the correct average be calculated? One method is to define
to be adouble variable. Since the statement

sum += word.length()?

will correctly accumulate a sum of integers even wlkam is adouble variable, this
method will work reasonably well. However, it may not be the best method, since the
wrong type fouble ) is being used to accumulate the sum of integers. Instead, we can
use aype cast. This is a method that allows one type to be converted (sometimes called
coerced into another type. For example, the statement:

cout << "average lengt h = " << double(sum)/numWords << endl;

yields the correct average of 4.705 fdelville and 4.362 foHamlet. The expression
double(sum) shows that the typdouble is used like a function name with an ar-
gumentsum. The result is alouble that is as close to the integer valuesefm as
possible. Since the result of a mixed-type arithmetic expression is of the highest type
(in this casedouble ), 3.5 will be printed. You can also write a cast(édouble)
= sum)/numWords .!! A cast has higher precedence than arithmetic operators (see Ta-
E gﬁ‘g/ ble A.4 in Howto A), so(double) sum/numWords  will also work becaussumis
cast to adouble value before the division occurs.

This is the C-style of casting but can be used in C++ and is useful if the cast is to a type whose name
is more than one word, such g int
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Alternatively, the statement
cout << "average lengt h = " << sum/double(numWords) << endl;
also gives a correct result since the mixed-type expression yigldalde result.

ProgramTip 6.10: Be careful when casting a value of one type to another.
It is possible that a type cast will result in a value changing. Casting is sometimes
necessary, but you should be cautious in converting values of one type to another type.

For example, using Turbo C++ the output of the three statements

cout << int(32800.2) << endl;
cout << double(333333333333333) << endl;
cout << int(3.6) << endl;

follows.

-32736
9.214908e+08
3

The third number printed is easy to explain—casting a double totartruncates,
or chops off, the decimal places. The first two numbers exceed the range of valid values
forint anddouble , respectively using Turbo C++.

In general, casting is sometimes necessary, but you must be careful that the values
being cast are valid values in the type being cast to.

Casting with static cast . Four cast operators are part of standard C++. In this
book the operatostatic_cast will be used!? As an example, the statement

cout << double(sum)/numWords << endl;
is written as shown in the following to use thtatic_cast operator.
cout << static_cast<double>(sum)/numWords << endl;

Your C++ compiler may not suppostatic_cast , but this will change soon as the
C++ standard is adopted. Usisgatic_cast makes casts easier to spot in code.
Also, since casting a value of one type to another is prone to error, some people prefer
to usestatic_cast because it leads to ugly code and will be less tempting to use.

12The other cast operators azenst_cast , dynamic_cast , andreinterpret_cast ; we'll
have occasion to use these operators, but rarely.
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6.3.7 AWord-Reading Class Using ifstream

The third of the program development guidelines given in Section 6.3.1 calls for programs
to be developed using an iterative process. Sometimes this means redesigning an already
working program so that it will be useful in different settings. In the case of Program 6.7,
countw.cppwe want to reimplement the program in a new way to study a programming
pattern that we will see on many occasions throughout this book. The resulting program
will be longer, but it will yield a C++ class that is easier to modify for new situations
than the original program. It will also help us focus on a pattern you can use in other
classes and programs: the idea of processing “entries.” In this case we’ll process all
the words in a text file. The same design pattern can be used to process all the prime
numbers between 1000 and 9999, all the files in a computer disc directory, and all the
tracks on a compact disc.

The pattern of iteration over entries is expressed in pseudocode as

find the first entry;
while (the current entry is valid)
{
process the current entry;
advance to the next entry;

}

We'll use aWordStreamlterator class to get words one at a time from the text file.
As an example of how to use the class, the functioain below is black-box
equivalent to Program 6.¢puntw.cppFor any input, the output of these two programs

is the same.

int main()
{
string word;
int numWords = 0; /I initially, no words

WordStreamlterator iter;
iter.Open(PromptString("enter name of file: "));

for(iter.Init(); iter.HasMore(); iter.Next())
{ numWords++;

}

cout << "number of words rea d = " << numWords << endl;

return O;

}

This program fragment may seem more complex than the codeuntw2.cpppPro-

gram 6.8. This is often the case; using a class can yield code that is lengthier and more
verbose than non class-based code. However, class-based code is often easier to adapt
to different situations. Using classes also makes programs easier to develop on more
than one computing platform. For example, if there are differences in how text files
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are read using C++ on different computers, these differences can be encapsulated in
classes and made invisible to programmers who can use the classes without knowing the
implementation details. This makes the code more portable. The process of develop-
ing code in one computing environment and moving it to another is cpietthg the

code. The member functiomsit , HasMore, Next , andCurrent together form a
programming pattern called &erator. This iterator pattern is used to loop over values
stored somewhere, such as infstream  variable. By using the same names in other
iterating contexts we may be able to develop correct code more quickly. Using the same
names also lets us use programming tools developed for iterators.

We have focused on how to use classes rather than on how to design classes. In
general, designing classes and programs is a difficult task. One design rule that helps is
based on building new designs on proven designs. This is especially true when a design
pattern can be reused.

Program Tip 6.11: A pattern is a solution to a problem in a context. In

the case of th&VordStreamiterator class, the problem is accessing the strings in

a stream many times within the same program. The class hides the details of the stream
functions and lets us concentrate on accessing a sequence of strings rather than on details
of how to re-read a stream.

The class declaration fafordStreamlterator is found in worditer.h Pro-
gram G.6 in Howto G. We won't look at the implementationviorditer.cpp but the
code is provided for use with this book. You need to understand how to use the class,
but to use the class you don’t need to understand the implementation.

In the case of &/ordStreamlterator object, you should know that the member
functionWordStreamlterator::HasMore will returntrue if there is more inputto
be read. WheRlasMore returns false, accessing the current word usingtheent
member function is not a valid operation.

The constructowordStreamlterator::WordStreamlterator leaves the
objectiter in a state where accessing the current wordasvalid. In this state the
functionHasMore will return false. You must call the functidnit  to access words.
The calliter.Init reads the first word from the input stream and updates the internal
state accordingly.

6.19 What statements can be addedctuntw2.cppProgram 6.8 so that three values
are tracked: the number of small (1-3 letter) words, the number of medium (4—7
letter) words, and the number of large (8 or more letter) words.

6.20 What is the function header for a function that accepts a file name and returns the
number of small, medium, and large words as defined in the previous exercise (the
function has four parameters, the file name is passed into the function, the other
values are returned from the function via parameters.)

6.21 What is the value ofl/2 and why is it different froml/2.0 ? What is the value
of 20/static_cast<double>(6) ?
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6.22 Write code that prompts for two file names, one for input and one for output.
Every word in the input file should be written to the output file, one word per line.

6.23 The statement below reads one string and two ints.

string s; int m,n;
cin >> s >> m >>n;

The statement succeeds in reading three values if the user 'typks 12
3" (without the quotes.) What is the value fin this case? If the user types
"hell o 1 2 3 4 5" the statement succeeds (what is the value®f but if

it is executed immediately again, the valuenoWill be 5. Why, and what is the
value ofs after the statement executes again.

6.24 Suppose a text file naméduiz.dat" stores student information, one student
per line. Each student’s first name, last name, and five test scores are on one line
(there are no spaces other than between names and scores.)

owen astrachan 70 85 80 70 60
josh astrachan 100 100 95 97 93
gail chapman 88 90 92 94 96
susan rodger 91 91 91 55 91

Write a loop to read information for all students and to print the average for each
-8 student.

— ,6‘7.-
= Aa‘v .
"e_/_/ 6.25 Why can't theWordStreamlterator class be used to solve the problem in

the previous exercise (knowing what you've learned so far, there is a way to solve
the problem using the functiamtoi from "strutils.h" , see Howto G.)

B 6.4 Finding Extreme Values

We ascribe beauty to that which is simple,
which has no superfluous parts;
which exactly answers its end,
which stands related to all things,
which is the mean of many extremes.
Ralph Waldo Emerson
The Conduct of Life

The maximum and minimum values in a set of data are sometimes exilezine
values. In this section we’ll examine code to find the maximum (or minimum) val-
ues in a set of data. For example, instead of just counting the number of words in
Shakespeareamletwe might like to know what word occurs most often. Using the
WordStreamiterator class we can do so, although the program is very slow. Later
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in the chapter | will introduce a mechanism for speeding up the program. As a prelimi-
nary step, we'll look atnindata.cppProgram 6.9, designed to find the minimum of all
numbers in the standard input stream.

Theif statement compares the value of the number just read with the current min-
imum value. A new value is assignedrtoanimum only when the newly read number
is smaller. However, Program 6.9 does not always work as intended, as you may be
able to see from the second run of the program. Using the second run, you may reason
about a mistake in the program: the variablsimum is initialized incorrectly. You
may wonder about what happens when the sttagple" is entered when a number
is expected. As you can see from the output, the program only counts four numbers as
read in the second run.

The operatop> fails when you attempt to extract an integer but enter a noninteger
value such a%apple" . The operatop> fails in the following situations:

1. There are no more data to be read (extracted) from the input stream; (i.e., all input
has been processed).

2.  There was never any data because the input stream was not bound to any file.
This can happen when afstream  object is constructed and initialized with
the name of a file that doesn'’t exist or isn’t accessible.

3. The datato be read are not of the correct type, (e.g., attempting to read the string
"apple" into an integer variable).

Program 6.9 mindata.cpp

#include <iostream>
using namespace std;

/I determine minimum of all numbers in input stream

int main()

{
int numNums = 0; /I initially, no numbers
int minimum = O; /I tentative minimal value is 0
int number;

while (cin >> number)

{ numNums++;
if (number < minimum)
{ minimum = number,
}

}

cout << "number of number s = " << numNums << endl;
cout << "minimal number is " << minimum << endl;

return O; -
mindata.cpp
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Uy PRl T -

prompt> mindata
—-352135-33143

199 257-582 9392 78
number of numbers = 19
minimal number is —582

prompt> mindata

20 30 40 50 apple 60 70
number of numbers = 4
minimal number is 0

There are two methods for fixing the program so that it will work regardless of what
integer values are entered; currently the test inithestatement ofmindata.cppwill
never be true if the user enters only positive numbers.

| Initialize minimum to “infinity” so the first time thef statement is executed the
entered value will be less thaminimum.
| Initialize minimum to the first value entered on the input stream.

We'll elaborate on each of these approaches in turn.

6.4.1 Largest/SmallestValues

To implement the first approach we’ll take advantage of the existence of a largest integer
in C++. Since integers (and other types suctdasble ) are stored in a computer
using a fixed amount of memory, there cannot be arbitrarily large or small values. In the
standard system fikeclimits>  (orlimits.h ), several useful constants are defined:

INT_MAX  INT_MIN LONG_MAX LONG_MIN

These constants represent, respectively, the largest and sniratilestalues and the
largest and smallesvng values. We can now initializeminimum from Program 6.9
as follows (assumingclimits> is included.)

int main()
{
int numNums = 0; /I initially, no numbers
int minimum = INT_MAX; /[ all values less than this

}

The program finds the correct minimum becauseithdest evaluates to true the first
time, since any integer value is less than or equéiliio MAX However, if only values
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of INT_MAX are encountered, the test of tiie statement will never be true. In this

case the program still finds the correct minimumT_MAX

Similar constants exist falouble values; these are accessed by includiciipat>
(or<float.h> ). The largest and smalledbuble values are represented by the con-
stantsDBL_MINandDBL_MAXrespectively.

6.4.2 Initialization: Another Fence Post Problem

Implementing the second approach to the extreme value problem—using the first item
read as the initial value faninimum —is a typical fence post problem. An item must

be read before the loop to initializainimum . Items must continue to be read within

the loop. In developing code for this approach, we must decide what to do if no items
are entered. What is the minimum of no values? Perhaps the safest approach is to print
an error message as shown in Program 6.10.

#include <iostream>
using namespace std;

Program 6.10 mindata2.cpp

/I determine minimum of all numbers in input stream
/I illustrates fencepost problem: first item is minimum initialization

int main()

{

int numNums = 0;
int minimum;
int number;

if (cin >> number)

{ minimum = number;
numNums++;

}

while (cin >> number)

{ numNums++;
if (number < minimum)
{ minimum = number;
}

}

if (numNums > 0)

{ cout << "number of number
cout << "minimal number is

}

else

/I initially, no numbers
/I smallest number entered
/I user entered number
/I read in first value
/I to initialize minimum

/I read in any remaining values

s = " << numNums << endl;

" << minimum << endl;

{ cout << "no numbers entered, no minimum found" << endl;

}

return 0;

mindata2.cpp
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The input statemertin >> number is the test of thef statement. It ensures
that a number was read. Another approach to using the first number read as the initial
value ofminimum uses anf statement in the body of thehile loop to differentiate
between the first number and all other numbers. The valnemiNumscan be used for
this purpose.

while (cin >> number)

{ numNums++;
if (numNums == 1 || number < minimum)
{  minimum = number;
}

}

Many people prefer the first approach because it avoids an extra check in the body of
thewhile loop. The chechhumNums == 1is true only once, but itis checked every

time through the loop. In general, you should prefer an approach that does not check
a special case over and over when the special case can only occur once. On the other
hand, the check in the loop body results in shorter code because there is no need to read
an initial value forminimum. Since code isn’t duplicated (before the loop and in the
loop), there is less of a maintenance problem because code won't have to be changed
in two places. The extra check in the loop body may result in slightly slower code, but
unless you have determined that this is a time-critical part of a program, ease of code
maintenance should probably be of greater concern than a very small gain in efficiency.
There is no single rule you can use to determine which is the best method. As with many
problems the best method depends on the exact nature of the problem.

ProgramTip 6.12: The safest approach to solving extreme problems is to
use the first value for initialization of all variables that track the extreme
(minimum or maximum). If you're finding the minimum or maximum of numeric
values represented ligt or double , then constants likelNT_MIN can be used, but
using the first value is always safe.

6.26 If mindata.cppProgram 6.9, is modified so that it reads floating-point numbers
(of typedouble ) instead of integers, which variables’ types change? What other
changes are necessary?

6.27 If the largest and smallest in a sequenc®@fint values are being determined,
what is the appropriate method for initializing the variables tracking the extreme
values? (The typ8igint was introduced in Section 5.1.3.)

6.28 What happens if each of the following statements is used to calculate the average
of the values entered in Program 6.8 Why?

cout << "average word length = "
<< (double) sum/numWords << endl;
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Does the statement below produce different output?

cout << "average word length = "
<< (double sum/numWords) << endl;

6.29 Write and run a small program to output the largest and smallest integer values on
your system.

6.30 Modify mindata.cppProgram 6.9, anthindata2.cppProgram 6.10, to calculate
the maximum of all values read.

6.31 Strings can be compared alphabetically (also cdbegographically using the
operators< and> sothat'apple” < "bat" and'cabinet" > "cabbage"
What is the function header and body of a function that exhaustively reads input
and returns the alphabetically first and last word read?

6.4.3 Word Frequencies

We can use the method of finding extreme values froimdata.cppProgram 6.9, and
theWordStreamlterator class to find the word that occurs most often in a text file.
The idea is to read one word at a time using/ardStreamlterator object and to

use another iterator to read the entire text file from beginning to end counting how many
times the given word occurs. This is shown in Program 6.11. Using nested iterators in
this way results in a very slow program, because if there are 2000 words in a file, the file
will be read 2000 times. Redundancy occurs because we don’t have the programming
tools to track whether a word is already counted; thus we may count the number of times
theoccurs more than 100 times.

Program 6.11 maxword.cpp

#include <iostream>
#include <string>
using namespace std;
#include "worditer.h"

#include "prompt.h"

/I illustrates nested loops using WordStreamlterator class
/I to find the word that occurs most often in a file
/I Owen Astrachan, 2/13/96, 4/10/99

int main()

{

int maxOccurs = 0;

int wordCount = O;

string word,maxWord;

string filename = PromptString(“enter file name: ");
WordStreamlterator outer,inner;
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outer.Open(filename); /I open two iterators
inner.Open(filename);
for(outer.Init(); outer.HasMore(); outer.Next())
{ wordCount++;
word = outer.Current(); /I current word for comparison
int count = 0; /I count # occurrences
for(inner.Init(); inner.HasMore(); inner.Next())
{ if (inner.Current() == word) // found another occurrence
{ count++;
}
}
if (count > maxOccurs) /I maximal so far
{ maxOccurs = count;
maxWord = word,;
}
if (wordCount % 100 == 0) /I update "progress bar"
{ cout << ".%
if (wordCount % 1000 == 0) cout << endl;
}
}
cout << endl << "word \"" << maxWord << "\" occurs "
<< maxOccurs << " times" << endl;
return O; -
} maxword.cpp
prompt> maxword
enter file name: poe.txt
word "the" occurs 149 times
The outer loop, using the iteratouter , processes each word from a text file one at a
time. The inner loop reads the entire file, counting how many tiwasl occurs in the
file. Since eaclWordStreamlterator object has its own state, the iteratarter
keeps track of where it is in the input stream, even as the iterater reads the entire
stream from beginning to end.
Pause to Reflect 6.32 According tocountw?2.cppProgram 6.8Hamlethas 31,956 words and an average

word length of 4.362 characters. If a computer can read 200,000 characters per

@C{ second, provide arough butreasoned estimate of how long it wilhtakevord.cpp
/ to find the word inHamletthat occurs most often.
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6.33 Suppose that the code main from mindata.cpp,Program 6.9, is moved to a
function namedreadNumsso that the new body ahain is

ReadNums(numNums,minimum);
cout << "number of number s = " << numNums << endl;
cout << "minimal number is " << minimum << endl;

What is the function header and bodyRéadNums? How would the function
header and body change if only the average of the numbers read is to be returned?

6.34 How can you modifymaxword.cpso that instead of printing two dots every 100
words as it does currently, it prints a percentage of how much it has processed,
like this:

10%...20%...30%...40%...50%...60%...70%...80%...90%...
word "the" occurs 149 times

(Hint: count the total words first.)

6.4.4 Using the CTimer class

Program 6.11 is slow, but how slow is it? User-interface studies show that people are
more willing to put up with slow programs, or slow internet connections, if feedback
is provided about how much time a program or download is expected t&tdlsing
the classCTimer , whose interface is given iatimer.has Program G.5 in Howto G,
allows us to provide a user with feedback. TiEmer class also allows us to time how
long code fragments or functions take to execute which, in turn, allows us to evaluate
algorithm and program efficiency.

Program 6.12 shows ho@Timer can be used to time loop-execution time. The pro-
gram shows all but one of tti&Timer member functions. The functid@iTimer::Reset
resets &Timer 'sinternal stopwatch to zero. The precisiomgoanularity of the timing
done byCTimer may depend on the machine on which it's run. On many machines,
the class “ticks” in increments of one-sixtieth of a secénd

13Have you ever watched the progress bar in an internet browser as it updates the time to complete a
download?

14The tick-value is found as the consta@itOCKS_PER_SEID the header filectime> ortime.h
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Program 6.12 usetimer.cpp

#include <iostream>

using namespace std;

#include "ctimer.h"

#include "prompt.h"

/I illustrate CTimer class and loop timings

int main()

{

int inner = PromptRange("# inner iterations x 10,000 “,1,10000);

int outer = PromptRange("# outer iterations",1,20);

long jk;

CTimer timer;

for(j=0 ; j < outer; j++)
{ timer.Start();
for(k=0 ; k < inner %10000L; k++)
{
/I nothing done here
}
timer.Stop();

cout << j << "\t" << timer.ElapsedTime() << endl;

}

cout << "——" << endl;

cout << "tota | = " << timer.CumulativeTime() << "\t
<< inner sxouter %10000L << " iterations "<< endl;

return O;

usetimer.cpp
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run on a Pll, 300 Mhz machine running Windows NT
prompt> usetimer

#inner iterations x 10,000 between 1 and 10000: 10000
# outer iterations between 1 and 20: 3

0 2.364

1 2.353

2 2.373

total = 7.090 300000000 iterations

run on a P100 machine running Linux
prompt> usetimer

#inner iterations x 10,000 between 1 and 10000: 10000
# outer iterations between 1 and 20: 3

0 17.11

1 17.11

2 17.12

total = 51.34 300000000 iterations

Using theCTimer class we can add code to Program 6.11 to give the user an estimate
of how long the program will take to run. The modified prograrmexword2.cpp .
The entire program is accessible online, or with the code that comes with this book. The
timing portions of the code are shown as Program 6.13 after the output.

O U P T

prompt> maxword2
enter file name: poe.txt
2314  of 46.5

timing data removed

46.197 of 46.5
48.5 of 46.5
50.804 of 46.5
53.107 of 46.5
word "the" occurs 149 times
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Program 6.13 maxword2time.cpp

CTimer timer;

timer.Start();

for(outer.Init(); outer.HasMore(); outer.Next())

{ wordCount++;

}

timer.Stop();

double totalTime = timer.ElapsedTime() swordCount;
wordCount = 0;

timer.Reset();

for(outer.Init(); outer.HasMore(); outer.Next())

{ word = outer.Current(); /I current word for comparison
wordCount++;
int count = O; /I count # occurrences

timer.Start();
for(inner.Init(); inner.HasMore(); inner.Next())

{ if (inner.Current() == word) // found another occurrence
{ count++;
}

}

if (count > maxOccurs) /I maximal so far

{ maxOccurs = count;
maxWord = word,;
}
if (count > maxOccurs) /I maximal so far
{ maxOccurs = count;
maxWord = word,;
}
timer.Stop();
if (wordCount % 100 == 0)
{ cout << timer.CumulativeTime() << "\tof " << totalTime << endl;

}

} maxword2time.cpp

As you can see in the output, the time-to-completion is underestimated by the pro-
gram. The loop that calibrates the time-to-completion reads all the words, but does not
compare words. The string comparisons in the inner nested loop take time that’s not
accounted for in the time-to-completion calibrating loop.

B 6.5 Case Study: Iteration and String Sets

We'll take one step toward speeding omxword.cpp Program 6.11 by studying the
classStringSet  and its associated iterator cle8gingSetiterator

Sets used in programming are based on the mathematical notion of set: a collection
of elements with no duplicates. Examples include sets of integérs3, 2, 4}, sets
of shapes: {A, v, >, O}, and sets of spicy spicgsSpaprika", "cayenne",



June 7,1999 10:10 owltex  Sheet number 67 Page number 26@gentablack

260

Chapter 6 Classes, Iterators, and Patterns

"chili"} . The collection(1, 3, 2, 3, 4, 3, 1} is not a set because it contains duplicate
elements.

Program 6.14 illustrates how to program using the cligagSet  and the associ-
ated clasStringSetlterator . Thememberfunctions &tringSetlterator
have the same names as those of the &ésiStreamliterator

Program 6.14 setdemo.cpp

#include <iostream>
using namespace std,;
#include "stringset.h"

/I demonstrate string set use

int main()

{

StringSet sset;
sset.insert("watermelon");
sset.insert("apple");
sset.insert("banana");
sset.insert("orange");
sset.insert("banana");
sset.insert("cherry");
sset.insert("guava");
sset.insert("banana");
sset.insert("cherry");

cout << "set siz e = " << ssetsize() << endl;

StringSetlterator it(sset);
for(it.Init(); it.HasMore(); it.Next())
{ cout << it.Current() << endl;

}

return O;
setdemo.cpp

O U Py T

prompt> setdemo
set size = 6
apple

banana

cherry

guava

orange
watermelon
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Client programs can ca8tringSet::insert hundreds of times with the same

argument, but only the first call succeeds in inserting a new element into the set. Other

StringSet  member functions includstringSet::clear which removes all ele-

ments from a set arfstringSet::erase which removes one element, ifitis present;

that is,sset.erase("apple") decreases the size of the set useddtdemo.cpp

~_  Program 6.14 by removin{j"apple"). The header filstringset.his Program G.7 in

— id.-
z V Howto G.

6.5.1 Iterators and the strutils.h Library

Program 6.15setdemo?2.cpghows two different kinds of iterators used in the same
/_/" program. The program reads a file and stores all the wordSinrmSet  object. The
E /_/ words are first converted to lowercase and all leading and trailing punctuation is removed

= using functionsToLower and StripPunc  from "strutils.h" (for details see
Program G.8 in Howto G.) This reduces the number of different words in many of the

English text files used in this book. For example, the line below occurfienCask of

Amontilladq used in this book as the fif@e.txt

“Yes, yes,” | said; “yes, yes.”

If we don't strip punctuation and convert to lowercase this line contains four occurrences
of the word “yes” (each word is shown surrounded by double quotes “” that aren’t part of

"o ” T ”

the word as read by the program):Yes, ", “yes, ,“Yyes, ", and"yes.”

6.5.2 TheType ofstream

Program 6.15setdemo2.cpphows how to print to a text file of typestream . Open-

ing anofstream variable uses the same syntax as openingsiream  variable.

Writing to anifstream  uses the same syntax as writingdout as shown by the

function Print  which accepts eithecout or theifstream  variableoutput as
arguments. The reason that both streams can be arguments is that the parameter has
type ostream We'll explore why bothcout and anifstream  object have the type
ostream in a later chaptel®

Program Tip 6.13: When passing streams as parameters, use ostream
for output streams and istream for input streams. Using the most general
kind of stream as a parameter ensures that you'll be able to pass many different kinds of
streams as arguments.

Althoughwe've only studiedin andifstream  forinput, anccout andofstream
for output, you'll encounter other kinds of streams later in this book and your study of
C++.

15This works because of inheritance, but you do not need to understand inheritance conceptually, or
how it is implemented in C++, to use streams.
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Program Tip 6.14: Streams must be passed by reference. The compiler

may not complain if you pass a stream by value, but your program will not work properly.
Streams are almost never const-reference parameters since stream functions invariably
change the state of the stream.

Program 6.15 setdemo2.cpp

#include <iostream>

#include <fstream> /I for ifstream and ofstream
#include <string>

using namespace std,;

#include "worditer.h"

#include "stringset.h"

#include "strutils.h"

#include "prompt.h"

Print(StringSetlterator& ssi, ostream& output)

for(ssi.Init(); ssi.HasMore(); ssi.Next())

{ output << ssi.Current() << endl;
}

}

int main()

{

string filename = PromptString(“enter file name: ");
WordStreamlterator wstream;
wstream.Open(filename);

string word;

StringSet wordset;
for(wstream.Init(); wstream.HasMore(); wstream.Next())
{ word = wstream.Current();
ToLower(word);
StripPunc(word);
wordset.insert(word);
}
StringSetlterator ssi(wordset);
Print(ssi,cout);
cout << "# different word s = " << wordset.size() << endl;

filename = PromptString(“file for output: ");
ofstream output(filename.c_str());
Print(ssi,output);

return O;
} setdemo2.cpp
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U PR T

prompt> hamlet.txt
1

1604

a

a’mercy

output words removed

yourself

yourselves

youth

zone

# different words = 4832
file for output: hamwords.dat

Whenthe program s run on Shakespeatkeimletas shown, the fileamwords.dat
is created and contains the 4,832 different words occurrirtgamlet The words are
printed in alphabetical order because of how 8tengSet  class is implemented.
Note that words include “1” and “1604” and that these appear before words beginning
with “a” because of the character system used in computers in which digits come before
letters.

6.5.3 Sets and Word Counting

Using aStringSet  object greatly speeds up the execution time rfaaxword.cpp
Program 6.11. The original program used nested iterators to find the most frequently
occurringword in afile. The modified version belanexword3.cppProgram 6.16, puts

the words in a set, then the outer iterator goes over the set while the inner iterator reads
the file each time. The program uses an object of §peleStatusBar to monitor

how much time remains as it's reading a file and finding the most frequently occurring
word 8 Three snapshots of ti@ircleStatusBar timing a run using Poehe Cask

of Amontilladoare shown in Figure 6.3. The program does not uséstinetils.h"
functionsStripPunc  andTolLower that were used isetdemo2.cpdProgram 6.15.

This is why the number of different words is shown as 1,040viaxword3.cppbut as

810 forsetdemo?2.cpp

18TheCircleStatusBar classirtstatusbar.h

in Howto H.

requires the use of the graphics library discussed
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" ape (el 1 | Tope- M aIE || rane sk |

D:0:22 D:00:18 D:00:09

Figure 6.3 Timed output from maxword3.cpp using StatusCircle ~ ,Wordlter ,and
StringSet  classes.

Program 6.16 maxword3.cpp

#include <iostream>
#include <string>
using namespace std;
#include "worditer.h"
#include "stringset.h"
#include "prompt.h"
#include "statusbar.h"

/I 4/23/99, find most frequently occurring word using stringsets/iterators

int main()

{
int maxOccurs = 0;
int wordsRead = O;
string word,maxWord;
StringSet wordSet;
StatusCircle circle(50);

string filename = PromptString(“enter file name: ");
WordStreamlterator ws;
ws.Open(filename);

for(ws.Init(); ws.HasMore(); ws.Next())
{ wordSet.insert(ws.Current());

}

cout << "read " << wordSet.size() << " different words" << endl;

StringSetlterator ssi(wordSet);
for(ssi.Init(); ssi.HasMore(); ssi.Next())
{ circle.update(wordsRead/double(wordSet.size()) +100);
int count = O;
wordsRead++;
word = ssi.Current();
for(ws.Init(); ws.HasMore(); ws.Next())
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{ if (ws.Current() == word)
{ count++;
}

}

if (count > maxOccurs)

{ maxOccurs = count;
maxWord = word;

}

}

cout << endl << "word \"" << maxWord << "\" occurs "
<< maxOccurs << " times" << endl;

return O; -
} maxword3.cpp
enter file name: poe.txt
read 1040 different words
word "the" occurs 149 times
If the functionsStripPunc  and ToLower are used, the word “the” will occur
more than 149 times.
Pause to Reflect 6.35 Write the body of the function below that creates the union of two string sets.
(@) . . . .
@‘ void union(const StringSet& lhs, const StringSet& rhs,
tringSet& result
StringSet& I

/I post: result contains elements in either lhs or rhs

6.36 Write the body of the function below that creates the intersection of two string
sets.

void intersect(const StringSet& Ihs, const StringSet& rhs,
StringSet& result)
/I post: result contains elements in both lhs and rhs

(Ifyou compare the sizes ifs andrhs you can make the function more efficient
by looping over the smallest set).

6.37 Write a loop that prints all the strings in a set that are still elements of the set if the
first character is removed, (e.g., likeat" and"at" if both were in the set).

6.38 Write a loop to print all the strings in a set that are “pseudo-palindromes” — dif-
ferent words when written backwards, sucisisessed"  and"desserts"
(if both are in the set.)
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6.6 Chapter Review

In this chapter we studied how classes were implemented, with an in-depth look at the
classDice . Member functions of classes are categorized as constructors, accessor, and
mutator functions; private data makes up the state of a class. We studied different modes
of parameter/argument passing. We saw how (relatively) simple it is to read and write
text files in C++ because of the similarity of file streamgito andcout . We saw a
pattern of iteration using functiorisit , HasMore, andNext used with both streams
and with sets of strings. The pattern was used to permit programs to access the elements
of a collection without real knowledge of how the collection is implemented. By using
the same names for iterator functions, we’ll make it easier to understand new iterators
when we encounter them. We also studied how to solve extreme problems; such as
finding the maximum and minimum in a collection.

Important topics covered include the following:

| Accessor and mutator functions allow a class’ state to be examined and changed,

respectively.

] Private instance variables are accessible only in member functions, not in client
programs.

| Coupling and cohesion are important criteria for evaluating functions, classes, and
programs.

| Reference parameters permit values to be returned from functions via parameters.
This allows more than one value to be returned. Const reference parameters are
used for efficiency and safety.

| Parameters are passed by value (a copy is made) unless an amp&rsanded
for pass by reference. In this case the formal parameter identifier is an alias for
the memory associated with the associated function argument.

] Avariable isdefinedwhen storage is allocated. A variableleclaredif no storage
is allocated, but the variable’s type is associated with the variable’s identifier.

| Parameters for programmer-defined classes are often declar@usas reference
parameters to save time and space while ensuring safety.

] Programs are best designed in an iterative manner, ideally by developing a working
program and adding pieces to it so that the program is always functional to some
degree. Writing pseudocode first is often a good way of starting the process of
program development.

| The extraction operator>, uses white space to delimit, or separate, one string
from another.

In sentinel loops, the sentinel valuenist considered part of the data.

The extraction operator returns a value that can be tested in aloop to see whether the
extraction succeeds, gdile (cin » word) is a standard idiom for reading
streams until there is no more data (or until the extraction fails). The stream
member functiorfail  can be used too.

] Files can be associated with streams usfstgeam  variables. The extraction
operator works with these streams. Tifetream  member functioropen is
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used to bind a named disk file to a file stream. dfstream  variable is used to
associate an output file stream with a named disk file.

] If you enter a nonnumeric value when a numeric value (e.gntanor adouble )
is expected, the extraction will fail and the nonnumeric character remains unpro-
cessed on the input stream.

| Types sometimes need to be cast, or changed, to another type. Casting often causes
valuesto change; thatis when casting frodoable toanint ,truncation occurs.
A new cast operatostatic_cast , should be used if your compiler supports
it.

| Constants for the largestt and double values are accessible and can be
found in the header fileslimits.h> and <float.h> |, respectively. The
constants defining system extreme valuedldiie MAX, INT_MIN , LONG_MAX
LONG_MINDBL_MAXandDBL_MIN.

| Finding extreme (highest and lowest) values is a typical fence post problem. Ini-
tializing with the first value is usually a good approach, but sometimes a value of
“infinity” is available for initialization (e.g.INT_MAX).

| The clasCTimer can be used to time program segments. The granularity of it's
underlying clock may differ among different computers.

| The WordStreamlterator class encapsulates file-reading so that the same
file can be easily read many times within the same program.

| The StringSet  class is used to represent sets of strings (no duplicates). An
associated clasStringSetlterator allows access to each value in a set.

6.7 EXercises

6.1 Create a data file in the format

firstname lastname testscore
firstname lastname testscore

where the first two entries on a line ageing  values and the lastentry is art  test
score in the range 0-100. For example:

Owen Astrachan 95
Dave Reed 56
Steve Tate 99
Dave Reed 77
Steve Tate 92
Owen Astrachan 88
Mike Clancy 100
Mike Clancy 95
Dave Reed 47

Write a program that prompts for a name and then reads the text file and computes and
outputs the average test score for the person whose name is entered. Use the following
while statement to read entries fromigstream  variableinput
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6.2

6.3

string first, last;
int score;
while (input >> first >> last >> score)

{
}

Implement a class similar to the cladBge but like the child’s gam#lagic 8-Ball Call

the clasg~ortune . A Fortune object should represent a many-sided fortune-teller.
You can choose six sides, or eight sides, or even twenty sides like the “real” Magic
8-ball, but the number of sides is fixed. It is not specified at construction as it is for
the clasdDice . Each time the object is “rolled,” (or shaken, or asked to tell the future)

a different fortune is returned. For example, consider the code below and the sample
output.

/I read one line, process it

#include "fortune.h"

int main()

{
int rolls = PromptRange("# of fortunes ", 1, 10);
Fortune f;
int k;

for(k=0 ; k < rolls; k++)
{ cout << f.Shake() << endl;

}

return O;

O U -3y T .

prompt> testfortune

# of fortunes 4

Reply Hazy, Try Again

My Reply is No
Concentrate and Ask Again
Signs Point to Yes

Be creative with your fortunes, and develop a program that illustrates all the member
functions of your class. For an added challenge, make the class behave so that after it
has told more than 100 fortunes it breaks and tells the same one every time.

Create a clasgv/ordDice similar to the class from the previous exercise, but with a
constructor that takes a file name and reads strings from the specified file. The strings
can be stored in &tringSet  instance variable. One of the strings is returned at
random each time the functiofordDice::Roll is called.

For example, the code segment below might print any one of seven different colors if
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the data filé'spectrum.dat" contains the lines:

red orange yellow
green blue indigo violet

The code fragment using this file follows:

WordDice wd("spectrum.dat");
cout << wd.Roll() << endl;
cout << wd.Roll() << endl;
cout << wd.Roll() << endl;

prompt> testwordie
red

green
yellow

You should test the program with different data files. For an added challenge, test the
program by rolling aVordDice object as many times as needed until all the different
words are “rolled.” Print the number of rolls needed to generate all the possible words.

6.4 Create a data file where each line has the format

item size retail-price-sold-for

For example, a file might contain information from a clothing store (prices aren’'t meant
to be realistic):

coat small 110.00
coat large 130.00
shirt medium 22.00
dress tiny 49.00
pants large 78.50
coat large 140.00

Write a program that prompts the user for the name of a data file and then prompts for
the name of an item, the size of the item, and the wholesale price paid for the item. The
program should generate several statistics as output:

| Average retail price paid for the item

| Total profit made for selling the item

| Percentage of all sales accounted for by the specified item and size, both by price
and by units sold

| Percentage of all item sales, where the item is the same as specified, both by price
and by units sold
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6.5

For example, in the data file above, if the wholesale price of a large coat is $100.00,
then the output should include:

Average retail price for large coats is $135.00.

Total profit is $70.00.

Percentage of all sales is one-third (2 out of 6).
Percentage of all coat sales is two-thirds (2 out of 3).

Write a program based on the word galtadlibs. The input to Madlibs is a vignette or

brief story, with words left out. Players are asked to fill in missing words by prompting
for adjectives, nouns, verbs, and so on. When these words are used to replace the
missing words, the resulting story is often funny when read aloud.

In the computerized version of the game, the input will be a text file with certain words
annotated by enclosing the words in brackets. These enclosed words will be replaced
after prompting the user for a replacement. All words are written to another text file (use
anofstream variable)}” Since words will be read and written one at a time, you'll
need to keep track of the number of characters written to the output file so that you can
use arend! to finish off, or flush, lines in the output file. For example, in the sample
run below, output lines are flushed usielgd! after writing 50 characters (the number

of characters can be accumulated usingstiieg  member functiotength )

The output below is based on an excerpt fleomeo and Julieainnotated for the game.
Punctuation must be separated from words that are annotated so that the brackets can be
recognized (usingubstr ). Alternatively, you could search for brackets usfirgl

and maintain the punctuation.

The text filemad.in is

But soft! What [noun] through yonder window [verb] ?
It is the [nhoun] , and [name] is the [noun] !

Arise, [adjective] [noun] , and [verb] the [adjective]
[noun] , Who is already [adjective] and
[another_adjective] with [emotion]

The output is shown on the next page. Because we don't have the programming tools
to read lines from files, the lines in the output aren’t the same as the lines in the input.
In the following run, the output file created is reread to show the user the results.

17You may need to call the member functiclose on theofstream object. If the output file is
truncated so that not all data is written, adfise when the program has finished writing to the stream.
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OUTPUT :

prompt> madlibsenter madlibs file: mad.in
name for output file: mad.out

enter noun: fish

enter verb: jumps

enter noun: computer

enter name: Susan

enter noun: porcupine

enter adjective: wonderful

enter noun:
enter verb:
enter adjective:
enter noun: carwash
enter adjective: creative
enter another_adjective:
enter emotion: anger

book
run
lazy

pretty

But soft! What fish through yonder window jumps ?

It is the computer, and Susan is the porcupine !
Arise, wonderful book , and run the lazy carwash ,

Who is already creative and pretty with anger

Write a program to compute the average of all the numbers stored in a text file. Assume
the numbers are integers representing test scores, for example:

70 85 90
92 57 100 88
87 98

First use the extraction operatery. Then use aVordStreamliterator object.
SinceWordStreamlterator::Current returns a string, you'll need to convert
the string to the corresponding integer; that is gting "123" should be converted
to theint 123. The functioratoi in "strutils.h" in Howto G will convert the
string.

int atoi(string s)

/I pre: s represents an int, that is "123", "-457", etc.
/I post: returns int equivalent of s

I if s isn't properly formatted (that is "12a3")
1 then O (zero) is returned

The standard deviation of a group of numbers is a statistical measure of how much
the numbers spread out from the average (the average is also calletedine A

low standard deviation means most of the numbers are near the mean. If numbers are
denoted as$xq, xp, x3, . .., x,), then the mean is denoted &sThe standard deviation

is the square root of theariance. (The standard deviation is usually denoted by the
Greek letter sigmay, and the variance is denoted &Y.
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6.8

The mathematical formula for calculating the variance is

02 =

[(x1— 02+ (2 — )%+ (x, — 0
n—1

1 < _
— 1[;()@ — %7

Using algebra this formula can be rearranged to yield the formula

2 _ 1 - 2_} - 32
o _n—l[;xi n(;"’” (6.2)

This formula does not involve the mean, so it can be computed with a single pass over
all the data rather than two passes (one to calculate the mean, the other to calculate the
variance).

Write a program to compute the variance and standard deviation using both formu-
lae. Although these formulae are mathematically equivalent, they often yield very
different answers because of errors introduced by floating-point computations. Use the
technique from the previous exercise so that you can read a file of data twice using a
WordStreamlterator object. If the data consist of floating-point values instead

of integers, you can use the functiatof to convert a string to thdouble value it
represents, such asof("123.075") == 123.075

Thehailstonesequence, sometimes called 8met- 1 sequence, is defined by a function
fn):
_|n/2 if nis even
fim = { 3xn+1 otherwise, inis odd (6.2)

We can use the value computedfbgs the argument éfas shown below; the successive
values ofn form the hailstone sequenég.

while (n 1= 1)
{ n = f(n);
}

Although it is conjectured that this loop always terminates, no one has been able to
prove it. However, it has been verified by computer for an enormous range of numbers.
Several sequences are shown below with the initial valueanf the left.

7 22 11 34 17 52 26 13 40 20 10 516 8 4 2 1
11 34 17 52 26 13 40 20 10516 8 4 2 1
22 11 34 17 52 26 13 40 20 10 516 8 4 2 1

14 7 22 11 34 17 52 26 13 40 20 10516 8 4 2 1

18|t's called ahailstone sequendeecause the numbers go up and down, mimicking the process that
forms hail.
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8421

928 14 7 22 11 34 17 52 26 13 40 20 10 516 8 4 2 1

Write a program to find the value afthat yields the longest sequence. Prompt the user
for two numbers, and limit the search foto all values between the two humbers.

UsetheCTimer class test two methods for computing powers outlined in Section 5.1.7.
The first method outlined there makesmultiplications to compute”; the second
method makes roughly lgg¢:) multiplications, that is, 10 multiplications to compute
x19%4(herex is adouble value butr is anint .)

Write two functions, with different names but the same parameter lists, for comptiting
based on the two methods. Call these functions thousands of times each with different
values ofn. For example, you might calculate08?, 3.01%, 3.0'%° and so on. You'll

need to do several calculations for a fixetb make aCTimer object register. Plot the
values with values of on the x-axis and time (in seconds) on the y-axis. If you have
access to a spreadsheet program you can make the plots automatically by writing the
data to an output file.

You should also compare the time required by these two methods, with the time using the
functionpow from <cmath> . Finally, you should test both methods of exponentiation
usingBigInt  values rather thadouble values for the base (the exponent can still

be an integer.) You should try to explain the timings you observe Bigint  values

which should be different from the timings observeddouble values.

6.10 Data files for several of Shakespeare’s plays are available on the web pages associated

with this book (and may be included in a CD you can get with the book’s programs.)
Write a program that reads the words from at least five different plays, putting the
words from each play in 8tringSet  object. You should find the words that are in
the intersection of all the plays. Finding the intersection may take a while, so test the
program with small data files before trying Shakespeare’s plays.

After you've found the words in common to all five plays (or more plays) find the top
ten most frequently occurring of these words. There are many ways to do this. One
method is to find the most frequently occurring word using code from Program 6.16,
maxword3.cpp After this word is found, remove it from the set of common words
and repeat the process. You can use this method to rank order (most frequent to least
frequent) all the words in common to the plays, but this will take a long time using the
WordStreamlterator class.

6.11 Do the last exercise, but rather than reading a file of words many times (e.g., once for

each word in the list of common words) adopt a different approach. First read all the
words from a file into a list, using the claSsringList from clist.h. Program 6.17,
listcount.cppshows howStringList is used. The only function that's needed other
than iterating functions is the functiamons that attaches an element to the front of a
list and returns the new list (the old list is not changed).
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ONC B eD o Nk

prompt> hamlet.txt
first 31,949 words removed

DENMARK

OF

PRINCE

HAMLET,

OF

TRAGEDY

THE

1604

31957 words read

Program 6.17 listcount.cpp

#include <iostream>
#include <fstream>
#include <string>
using namespace std;

#include "clist.h"
#include "prompt.h"

int main()

{
string filename = PromptString(“enter filename ");
ifstream input(filename.c_str());
string word;

StringList slist;
while (input >> word)
{ slist = cons(word,slist);

}

StringListlterator it(slist);
for(it.Init(); it.HasMore(); it.Next())
{ cout << it.Current() << endl;

}

cout << slist.Size() << " words read " << endl;

return 0; .
} listcount.cpp

Since new words are added to the front usiogs , the words are stored in the list so
that the first word read is the last word in the list. Using the citsimgList can
make string processing programs faster that using the WasdStreamlterator
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because strings are read from memory rather than from disk.

For example, on my 300 MHz Pentium, usingaxword.cppProgram 6.11 takes ap-
proximately 53 seconds to processe.txt . Using maxword3.cppProgram 6.16
takes approximately 28 seconds. Replacing the ikvierdStreamlterator by a
StringListlterator reduces the time to 3.4 seconds because memory is so much

faster than disk.
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There is no single development, in either technology or management technique, which by itself
promises even one order-of-magnitude improvement within a decade in productivity, in
reliability, in simplicity.
Fred P. Brooks
No Silver Bullet — Essence and Accident in Software Engineering

One tenet of object-oriented programming is that a library of well-designed classes makes

it easier to design and write programs. The acro®@T S for commercial, off-the shelf
software, is often used to identify the process of reusing (commercial) libraries of classes
and code. Classes are often easier to reuse in programs than non-class code. For example,
we've used thdice andRandGen classes and the functions frlprompt.h"  in

many programs. In almost every program we've usedt andcin , objects that are

part of the hierarchy of stream classes. As programmers and designers, we need to be
familiar with what classes are available and with patterns of design that we can use.
Reusing concepts is often as important as reusing code.

In this chapter we’ll discuss the design and implementation of a class-based program
for administering on-line quizzes. We'll see that careful planning makes it possible to
reuse the same class interface so that different kinds of quizzes can be given. We’'ll study
another example of class interface reuse in a program that simulates random walks in
one- and two-dimensions.

7.1 Designing Classes: From Requirements
to Implementation

Choosing classes and member functions is a difficult design process. It's very hard to
choose the right number of classes with the right member functions so that the classes are
cohesive, loosely coupled, easy to modify, and yield an elegant and correctly working
program. Many programmers and computer scientists are good algorithmic thinkers but
bad class designers, and vice versa. You shouldn’t expect to become an accomplished
designer early in your studies, but you can build expertise by studying other designs, and
by modifying existing designs before creating your own. In this way you'll learn as an
apprentice learns any craft.

1Programming is both an art and a science. To some, it’s only a science or only an art/craft. In my view
there are elements of both in becoming an accomplished programmer. You must understand science
and mathematics, but good design is not solely a scientific enterprise.

277
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7.1.1 Requirements

Therequirements of a problem or programming task are the constraints and demands
asked by the person or group requesting a programming solution to a problem. As a
designer/programmer your task in determining requirements is to interact with the user
(here user means both the person using the program and the person hiring you) to solicit
information and feedback about how the program will be used, what it must accomplish,
and how it interacts with other programs and users. In this book and in most early
courses, the requirements of a problem are often spelled out explicitly and in detail.
However, sometimes you must infer requirements or make a best guess (since you don’t
have a real user/software client with whom to interact.)

Thespecificationof the quiz problem from Section 6.2.2 is reproduced below. From
the specification you may be able to infer the requirements. We'll use the specification
as a list of requirements and move toward designing classes.

We want to develop a quiz program that will permit different kinds of questions;
that is not just different kinds of arithmetic problems, but questions about state
capitals, English literature, rock and roll songs, or whatever you think would be
fun or instructive. We'd like the program to be able to give a quiz to more than one
student at the same time, so that two people sharing a keyboard at one computer
could both participate. If possible, we'd like to allow a student to have more than
one chance at a question.

Thinking about this specification leads to the following requirements (in no particular
order).

1. More than one kind of question can be used in a quiz.
2. Several students can take a quiz sharing a keyboard.
3. Students may be allowed more than one chance to answer a question.

With a real client you would probably get the chance to ask questions about the require-
ments. Should a score be reported as in Programs 6.2 and 6.3? Should the scores be
automatically recorded in a file? Should the user have the choice of what kind of quiz to
take? We’'ll go forward with the requirements we've extracted from the problem speci-
fication. We'll try to design a program that permits unanticipated demands (features?)
to be incorporated.

As we develop classes we’'ll keep the examples simple and won’t go deeply into all
the issues that arise during design. Our goal here is to see the process simply, glossing
over many details but giving a real picture of the design process. In later chapters and
future courses you'll delve more deeply into problems and issues of designing classes.

7.1.2 Nouns as Classes

The nouns in a specification are usually good candidates for classes. In the specification
above the nouns that seem important include:

quiz, question, problem, student, computer, keyboard, chance
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Our program doesn’t need to deal with the nouns computer and keyboard, so we’ll use the
other nouns as candidates for classes. As you become more experienced, you'll develop
a feel for separating important nouns/classes from less important ones. You'll learn to
identify some candidate class nouns as synonyms for others. For this quiz program we’ll
develop three classes: quiz, question, and student. A question object will represent a
kind of question factory that can generate new problems. For example, an arithmetic
question class might generate problems like “what #s 2?” or “what is 3x 7?” On

the other hand, an English literature question class might generate problems like “Who
wroteCharlotte’s WeB” or “In what work does the character Holden Caulfield appear?”.

As you'll see, a problem will be a part of the question class rather than a separate class.

7.1.3 Verbs as Member Functions (Methods)

The first step in designing identified classes is determining class behavior and responsibil-
ity. A class’s public member functions determinebi&havior. In some object-oriented
languages member functions are calheethods I'll often use the terms member func-

tion and method interchangeably. Sometimes you may think atfirst thata method belongs
to one class, but during the design process it will seem better to place it in another class.
There isn't usually one right way to design classes or a program.rédponsibilities

of a class are the methods associated with the class and the interactions between classes.
Sometimes candidate class methods can be found as verbs in a specification. Often,
however, you'll need to anticipate how a program and classes are used to find methods.

7.1.4 FindingVerbs Using Scenarios

It's not always clear what member functions are needed. Sometimes creatingrios
of how a program works helps determine class behavior and responsibility. A scenario is
a description, almost like a dialog, between the user and the program or between classes
in a program.

In the quiz example scenarios could include:

| Two students sit at a keyboard, each is asked to enter her name, then a quiz is given
and students alternate providing answers to questions.

| When a quiz is given, the student determines the number of questions that will
be asked before the quiz starts. If two people are taking a quiz together, both are
asked the same number of questions.

| Students have two chances to respond to a question. A simple “correct” or “in-
correct” is given as feedback to each student response. If a student doesn't type a
correct response, the correct answer is given.

] At the end of a quiz, each student taking the quiz is given a score.

Some verbs from these scenarios follow (long, descriptive names are chosen to make
the verbs more clear).
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EnterName, ChooseNumberOfQuestions, ChooseKindOfQuestion, RespondTo-
Question, GetCorrectAnswer, GetScore, AskQuestion, ProvideFeedback

Which of these verbs goes with which class? In assigning responsibilities we’ll
need to return to the scenarios to see how the classes interact in a program. At this
point we're concentrating only on public behavior of the classes, not on private state or
implementation of the classes.

ProgramTip 7.1: Concentrate on behavior rather than on state in initial

class design. You can change how a class is implemented without affecting client pro-
grams that use the class, but you cannot change the member functions (e.g., the parameters
used) without affecting client programs.

Client programs depend on tirgerface provided in a header file. If the interface
changes, client programs must change too. Client programs should not rely on how
a class is implemented. By writing code that conforms to an interface, rather than to
an implementation, changes in client code will be minimized when the implementation
changeg.

7.1 The methodice::Roll in dice.cpp Program 6.1 uses a lodahndGen vari-
able to generate simulated random dice rolls. IfR@dGen class is changed,
does a client program likell.cpp, Program 5.11 change? Why?

7.2 What are the behaviors of the clas$imer declared in the header fitgimer.h
Program G.5 and used in the client cadeetimer.cppProgram 6.12?

7.3 Write a specification for a class that simulates a coin. “Tossing” the coin results
in either heads or tails.

7.4 Write a specification and requirements for a program to help a library with overdue
items (libraries typically loan more than books). Make up whatever you don't
know about libraries, but try to keep things realistic. Develop some scenarios for
the program.

7.5 Suppose you're given an assignment to write a program to simulate the gambling
game roulette using a computer (see Exercise 9 at the end of this chapter for an ex-
planation of the game). Write a list of requirements for the game; candidate classes
drawn from nouns used in your description; potential methods; and scenarios for
playing the game.

2Client programs may depend indirectly on an implementation, that is, on how fast a class executes a
certain method. Changes in class performance may not affect the correctness of a client program, but
the client program will be affected.
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Mary Shaw (b. 197?)

Mary Shaw is Professor of Computer Science at Carnegie Mellon University.
Her research interests are in the area of software engineering, a subfield of com-
puter science concerned with developing soft-
ware using well-defined tools and techniques.
In [EL94] Shaw says this about software en-
gineering:

Science often grows hand-in-hand with re-
lated engineering. Initially, we solve prob-
lems any way we can. Gradually a small set
of effective techniques enters the folklore and
passes from one person to another. Eventu-
ally the best are recognized, codified, taught,
perhaps named. Better understanding yields
theories to explain the techniques, to predict
or analyze results, and to provide a base for
systematic extension. This improves practice
through better operational guidance and tools
that automate details. The software devel-

o _ oper, thus freed from certain kinds of detail,
can tackle bigger, more complex problems.

In discussing her current research interests, Shaw combines the themes of both
language and architecture. She describes her research in the following:

Software now accounts for the lion's share of the cost of developing and
using computer systems. My research is directed at establishing a genuine
engineering discipline to support the design and development of software
systems and reduce the costs and uncertainties of software production. My
current focus is on design methods, analytic techniques, and tools used to
construct complete software systems from subsystems and their constituent
modules. This is the software architecture level of design, which makes me
a software architect. (This is from her World Wide Web home page at
Carnegie Mellon.)

In 1993 Shaw received the Warnier prize for contributions to software engi-
neering. Among her publications are guides to bicycling and canoeing in western
Pennsylvania.

7.1.5 Assigning Responsibilities

Not all responsibilities will be assigned to a class. Some will be free functions or code
that appears imain , for example. In my design, | decided on the following assignments
of responsibilities to classes.
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| Student

1 Construct using name (ask for namamain )

1 RespondTo a question

1 GetScore

1 GetName (not in scenario, but useful accessor)

| Quiz

= ChooseKindOfQuestion
5 AskQuestion of/GiveQuestion to a student

| Question

= Create/Construct question type
1 AskQuestion
1 GetCorrectAnswer

These assignments are not the only way to assign responsibilities for the quiz pro-
gram. In particular, it's not clear that @tudent object should be responsible for
determining its own score. It might be better to haveGhgz track the score for each
student taking the quiz. However, we’ll think about how scores are kept (this is state, and
we shouldn’t think about state at this stage, but we can think of which class is responsible
for keeping the state). Puiz keeps score, then it may be harder to keep score for three,
four, or more students. If ea@tudent keeps score, we may be able to add students
more easily.

We haven't assigned to any class the responsibilities of determining the number
of questions and of providing feedback. We’'ll prompt the student for the number of
guestions imain and feedback will be part of eith@uiz::GiveQuestionTo or
Student::RespondTo . We're using thescope resolution operator:: to associate
a method with a class since this makes it clear how responsibilities are assigned.

7.1.6 Implementing and Testing Classes

At this point you could write a header (.h) file for each class. This helps solidify our
decisions and writing code usually helps in finding flaws in the initial design. Design is
not a sequential process, but is a processeotive enhancement At each step, you

may need to revisit previous steps and rethink decisions that you thought were obviously
correct. Asyou begintoimplementthe classes, you may develop scenarios unanticipated
in the first steps of designing classes.

Program Tip 7.2: One cornerstone of iterative enhancement is adding

code to a working program. This means that the software program grows, it
doesn't spring forth fully functional. The idea is that it's easier to test small pieces and
add functionality to an already tested program, than it is to test many methods or a large
program at once.

Ideally we'll test each class separately from the other classes, but some classes are
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strongly coupled and it will be difficult to test one such class without having the other class
already implemented and tested. For example, testingthdent::RespondTo

method probably requires passing a question to this method that the student can respond
to. If we don't have a question what can we do? We carstige functionsthat are not

fully functional (e.g., the function might be missing parameters) but that generate output
we’ll use to test our scenarios. We might use the stub shown as Program 7.1.

Program 7.1 studentstub.cpp

void Student::RespondTo( missing Question parameter )

{

string answer;

cout << endl << "type answer after question " << endl;

cout << "what is your favorite color? "

cin >> answer;

if (answer == "blue")

{ cout << "that is correct" << endl;

myCorrect++;

}

else

{ cout << "No! your favorite color is blue" << endl;
} ) studentstub.cpp

We could use this stub function to test the other member funcBardent::Name()
andStudent::Score() . Program 7.2 shows a test program for the c&tsslent

Program 7.2 mainstub.cpp

#include <iostream>
#include <string>
using namespace std;
#include "student.h"
#include "prompt.h"

int main()
{
string name = PromptString(“enter name: ");
int numQuest = PromptRange("number of questions: ",1,10);
Student st(name);
int k;
for(k=0 ; k < numQuest; k++)
{ st.RespondTo(); /I question parameter missing
}
cout << st.Name() << ", your score is "
<< st.Score() << " out of " << numQuest << endl;

return O; -
) mainstub.cpp
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In testing the clasStudent | created a prograrneststudent.cplike mainstub.cpp
above. | put the class interface/declaration (.h file) and implementation/definition (.cpp
file) in teststudent.cpmther than in separate files (although the program above shows a
#include"student.h" , that’s not how | originally wrote the test program). After
the class was tested, | cut-and-pasted the code segments into the appropriate student.h
and student.cpp files. Although not shown here, a test program similar to the one above
is available ageststudent.cpm the on-line programs available for this book (but see
quiz.cpp Program 7.8 for a complete program with clasSasdent andQuiz ). A
run of teststudent.cpfor mainstub.cppProgram 7.2) follows.

OUTPUT -

enter name: Owen
number of questions: between 1 and 10: 3

type answer after question
what is your favorite color? red
No! your favorite color is blue

type answer after question
what is your favorite color? blue
that is correct

type answer after question

what is your favorite color? yellow
No! your favorite color is blue

Owen, your score is 1 out of 3

After testing theStudent class we can turn to th@uiz class. In general the
order in which classes should be implemented and tested is not always straightforward.
In [Ben88] John Bentley offers the following “tips” from Al Schapira:

ProgramTip 7.3: Always do the hard part first. If the hard part is impossible,
why waste time on the easy part? Once the hard part is done, you're home free.

Program Tip 7.4: Always do the easy part first. What you think at first is
the easy part often turns out to be the hard part. Once the easy part is done, you can
concentrate all your efforts on the hard part.
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7.1.7 Implementing the Class Quiz

There are two behaviors in the list of responsibilities for the oz : choosing the

kind of question and giving the question to a student. The kind of question will be an
integral part of the clasQuestion . It's not clear what the clas3uiz can do in picking

a type of question, but if there were different kinds of questions perha3uize class

could choose one. Since we currently have only one type of question we’ll concentrate
on the second responsibility: giving a question to a student.

In designing and implementing the functiQuiz::GiveQuestionTo we must
decide how th&uiz knows which student to ask. There are three possibilities. The im-
portant difference between these possibilities is the responsibility of crestiiiignt
objects.

1. A Quiz object knows about all the students and asks the appropriate student. In
this case alStudent objects would be private data in ti@guiz class, created

by theQuiz .
2. The student of whom a question will be asked is passed as an argument to the
Quiz::GiveQuestionTo member function. In this case tB¢udent object
is created somewhere likeain and passed toQuiz .
3. Thestudentis created in the functiQuiz::GiveQuestionTo andthen asked
a question.

These are the three ways in whiclQaiz member function can access any kind of
data, and in particular@tudent object. The three ways correspond to h8tudent
objects are defined and used:

1. Asinstance variables of the claQaiz since private data is global to @luiz
methods, so is accessibleQuiz::GiveQuestionTo

2. As parameter(s) tQuiz::GiveQuestionTo . Parameters are accessible in
the function to which they’re passed.
3. As local variables iMQuiz::GiveQuestionTo since local variables defined

in a function are accessible in the function.

In our quiz program, the third option is not a possibility. Variables defined within
a function are not accessible outside the functiorStamlent objects defined within
the functionQuiz::GiveQuestionTo are not accessible outside the function. This
means no scores could be reported, for example. If we choose the first optiQuithe
class must provide some mechanism for getting student information since the students
will be private in theQuiz class and not accessible, for exampleniain to print scores
unless theQuiz class provides accessor functions for students.

The second option makes the most sei3tadent objects can be definedinain ,
as can &uiz object. We can use code like the following to give a quiz to two students.
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int main()

{
Student owen("Owen");
Student susan("Susan");
Quiz q;
g.GiveQuestionTo(owen);
g.GiveQuestionTo(susan);

cout << owen.Name() << " score ="
<< owen.Score() << endl;

cout << susan.Name() << " score = "
<< susan.Score() << endl;

return O;

}

This code scenario corresponds to one of the original requirements: allow two students
to take a quiz at the same time using the same program. The code should also provide a
clue as to how th&tudent parameter is passed @uiz::GiveQuestionTo , by

value, by reference, or by const-reference.

If you think carefully about the code, you'll see that the score reported for each
student must be calculated or modified as part of having a question asked. This means
the score of a student changes (potentially) when a question is asked. For changes to
be communicated, th8tudent parameter must be a reference parameter. A value
parameter is a copy, so any changes will not be communicated. A const-reference
parameter cannot be changed, so the number of correct responses cannot be updated.
Reference parameters are used to pass values back from functions (and sometimes to
pass values in as well), so tB¢udent parameter must be passed by reference.

We'll design the functiorQuiz::GiveQuestionTo() to permit more than one
attempt, one of the original program requirements. The code is shown in Program 7.3.

Program 7.3 quizstub.cpp

void Quiz::GiveQuestionTo(Student & s)
/I postcondition: student s asked a question

{

}

cout << endl << "Ok, " << s.Name() << " it's your turn" << endl,
cout << "type answer after question " << endl;

myQuestion.Create();

if (! s.RespondTo(myQuestion))

{ cout << "try one more time" << endl;
if (! s.RespondTo(myQuestion))
{ cout << "correct answer is " << myQuestion.Answer() << endl;
}

) quizstub.cpp
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This code shows some of the methods of the cl@aasstion . From the code,
and the convention of using the prefixy for private data, you should be able to rea-
son that the objeanyQuestion is private data inQuiz and that methods for the

Question class includeQuestion::Create() and Question::Answer()
The other method listed in the original responsibilities@arestion , which we’ll call
Question::Ask() is responsible for asking the question. As we’ll see, this method

is called inStudent::RespondTo()

7.6 If myQuestion isaninstance variable of the cla3siz , where isnyQuestion
constructed?

7.7 Why is s, the parameter dQuiz::GiveQuestionTo() a reference param-
eter? Why can't it be a const reference parameter (think about the scenarios and
what happens to parameteiafter a question is given.)

7.8 As shown in Program 7.3, the functi®tudent::RespondTo() returns a
bool value. Based on the value’s use, what is an appropriate postcondition for
the function?

7.9 How is the functionStudent::RespondTo() in Program 7.3 different from
the version used imainstub.cppProgram 7.2? Is it appropriate that the function
changed?

7.10 What is the prototype of the meth&ludent::RespondTo() asitisusedin
Program 7.3? In particular, how is the parameter passed: by value, by reference,
or by const reference (and why)?

7.11 Question::Answer() returns the correct answer in some printable form.
When do you think the correct answer is determined?

7.1.8 Implementing the Class Question

In testing the functionQuiz::GiveQuestionTo above, | didn’t have the class
Question implemented. | could have implemented a simple version of the class;
a version good enough for testing other classes. Alternatively | could use output state-
ments in place of calling th®uestion methods, much like the quiz about favorite
colors was used in testing the cl&tsident . Since a simple version of the class is use-

ful in testing other classes, | implemented the version showuéstion.hProgram 7.4.

Note that each member function is implemented in the class rather than as a separate
function outside the class. In general, the class declaration (interface) should be kept
separate from the definition (implementation). For a test implementation like this one,
which will eventually be replaced by separate .h and .cpp files, making all the code part
of the class declaration is acceptable practice. When function definitions are included in
a class declaration, the functions are calldohe functions. In general you should not

use inline member functions, but should define them in a separate .cpp file.
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Program Tip 7.5: Some programmers use inline member functions for
“small” classes — those classes that have few member functions and few
instance variables. However, as you're learning to design and implement classes it's

a good idea to use the generally accepted practice of separating a class’s interface from
its implementation by using separate .h and .cpp files.

Program 7.4 question.h

#include <iostream>
#include <string>
using namespace std;

/I simple Question class for testing other classes

class Question

{
public:

Question()

{ /I nothing to initialize

}

void Create()

{ Il the same question is used every time

}

void Ask()

{ cout << "what is your favorite color? ";

}

string Answer() const

{ return "blue";

} .
h question.h

Our test version oStudent::RespondTo can be modified to use the simple
Question class as shown. The output of the program will not change from the original
version inteststudent.cpp

void Student::RespondTo(Question & Q)
{
string answer;
cout << endl << "type answer after question " << endl;
q.Ask();
cin >> answer;

if (answer == g.Answer())

{ cout << "that is correct" << endl;
myCorrect++;

}

else
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{ cout << "No! your favorite color is
<< g.Answer() << endl;

}

With this simple version ofQuestion done, we can test the implementations of
Student andQuiz completely. Then we can turn to a complete implementation of a
Question class forimplementing quizzes in arithmetic as called for in the requirements
for this problem.

7.1.9 Sidebar: Converting int and double Values to strings

In our test-version of th@uestion class the functioQuestion::Answer() re-
turns a string. As we turn to the final implementation it seems like we’ll need to change
this return type to be ant  since the answer to a question about an arithmetic operation
like addition is almost certainly an integer, not a string. There’s a compelling reason
to leave the return type adring , however. One of the original requirements was to
design and implement a program that allows quizzes about a wide variety of topics, such
as English literature and rock and roll songs in the original list of topics. The answers
to these questions will almost certainly be strings rather than numbers. How can we
accommodate all possible quiz answers?
If we could convertint values to strings, such as the number 123 to the string
"123" , we could continue to use strings to represent answers. Since almost any kind
of answer can be represented as a string, we'd like to use strings. For example, the
string"3.14159"  prints just like thedouble value 3.14159. We built functions for
converting integers to an English representatiomumtoeng.cppProgram 4.10 and
in digits.cpp Program 5.5. These programs converted an int value like 128ni®
hundred twenty three" and"one two three" , respectively. We could use
these as a basis for writing our own conversion functions. Fortunately, there are functions
already written that convert numeric values to equivalent strings and vice versa. These
functions are demonstratedmumtostring.cppProgram 7.5.
As shown in the output, the functiotestring , atoi , andatof do no error
=_  checking (non-numeric strings are converted to zero by htwh andatof .) These
git"/ conversion functions are part of the string processing functions accessiblstisiiig.h
’ given in Howto G as Program G3.
With the conversion functions frostrutils.hnow in our programming tool kit, we can
tackle the problem of implementing tiuestion  class for questions about arithmetic
problems.

3The functionsatoi and atof are adapter functions for standard conversion functions with the
same names ircstdlib>  (or <stdlib.h> ). The functionsatoi andatof in <cstdlib>

take C-style, char * strings as parameters, so functions accepting string parameters are provided in
"strutils.h" as adapters for the standard functions.
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Program 7.5 numtostring.cpp

#include <iostream>
#include <string>
using namespace std;

#include “strutils.h"  // for tostring, atoi

/I illustrate string to int/double conversion and vice versa

int main()

{
int ival;
double dval;
string s;

cout << "enter an int ";

cin >> ival;

s = tostring(ival);

cout << jval << " as a string is " << s << endl;
cout << "enter a double ";
cin >> dval;

cout << dval << " as a string is " << tostring(dval) << endl;

cout << "enter an int (to store in a string) ";
cin >> s;
ival = atoi(s);

cout << s << " as an int is " << ival << endl;

cout << "enter a double (to store in a string) “;
cin >> s;

cout << s << " as a double is " << atof(s) << endl;

return O;

numtostring.cpp
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U PR T

prompt> numtostring

enter an int 1789

1789 as a string is 1789
enter a double 2.7182
2.7182 as a string is 2.7182

enter an int (to store in a string) -639
-639 as an int is -639
enter a double (to store in a string) 17e2

17e2 as a double is 1700
prompt> numtostring
enter an int -123

-123 as a string is -123
enter a double 17e2
1700 as a string is 1700

enter an int (to store in a string) 23skidoo
23skidoo as an int is 23
enter a double (to store in a string) pi

pi as a double is 0

The member functio@uestion::Ask() must ask the question last created by the
functionQuestion::Create() . Since these functions are called independently by
client programs, th€reate function must store information in private, state variables
of theQuestion class. These state variables are then use@umstion::Ask()
to print the question. We'll use simple addition problems like “what is 20 + 13?”. We'll
store the two numbers that are part of a question in instance varialylsimland
myNumz2 Values will be stored in these variables Question::Create() and
the values will be accessed Question::Ask() . We'll also store the answer in
the instance variablenyAnswer so that it can be accessed in the accessor function
Question::Answer()

ProgramTip 7.6: Instance variables are useful for communicating values
between calls of different member functions. The values might be set in one
function and accessed in a different function. Sometimes instance variables are used to
maintain values between calls of the same function.

As the last step in our design we'll think about frequent uses of the class that we can
make easier (or at least simpler). Client code will often check if a student response is
correct, using code like this:

if (response == g.Answer()) // correct
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We’ll make this easier by using a bool-valued functf@uoestion::IsCorrect SO
that checking code will change to this:

if (g.IsCorrect(response)) // correct

This opens the possibility of changing how the funct@uestion::Answer works.
Forexample, we could alloalbany tobeamatchfoAlbany bymakinglsCorrect
ignore the case of the answers. We could even try to allow for misspellings. We might
also try to prevent clients from callingnswer , but allow them to check if an answer is
correct. We'll leave thénswer function in place for now, but in designing classes the
goal of hiding information and minimizing access to private state should be emphasized.
Consider the unnecessary information revealed in some campus debit-card systems. If
a student buys some food, and the register shows a balance of $1,024.32 to everyone
in the checkout line, too much information has been revealed. The only information
that's needed to complete the purchase is whether the student has enough money in her
account to cover the purchase. It's fine for the everyone to see “Purchase OK,” but it's
not acceptable for everyone to see all balances. A student balance, for example, could
be protected by using a password to access this sensitive information.

Finally, we decide which functions are accessors and which are mutators. Accessor
functions don’t change state, so they should be createdrast functions. The final
class declaration is shown amthquest.hProgram 7.6.

Program 7.6 mathquest.h

#ifndef _MATHQUEST H
#define _MATHQUEST_H

/I ask a question involving arithmetic

"

/I This class conforms to the naming conventions
/I of quiz questions in "A Computer Science Tapestry" 2e,
/I this convention requires the following functions:

1
/I void Create()

/I void Ask() const

"

— ask a new question
— ask the last question Create()'d

/I bool IsCorrect(const string& answer) const

1 — return true iff answer is correct to last (Create()) question
/I string Answer() const
I — return the answer to the last (Create()) question

I

#include <string>

using namespace std;

class Question

{
public:
Question();

bool IsCorrect(const string& answer) const;
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string Answer() const;
void Ask() const;

void Create(); // create a new question
private:
string myAnswer; // store the answer as a string here

int myNum1,; /I numbers used in question
int myNum2;

#endif mathquest.h

The final class definition/implementation is showmaathquest.cppProgram 7.7.
Some new syntax is shown in Program 7.7 for initializing instance variables in a construc-
tor. In previous constructors like tHgice constructor indice.cpp Prog 6.1, instance
variables were assigned values in the body of the constructor using syntax identical to
variable assignment in other contexts.

The code in th&uestion::Questioonstructor uses dnitializer list to give initial
values to all instance variables. Each instance variable must be constructed. Con-
struction of instance variables takes place before the body of the constructor executes.

When parameters must be sup-

Svntax: initializer list plied to a variable at construction
e time, the values are supplied in

ClassName::ClassName ( parametefs an initializer list that appears be-
myVarl( parameteis tween the constructor header and
myVar2( parameters the body of the constructor. A
myVar3( ), single colori:” isusedto begin
myVarN( parameteis the initializer list and each item

{ in the list is separated from other

code as needed for further initialization items by a comma,’ — but
} note that the last item is not fol-

lowed by a comma since commas
separate items (this is a fence post problem.) Since some instance variables require pa-
rameters at construction time, such aBiae variable requires a parameter, I'll use
initializer lists for constructors in code shown from now on. When an instance variable
doesn’t need a constructor you can show it with a parameterless constructor as shown
for myVar3 in the syntax diagram. Alternatively you can omit this constructor call,
but then one of the instance variables won't appear in the list. I'll try to be consistent
in initializing all instance variables. Instance variables are initialized in the order in
which they appear in a class declaration, antin the order in which they appear in the
initializer list. To avoid problems, make the order of construction in the initializer list
the same as the order in which instance variables appear in the private section of a class
declaration. Some compilers will catch inconsistent orderings and issue a warning.
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Program 7.7 mathquest.cpp

#include <iostream>
#include <iomanip>
using namespace std;

#include "mathquest.h"
#include “"randgen.h”
#include "strutils.h"

Question::Question()
: myAnswer("*** error ***"),

myNum1(0),
myNum2(0)
{
/I nothing to initialize
}
void Question::Create()
{
RandGen gen;
myNuml = gen.Randint(10,20);
myNum2 = gen.RandInt(10,20);
myAnswer = tostring(myNuml + myNumz2);
}
void Question::Ask() const
{
const int WIDTH = 7;
cout << setw(WIDTH) << myNuml << endl;
cout << "+" << setw(WIDTH —1) << myNum2 << endl;
cout << "—" << endl;
cout << setw(WIDTH —myAnswer.length()) << " "
}
bool Question::IsCorrect(const string& answer) const
{
return myAnswer == answer;
}
string Question::Answer() const
{
return myAnswer;
} mathquest.cpp

Program 7.8quiz.cpp uses all the classes in a complete quiz program. The class
declarations and definitions f@tudent and Quiz are included inquiz.cpprather
than in separate .h and .cpp files. T@eestion class is separated into separate files
to make it easier to incorporate new kinds of questions.
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Program 7.8 quiz.cpp

#include <iostream>
#include <string>
using namespace std,;
#include "mathquest.h”
#include "prompt.h"

/I quiz program for illustrating class design and implementation

class Student

{
public:
Student(const string& name); /I student has a name
int Score() const; /I # correct
string Name() const; /I name of student
bool RespondTo(Question & q); // answer a question, update stats
private:
string myName; /I my name
int myCorrect; /I my # correct responses
h
Student::Student(const string& name)
: myName(name),
myCorrect(0)
{
/I initializer list does the work
}

bool Student::RespondTo(Question & Q)
/I postcondition: q is asked, state updated to reflect responses
1 return true iff question answered correctly
{

string answer;

q.Ask();

cin >> answer;

if (g.IsCorrect(answer))

{ myCorrect++;
cout << "yes, that's correct" << endl;
return true;

}

else

{ cout << "no, that's not correct" << endl;
return false;

}
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int Student::Score() const
/I postcondition: returns # correct

{
}

return myCorrect;

string Student::Name() const
/I postcondition: returns name of student

{
return myName;
}
class Quiz
{
public:
Quiz();
void GiveQuestionTo(Student & s); // ask student a question
private:
Question myQuestion; // question generator
h
Quiz::Quiz()
: myQuestion()
{
/I nothing to do here
}

void Quiz::GiveQuestionTo(Student & s)
/I postcondition: student s asked a question

{
cout << endl << "Ok, " << s.Name() << " it's your turn" << endl;
cout << "type answer after question " << endl;
myQuestion.Create();
if (! s.RespondTo(myQuestion))
{ cout << "try one more time" << endl;
if (! s.RespondTo(myQuestion))
{ cout << "correct answer is " << myQuestion.Answer() << endl;
}
}
}
int main()
{

Student owen("Owen");

Student susan(“"Susan®);

Quiz q;

int gNum = PromptRange("how many questions: ",1,5);

int k;

for(k=0 ; k < gNum; k++)

{ g.GiveQuestionTo(owen);
g.GiveQuestionTo(susan);

}
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cout << owen.Name() << " score:\t" << owen.Score()

<< " out of " << gNum

<< " = " << double(owen.Score())/gNum * 100 << "%" << endl;
cout << susan.Name() << " score:\t" << susan.Score()

<< " out of " << gNum

<< " = " << double(susan.Score())/qNum * 100 << "%" << endl;

return O;

297

quiz.cpp

O U Py T

prompt> quiz
how many questions: between 1 and 5: 3

Ok, Owen it's your turn
type answer after question
19
+ 17
36
yes, that's correct

Ok, Susan it's your turn
type answer after question

11
+ 16

27
yes, that's correct

Ok, Owen it's your turn
type answer after question

17
+ 15

34
no, that's not correct
try one more time

output continued
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U P T

17
+ 15
32
yes, that's correct

Ok, Susan it's your turn
type answer after question
20
+ 17
37
yes, that's correct

Ok, Owen it's your turn
type answer after question
16
+ 17
23
no, that's not correct
try one more time
16
+ 17
27
no, that's not correct
correct answer is 33

Ok, Susan it's your turn
type answer after question
15
+ 17
32
yes, that's correct
Owen score: 2 out o
Susan score: 3 out o

66.6667%
100%

f3
f3
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Pause to Reflect 7.12 What (simple) modifications can you make to the san@lestion class in
o guestion.h Program 7.4 so that one of two colors is chosen randomly as the
@\ favorite color. The color should be choserQiuestion::Create() and used
/ in the other method#\sk() andAnswer() .
7.13 Why is the string'pi* converted to thalouble value zero byatof in the
sample run of Program 7.8umtostring.cpp

7.14 Does conversion of23skidoo"  to theint

value 23 mirror how the string
would be read if the user type@3skidoo"

if prompted by the following:

int num;

cout << "enter value ";
cin >> num;

7.15 Why is the functionQuestion::Ask() declared agonst in mathquest.h
Program 7.67?

7.16 The declaration for a clagdameis partially shown below.

class Game
{
public:
Game();

private:
Dice myCube;

int myBankRoll;
h

The constructor should makayCube represent a six-sideDice and should
initialize myBankRoll to5000. Explain why aninitializer listis required because
of myCube and show the syntax for the construcame::Game() (assuming
there are only the two instance variables shown in the class).

7.17 The statements for reporting quiz scores for two studentpuin.cpp , Pro-
gram 7.8 duplicate the code used for the output. Write a function that can be

called to generate the output for either student, so that the statements below re-
place the score-producing output statementyiiz.cpp

reportScores(owen,gNum);
reportScores(susan,gNum);

7.18 What question is asked if a client program ca&llsestion::Ask() without
ever callingQuestion::Create() ?
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7.2 A Conforming Interface: a new Question
Class

We wantto develop ane@uestion class for a differentkind of quiz. As anillustration,

we'll develop a class for asking questions about state capitals for U.S. states. We don't
have the programming tools needed to easily store the state/capital pairs within the new
Question class? Instead, we'll put the state/capital pairs in a text file and read the
text file repeatedly using WordStreamlterator object. To generate a random
state/capital question we’ll skip a random number of lines of the file when reading it.
Suppose the first five lines of the text file are as follows.

Alabama  Montgomery
Alaska  Juneau
Arizona Phoenix
Arkansas Little_Rock
California Sacramento

If we skip two lines of the file we’ll ask what the capital of Arizona is; if we skip four
lines we’'ll ask about the capital of California; and if we don’t skip any lines we’ll ask
about Alabama.

7.2.1 Using the New Question Class

We'll call the new clasQuestion . This will allow us to use the class without changing

the progranguiz.cpp Program 7.8, except to replace #ieclude"mathquest.h"

line by#include"capquest.h” . Since the class about capitals declarezdipquest.h

has the same interface, (i.e., the same class name and the same public member functions)
as the class declared mathquest.hthe client program imuiz.cppdoesn’t change at

all. A run of the progranguiz.cpp Program 7.8, modified to includeapquest.h”

is shown below.

The downside of this approach is that we can't let the user choose between math
questions and capital questions while the program is running; the choice must be made
before the program is compiled. This is far from ideal, because we wouldn’t expect a
real student-user to compile a program to take a quiz using a computer. However, until
we study inheritance in Chapter 13 we don't really have any other options.

4Perhaps the simplest way to do this is to use a vector or array, but the method useQir#tien
class developed in this chapter is fairly versatile without using a programming construct we haven't yet
studied.
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U PR T -

prompt> quiz
how many questions: between 1 and 5: 2

it's your turn Owen

type answer after question

the capital of Wisconsin is Madison
yes, that's correct

it's your turn Susan
type answer after question

the capital of Washington is Seattle
no, try one more time
the capital of Washington is Tacoma

no, correct answer is Olympia

it's your turn Owen

type answer after question

the capital of Utah is Salt_Lake City
yes, that's correct

it's your turn Susan
type answer after question

the capital of New_Mexico is Albuquerque
no, try one more time

the capital of New_Mexico is Santa_Fe
yes, that's correct

Owen score: 2 out o f2 = 100%

Susan score: 1 outo f2=50%

7.2.2 Creating a Program

Before looking briefly atthe newimplementatior@fiestion , we’llreviewthe process
of creating a working C++ program. This will help you understand how the different
Question classes work with the quiz program.

Three steps are needed to generate an executable program from source files.

1.  The preprocessingstep handles altinclude directives and some others we
haven't studied. Apreprocessoris used for this step.

2. Thecompilation step takes input from the preprocessor and createbjact file
(see Section 3.5) for each .cpp file.cAmpiler is used for this step.
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3. One or more object files are combined with libraries of compiled code in the
linking step. The step creates an executable program by linking together system-
dependent libraries as well as client code that has been compilitkeh is used
for this step.

7.2.3 The Preprocessor

The preprocessor is a program run on each source file before the source file is compiled.
A source file likehello.cpp Program 2.1 is translated into something calle@aslation

unit which is then passed to the compiler. The source file isn’'t physically changed by
the preprocessor, but the preprocessor doesliusetives like #include in creating

the translation unit that the compiler sees. Each preprocessor directive begins with a
sharp (or number) sigt that must be the first character on the line.

Processing #include  Statements. A #include statement literally cut-and-pastes
the code in the file specified into the translation unit that is passed to the compiler. For
example, the preprocessor directifiaclude<iostream> causes the preprocessor

to find the file namedbstream and insert it into the translation unit. This means that
what appears to be a seven line program like the following might actually generate a
translation unit that causes the compiler to compile 10,000 lines of code.

#include<iostream>

using namespace std;

int main()

{
cout << "hello world" << endl;
return O;

}

| tried the program above with three different C++ environments. The size of the trans-
lation unit ranged from 2,986 lines using g++ with Linux, to 16,075 using Borland
CBuilder, to 17,261 using Metrowerks Codewarrior.

Compilers are fast. At this stage of your programming journey you don’t need to
worry about minimizing the use of thinclude directive, but in more advanced
courses you'll learn techniques that help keep compilation times fast and translation
units small.

Where are include  Files Located? The preprocessor looks in a specific list of di-
rectories to find include files. This list is typically called timelude path. In most
environments you can alter the include path so that the preprocessor looks in different
directories. In many environments you can specify the order of the directories that are
searched by the preprocessor.
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Program Tip 7.7: If the preprocessor cannot find a file specified, you'll
probably get a warning. In some cases the preprocessor will find a dif-

ferent file than the one you intend; one that has the same name as the

file you want to include. This can lead to compilation errors that are hard to fix. If
your system lets you examine the translation unit produced by the preprocessor you may
be able to tell what files were included. You should do this only when you've got real
evidence that the wrong header file is being included.

= ot = Most systems look i_n the directory in whi_ch th_e .cpp file that's b(_aing pre_processed is
/_/ located. More information about setting options in your programming environment can
be found in Howto I.

Other Preprocessor Directives. The only other preprocessor directive we use in this
book is theconditional compilation directive. Each header file begins and ends with
preprocessor directives as follows (see dlise.h Program G.3). Suppose the file below
is calledfoo.h

#ifndef _FOO_H
#define _FOO_H

header file for Foo goes here

#endif

The first line tells the preprocessor to include theffil@.hin the current translation unit
only if the symbol FOO_Hs notdefined. Thenin ifndef  means “if NOT defined”,

then proceed. The first thing that happens if the symB@O _Hs not defined, is that it
becomes defined using the directi@efine . The final directivetendif helps limit

the extent of the firstifndef . Every#ifndef has a matchingendif . The reason

for bracketing each header file with these directives is to prevent the same file from being
included twice in the same translation unit. This could easily happen, for example, if
you write a program in which you include bottiostream> and"date.h” . The
header file'date.h”  also includes<iostream> . When you include one file, you
also include all the files that it includes (and all the files that they include, and all the files
that they include). Using théifndef  directive prevents an infinite chain of inclusions
and prevents the same file from being included more than once.

Occasionally it’s useful to be able to prevent a block of code from being compiled.
You might do this, for example, during debugging or development to test different ver-
sions of a function. The directivéifdef causes the preprocessor to include a section
of a file only if a specific symbol is defined.

#ifdef FOO
void TryMe(const string& s)
{ cout << s << " is buggy" << endl;

}
#endif
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void TryMe(const string& s)
{ cout << s << "is correct" << endl;

}

Inthe code segment above, the dalyMe("rose") generatesose is correct

as output. The first version (on top) ©fyMe isn’t compiled, because the preprocessor
doesn’tinclude it in the translation unit passed to the compiler unless the s{@kuid
defined. You can, of course, define the symBOIOIf you want to. Some programmers
use#ifdef O to block out chunks of code since zero is never defined.

7.2.4 The Compiler

The input to the compiler is the translation unit generated by the preprocessor from a
source file. The compiler generatesadnject file for each compiled source file. Usually

the object file has the same prefix as the source file, butendsin .o or .obj. For example, the
source filehello.cppmight generatéello.objon some systems. In some programming
environments the object files aren’t stored on disk, but remain in memory. In other
environments, the object files are stored on disk. It's also possible for the object files to
exist on disk for a short time, so that the linker can use them. After the linking step the
object files might be automatically erased by the programming environment.

Obijectfiles are typically larger than the corresponding source file, but may be smaller
than the translation unit corresponding to the source file. Many compilers have options
that generateptimized code This code will run faster, but the compiler will take longer
to generate the optimized code. On some systems you won't be able to use a debugger
with optimized code.

ProgramTip 7.8: Turn code optimization off. Unless you are writing an appli-
cation that must execute very quickly, and you've used profiling and performance tools
that help pinpoint execution bottlenecks, it's probably not worth optimizing your pro-
grams. In some systems, debuggers may get confused when using optimized code, and
it's more important for a program to be correct than for it to be fast.

Since the compiler uses the translation unit provided by the preprocessor to create
an object file, any changes in the translation unit from a .cpp source file will force the
.cpp file to be recompiled. For example, if the headerdilestion.hs changed, then
the source programuiz.cpp Program 7.8 will need to be recompiled. Since the file
question.his part of the translation unit generated frauiz.cpp the recompilation is
necessary because the translation unit changed. In general, a source file has several
compilation dependencies Any header file included by the source file generates a
dependency. For example, Program g@iz.cpphas four direct dependencies:

] <iostream> andstring ,two system dependencies.
| "prompt.h"  and"mathquest.h" |, two non-system dependencies.
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There may be other indirect dependenciesintroduced by these. Sin¢piootipt.h"
and"mathquest.h" include<string> , another dependency would be introduced,
but<string> s already a dependency.

ProgramTip 7.9: You should try to minimize the number of dependencies

for each source file. Since a change in a dependency will force the source file to be
recompiled, keeping the number dependencies small means you'll need to recompile less
often during program development.

Notice thatmathquest.cppProgram 7.7 depends directly on the fifasadgen.h
andstrutils.h . These two files areot dependencies fajuiz.cppsince they’re not
part of the translation unit faguiz.cpp

Libraries. Often you'll have several object files that you use in all your programs. For
example, the implementationsiostream andstring  functions are used in nearly

all the programs we've studied. Many programs use the classes declaredipt.h ,

dice.h , date.h and so on. Each of these classes has a corresponding object file
generated by compiling the .cpp file. To run a program using all these classes the
object files need to be combined in the linking phase. However, nearly all programming
environments make it possible to combine object files into a library which can then be
linked with your own programs. Using a library is a good idea because you need to
link with fewer files and it’s usually simple to get an updated library when one becomes
available.

7.2.5 The Linker

The linker combines all the necessary object files and libraries together to create an
executable program. Libraries are always needed, even if you are not aware of them.
Standard libraries are part of every C++ environment and include classes and functions
for streams, math, and so on. Oftenyou’llneed to use more than one library. Forexample,
| use a library calledapestry.libfor all the programs in this book. This library contains

the object files for classdsice , Date , RandGen and functions fronstrutils

among many others. The suffitio  is typically used for libraries.

You aren’t usually aware of the linker as you begin to program because the libraries
are linked in automatically. However, as soon as you begin to write programs that use
several .cpp files, you'll probably encounter linker errors.

For example, if | try to create an executable program fouiz.cpp Program 7.8, but
| forget to link in the code from the clas3uestion in mathquest.cppProgram 7.7,
the following errors are generated. The first two errors using Metrowerks Codewarrior
follow:

Link Error : Undefined symbol: ?Ask@Question@@QBEXXZ
(Question::Ask) in file: quiz.cpp
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Link Error : Undefined symbol:?IsCorrect@Question@@QBE_NABV?
$basic_string@DU?$char_traits@D@std@@V?$

allocator@D@2@ @std@@@Z
(Question::IsCorrect) in file:quiz.cpp

Using Microsoft Visual C++ the first two errors follow:

quiz.obj : error LNK2001: unresolved external symbol

"public: void__thiscall Question::Ask(void)const "
(?Ask@Question@ @QBEXXZ)

quiz.obj : error LNK2001: unresolved external symbol

"public: bool__thiscall Question::IsCorrect

(class std::basic_string<char,struct std::char_traits<char>,

class std::allocator<char> > const &)const "

(?IsCorrect@Question@@QBE_NABV?$basic_string@DU

These errors may be hard to understand. The key thing to note is that thiekeare
errors. Codewarrior specifically identifies the errors as linker errors. If you look at the
Visual C++ output you'll see a clue that the linker is involved; the errors are identified
aserror LNK2001

Program Tip 7.10: If you get errors about unresolved references, or un-
defined/unresolved external symbols, then you’ve got a linker error. This
means that you need to combine the object files from different .cpp files together. In
most C++ environments this is done by adding the .cpp file to a project, or by changing a
Makefile to know about all the .cpp files that must be linked together.

String Compilation and Linker Errors. The other reason the errors are hard to read is
because of the standard classng . Thestring class is complicated because it is
intended to be an industrial-strength class used with several character sets (e.g., ASCII
and UNICODE) at some point. Thatring  class is actually built on top of a class
namedbasic_string which you may be able to identify in some of the linker errors
above.

7.2.6 A New Question Class

The new question class tapquest.thas the same public member functions as, but a
different private section from, the classnmathquest.hPart ofcapquest.follows.

class Question

{
public:
Question(const string& filename);
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bool IsCorrect(const string& answer) const;
string Answer() const;
void Ask() const;

void Create(); // create a new question

private:
string myAnswer; /I answer (state capital)
string myQuestion; /I the state

WordStreamlterator mylter; // iterates over file

The instance variablaylter processes the file of states and capitals, choosing one
line at random as the basis for a question each @uestion::Create() is called
(see Program 7.2apquest.cpp The instance variabl@myQuestion replaces the two
instance variablesiyNumlandmyNum2from mathquest.hProgram 7.6. The method
Question::Create() in capquest.cpploes most of the work. In creating the new
Question class three goals were met.

] Using the same interface (public methods) as the classaithquest.tinelped in
writing the new class. When | wrote the new class | concentrated only on the
implementation since the interface was already done.

] The client progranguiz.cpp  did not need to be rewritten. It did need to be re-
compiled after changinginclude"mathquest.h" to us€'capquest.h”

| The new clasQuestion can be used for questions other than states and capitals.
The modifications are straightforward and discussed in the following Pause and
Reflect exercises.

Program 7.9 capquest.cpp

#include <iostream>
#include <iomanip>
using namespace std,;

#include "randgen.h"
#include "strutils.h"

Question::Question(const string& filename)
T myAnswer("*** error ***),
myQuestion("*** error ***")

{
}

mylter.Open(filename.c_str());

void Question::Create()

{
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int toSkip = gen.RandInt(0,49);  // skip this many lines

; k < toSkip; k++)

{ mylter.Next(); // skip the state
mylter.Next(); // and the capital

= mylter.Current();

myAnswer = mylter.Current();

cout << "the capital of " << myQuestion << " is "

bool Question::IsCorrect(const string& answer) const

return myAnswer == answer;

string Question::Answer() const

308

RandGen gen;
int k;
mylter.Init();
for(k=0
}
myQuestion
mylter.Next();

}

void Question::Ask() const

{

}

{

}

{
return myAnswer;

}

capquest.cpp

Pause to Reflect

-Sit,

7.19 Why are the state New York and the capital Little Rock stored in the data file as
New_York andLittle_Rock , respectively (why aren’t spaces used)?

7.20 The clasQuestion declared incapquest.lhuses aWVordStreamlterator
instance variable, so it h&mnclude"worditer.h" atthe top of the file. This
means thaquiz.cpp Program 7.8, depends directly ‘tmorditer.h" and indi-
rectly on<string> since<string> is included inworditer.h What prevents
the file <string>  from being included multiple times when the preprocessor
creates a translation unit fouiz.cpg?

7.21 The file capquest.cppProgram 7.9 include%andgen.h” . Doesquiz.cpp
depend orfrandgen.h”  ? Why?

7.22 If the classRandGen declared if'randgen.h” is rewritten so that the header
file changes, doeguiz.cppneed to be recompiled? Relinked (to create an exe-
cutable program about state capitals)? Why?

7.23 The constant 49 ikardwired into the definition ofQuestion::Create()
for skipping lines in the file of states and capitals. Explain moylter could be
used in the constructor of the class to count the lines in the file so that the number
49 would be computed by the class itself at run time.
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7.24 Suppose you want to create a quiz based on artists/groups and their records. Data
are stored in a text file as follows:

Lawn_Boy Phish

A_Live_One Phish
Automatic_for_the_People R.E.M.
Broken Nine_Inch_Nails
The_Joshua_Tree U2

Nick_of _Time Bonnie_Raitt

The idea is to ask the user to identify the group that made an album. How can
you change the clasuestion in capquest.randcapquest.cpgo that it can

be used to give both state/capital and group/recording quizzes. With the right
modifications you should be able to use questions of either type in the same quiz
program. (Hint: the nevpuestion class constructor could have two parameters,
one for the file of data and one for the prompt for someone taking the quiz.)

B 7.3 RandomWalks

When you can measure what you are speaking about,
and express it in numbers, you know something about it...
Lord Kelvin
Popular Lectures and Addresses

We must never make experiments to confirm our ideas, but simply to control them.

Claude Bernard
Bulletin of New York Academy of Medicine, vol. 1V, p. 997

In this section we’'ll explore some programs and classes that are simulations of
natural and mathematical events. We’ll also use the pattern of iteration introduced with

. theWordStreamlterator class inworditer.h Program G.6 (see Howto G) and used
A/"_"_td/ in maxword.cppProgram 6.11. We’ll design and implement several classes. Classes
3 for one- and two-dimensional random walks will share a common interface, just as the

classQuestion declared in bothmathquest.tand capquest.idid. Because of this
common interface, a class for observing random walks (graphically or by printing the
data in the walk to a file) will be able to observe both walks. First we’ll write a simple
program to simulate random walks, then we’ll design and implement a class based on
this program. Comparing the features of both programs will add to your understanding
of object-oriented programming. We’'ll also stustyuct s, a C++ feature for storing

data that can be used instead of a class.

A random walk is a model built on mathematical and physical concepts that is used
to explain how molecules move in an enclosed space. It's also used as the basis for
several mathematical models that predict stock market prices. First we'll investigate a
random walk in one dimension and then move to higher dimensions.
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Figure 7.1 Initial position of a frog in a one-dimensional random walk.

7.3.1 One-Dimensional Random Walks

Suppose a frog lives on a lily pad and there are lily pads stretching in a straight line in
two directions. The frog “walks” by flipping a coin. If the coin comes up heads, the frog
jumps to the right, otherwise the frog jumps to the left. Each time the frog jumps, itjumps
one unit, but the length of the jump might change. This jumping process is repeated for
a specific number of steps and then the walk stops. The initial configuration for such a
random walk is shown in Figure 7.1. We can gather several interesting statistics from a
random walk when it is complete (and sometimes during the walk). In a watllst&fps

we might be interested in how far from the start the frog is at the end of the walk. Also
of interest are the furthest points from the start reached by the frog (both east and west
or positive and negative if the walk takes place on the x-axis) and how often the frog
revisits the “home” lily pad.

We’'lllook at a simple program for simulating random walks, then think about design-
ing a class that encapsulates a walk, but be more general than the walk we’ve described.
The size of a frog’s world might be limited, for example, if the frog lives in a drain pipe.

We'll use a two-sidedice object to represent the coin that determines what direc-
tion the frog jumps. Program 7.1fipgwalk.cpp simulates a one-dimensional random
walk. The program uses the C4switch instead of anif/else statement. The
switch statement is the final control statement we’ll use in our programs. A switch
statement is often shorter than the corresponding sequence of castelded state-
ments, butit's also easier to make programming errors when writing codesysitog
statements. We'll discuss the statement after the program listing.

With a graphical display, the frog could be shown moving to the left and right.
Alternatively, a statement that prints the position of the frog could be included within the
for loop. This would provide clues as to whether the program is working correctly. In
the current program, the only output is the final position of the frog. Without knowing
what this position should be in terms of a mathematical model, it's hard to determine if
the program accurately models a one-dimensional random walk.
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Program 7.10 frogwalk.cpp
#include <iostream>
using namespace std;
#include "dice.h"
#include "prompt.h"
/I simulate one-dimensional random walk
/I Owen Astrachan, 8/13/94, modified 5/1/99
int main()
{
int numSteps = PromptRange("enter # of steps”,0,20000);
int position = 0; /I "frog" starts at position O
Dice die(2); /I used for "coin flipping"
int k;
for(k=0 ; k < numSteps; k++)
{ switch (die.Roll())
{
case 1:
position++; /I step to the right
break;
case 2:
positon ——; /I step to the left
break;
}
}
cout << "final positio n = " << position << endl;
return O; I
frogwalk.cpp

U PR T

prompt> frogwalk
enter # of steps between 0 and 20000: 1000
final position = 32
prompt> frogwalk
enter # of steps between 0 and 20000: 1000
final position = -14
prompt> frogwalk
enter # of steps between 0 and 20000: 1000
final position = 66
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7.3.2 Selection with the switch Statement

In Exercise 9 of Chaptet a program was specified for drawing different heads as part
of a simulated police sketch program. The following functidair comes from one
version of this program:

void Hair(int choice)
/I precondition: 1 <= choice <= 3
/I postcondition: prints hair in style specified by choice

{
if (1 == choice)
{ cout << " || " << end]l;
}
else if (2 == choice)
{cout << ™ lIINNNNT " << endI;
}
else if (3 == choice)
{ cout << " | " << endl;
}

}

The cascadeil /else statements work well. In some situations, however, an alterna-
tive conditional statement can lead to code that is shorter and sometimes more efficient.
You shouldn’t be overly concerned about this kind of efficiency, but in a program dif-
ferentiating among 100 choices instead of three the efficiency might be a factor. The
switch statement provides an alternative method for writing the codiain .

void Hair(int choice)
/I precondition: 1 <= choice <= 3
/I postcondition: prints hair in style specified by choice
{
switch(choice)
{
case 1:
cout << " |lNHHHE " << endl,
break;
case 2:
cout << " [I[IIIINNIT " << endL;
break;
case 3:
cout << " | | " << endl
break;

}

Eachcase label such azase 1, determines what statements are executed based on
the value of the expression used in gwitch test (in this example, the value of the
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variablechoice ). There should be one case label for each possible value of the switch
test expression.

All of the labels areconstantghat represenntegervalues known at compile time.
Examplesincludé3,53 - 7 ,true ,anda’ . It'snotlegaltouséouble valueslike
2.718,string  values like"spam" , or expressions that use variables liKehoice

for case labels in awitch  statement.

O — ¢ Ifthe value ofexpressioin theswitch
yntax. switeh statemen test matches a case label, then the corre-

switch (expressiop sponding statements are executed. The
{ break causes flow of control to con-
caseconstant: tinue with the statement following the
statement list switch . If no matching case label
break; is found, thedefault  statements, if
caseconstani: present, are executed. Most program-
statement ist mers put the default statement last in-
break; side aswitch , but a few argue that it
should be the first label. There are no
default : “ ;
. shortcuts” in forming cases. You can-
statement list .
} not write case 1,2,3: , for exam-
ple, to match either one, two, or three.

For multiple matches, each case is listed separately as follows:

case 1 :

case 2 :

case 3 :
statement list
break;

In theswitch statement shown iHair , exactly onecase statement is executed; the
break causes control to continue with the statement followingsivéch . (Since
there is no following statement idair , the function exits and the statement after the
call of Hair is executed next.) In generalbaeak statement is required, or control
will fall through from onecase to the next.

Program Tip 7.11: It’s very easy to forget the break needed for each
case statement, so when you write switch statements, be very careful.

ProgramTip 7.12: As a general design rule, don’t include more than two

or three statements with each case label. If more statements are needed, put
them in a function and call the function. This will make theitch statement easier to
read.
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A missingbreak statement often causes hard-to-find errors. Iftiteak corre-
sponding tacase 2 in the functionHair is removed, and the value choice is 2,
two lines of output will be printed.

(Warning! Incorrect code follow$!

void Hair(int choice)
/I precondition: 1 <= choice <= 3
/I postcondition: prints hair in style specified by choice

{

switch(choice)
{
case 1:
cout << " ||l " << endl,
break;
case 2:
cout << " [I[IINIINI ™ << endl;
case 3:
cout << " | |
break;

" << endl

Because there is nboreak following the hair corresponding toase 2, execution
falls through to the next statement, and the output statement correspondasgtd3
is executed.

The efficiency gained fromswitch  statement occurs because only one expression
is evaluated and the correspondicase statements are immediately executed. In a
sequence off /else statements it is possible for all tlife tests to be evaluated. As
mentioned earlier, it's not worth worrying about this level of efficiency until you've timed
a program and know what statements are executed most ofterswitod  statement
does make some code easier to read, and the efficiency gains can't hurt.

7.3.3 A RandomW/alk Class

Program 7.10frogwalk.cppjs short. It's not hard to reason that it correctly simulates a
one-dimensional random walk. However, modifying the program to have more than one
frog hopping on the lily pads is cumbersome because the program is not designed to be
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extended in this way. If we encapsulate the state and behavior of a random-walking frog
in a class, it will be easier to have more than one frog in the same program. With a class
we may be able to have different random-walkers jump with different probabilities, that
is, one walker might jump left 50% of the time, another 75% of the time. Using a class
will also make it easier to extend the program to simulate a two-dimensional walk.

We'll use a clasfRandomWalk whose interface is shown imalk.h Program 7.11.
Member functionslnit , HasMore, and Next behave similarly to their counter-
parts in theWordStreamlterator class (see Program 6.Irhaxword.cppand the
StringSetlteratorclass (seenaxword2.cpp This usage of théerator pattern is some-
what different from what we've used in previous classes and programs, but we use the
same names since the random walk is an iterative process. There are two differences in
the use of an iterator here.

] The iterator functions are part of the cldBandomWalk rather than belonging
to a separate class. In the other uses the iterator class was separate from the class
being iterated over.

] In the StringSetlterator and WordStreamlterator classes the col-
lection being iterated over was complete when the iterators execute. For the
RandomWalk class the iterating functions create the random walk — using the
functions again results in a different random walk rather than reiterating over the
same walk.

Program 7.11 walk.h

#ifndef _RANDOMWALK_H
#define _RANDOMWALK_H

/I Owen Astrachan

, 6/20/96, modified 5/1/99

/I class for implementing a one dimensional random walk

I

/I constructor specifies number of steps to take, random walk
/I goes left or right with equal probability

1

/I two methods for
1

/I void Simulate()
1

/I nit(); HasMore();

1

running simulation:
— run a complete simulation

Next() — idiom for starting and iterating
one step at a time

/I accessor functions:

1

/I int Position()
1

/I int Current()

1

/I int TotalSteps()

class RandomWalk

— returns x coordinate
(# steps left/right from origin)
— alias for GetPosition()

— returns total # steps taken
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{
public:
RandomWalk(int maxSteps); // constructor, parameter = max # steps
void Init(); /I take first step of walk
bool HasMore(); /I returns false if walk finished, else true
void Next(); /I take next step of random walk
void Simulate(); /I take all steps in simulation
int Position() const; /I returns position (x coord) of walker
int Current() const; /I same as position
int TotalSteps() const; /I returns total # of steps taken
private:
void TakeStep(); /I simulate one step of walk
int myPosition; /I current x coordinate
int mySteps; /I # of steps taken
int myMaxSteps; /I maximum # of steps allowed
h
#endif walk.h

A parameter to th&andomWalk constructor specifies the number of steps in the
walk. A main function that uses the class follows.

int main()

{
int numSteps = PromptRange("enter # steps”,0,1000000);

RandomWalk frog(numSteps);
frog.Simulate();
cout << "final positio n =

}

In this program an entire simulation takes place immediately using the member function
Simulate . The output from this program is the same as the output frogwalk.cpp.

Using theRandomWalk class makes it easier to simulate more than one random walk
at the same time. Ifrogwalk2.cpp,Program 7.12, two random walkers are defined.
The program keeps track of how many times the walkers are located at the same po-
sition during the walk. It would be very difficult to write this program basedrog-
walk.cpp Program 7.10. Since the number of steps in the simulation is a parameter to the
RandomWalk constructor, variableBog andtoad must be definedfter you enter

the number of steps. One alternative would be to have a member fulSgi&teps

used to set the number of steps in the simulation.

<< frog.GetPosition() << endl;

Program 7.12 frogwalk2.cpp

#include <iostream>
using namespace std;
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#include "prompt.h"
#include "walk.h"
/I simulate two random walkers at once
/I Owen Astrachan, 6/29/96, modified 5/1/99
int main()
{
int numSteps = PromptRange("enter # steps",0,30000);
RandomWalk frog(numSteps); /I define two random walkers
RandomWalk toad(humsSteps);
int samePadCount = 0; /I # times at same location
frog.Init(); /I initialize both walks
toad.Init();
while (frog.HasMore() && toad.HasMore())
{ if (frog.Current() == toad.Current())
{ samePadCount++;
}
frog.Next();
toad.Next();
}
cout << "frog positio n = " << frog.Position() << endl;
cout << "toad positio n = " << toad.Position() << endl;
cout << "# times at same locatio n = " << samePadCount << endl;
return O;
} frogwalk2.cpp

Because both random walkers take the same number of steps, it isn’t necessary to
have checks using bofihog.HasMore() andtoad.HasMore() , but since both
walkers must be initialized usingit and updated usingext , we useHasMore for
both to maintain symmetry in the code.

Reviewing Program Tip 7.1 we find that it's good advice to concentrate first on class
methods and behavior, then move to instance variables and state.

5Checking bothHasMore functions will be important if we modify the classes to behave differently.
Write programs anticipating that they’ll change.
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U PR T -

prompt> frogwalk?2

enter # steps between 0 and 30000: 10000
frog position = -6

toad position = -26

# times at same location = 87

prompt> frogwalk?2

enter # steps between 0 and 30000: 10000
frog position = 16

toad position = 40

# times at same location = 392

For RandomWalk | first decided to use the iteration patternioit , HasMore,
andNext . Since it may be useful to execute an entire simulation at once | decided to
implement éSimulate  function to do this. As we’'ll see, it will be easy to implement
this function using the iterating member functions. Finally, the class must provide some
accessor functions. In this case we need functions to determine the current location of a
RandomWalk object and to determine the total number of steps taken.

Determining what data should be private is not always a simple task (see Program
Tip 7.6 for some guidance.) You'll often need to revise initial decisions and add or delete
data members as the design of the class evolves. As a general guideline, private data
should be an intrinsic part of what is modeled by the class. For example, the current
position of aRandomWalk object is certainly an intrinsic part of a random walk. The
Dice object used to determine the direction to take at each step is not intrinsic. The
state of onéDice object does not need to be accessed by different member functions,
nor does the state need to be maintained over several invocations of the same function.
EvenifaDice objectis used in several member functions, there is no compelling reason
for the saméice object to be used across more than one function.

When you implement a class you should use the same process of iterative enhance-
ment we used in previous programs. For classes this means you might not implement
all member functions at once. For example, you could leave a member function out of
the public section at first and add it later when the class is partially complete. Alter-
natively, you could include a declaration of the function, but implement it as an empty
stub function with no statements.

When | implementedRandomWalk | realized that there would be code duplicated
inlnit andNext since both functions simulate one random step. Since it's a good idea
to avoid code duplication whenever possible, | decided to factor the duplicate code out
into another function calleiakeStep called from bothinit  andNext .6 This kind
of helper function should be declared in the private section so that it is not accessible
to client programs. Member functions, however, can call private helper functions.

6Actually, | wrote the code fomit  andNext and then realized it was duplicated after the fact so |
added the helper function.
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It's not unreasonable to maKekeStep public so that client programs could use
either the iteration member functions or thakeStep function. Similarly you may
decide that the functio8imulate is superfluous since client programs can implement
it by usinglnit , HasMore, andNext (see Program 7.18valk.cpp. There is often a
tension between including too many member functions in an effort to provide as much
functionality as possible and too few member functions in an effort to keep the public
interface simple and easy to use. There are usually many ways of writing a program,
implementing a class, skinning a cat, and walking a frog.

In[Rie96], Arthur Riel offers two design heuristics we'll capture as one programming

tip.

Program Tip 7.13: Minimize the number of methods in the interface
(protocol) of a class. You should also implement a minimal public interface that all
classes understand.

TheRandomWalk member functions are fairly straightforward. All private data are
initialized in the constructor; the functidRandomWalk::TakeStep() simulates a
random step and updates private data accordingly, and the other member functions are
used to simulate a random walk or to access information about a walk, such as the current
location of the simulated walker. The implementation is shown in Program 7.13.

#include “"walk.h"
#include "dice.h"

Program 7.13 walk.cpp

RandomWalk::RandomWalk(int maxSteps)

{
}

: myPosition(0),
mySteps(0),

myMaxSteps(maxSteps)
/I postcondition: no walk has been taken, but walk is ready to go

/I work done in initializer list

void RandomWalk::TakeStep()
/I postcondition: one step of random walk taken

{

Dice coin(2);

switch (coin.Roll())

{

case 1:

myPosition ——;

break;
case 2:

myPosition++;

break;
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mySteps++;

}

void RandomWalk::Init()
/I postcondition: first step of random walk taken

{
myPosition = 0;
mySteps = 0;
TakeStep();

}

bool RandomWalk::HasMore()
/I postcondition: returns true when random walk still going
1 i.e., when # of steps taken < max. # of steps

{

return mySteps < myMaxSteps;

}

void RandomWalk::Next()
/I postcondition: next step in random walk simulated

{
TakeStep();

}

void RandomWalk::Simulate()
/I postcondition: one simulation completed

{
for(Init(); HasMore(); Next())
{
/I simulation complete using iterator methods
}
}

int RandomWalk::Position() const
/I postcondition: returns position of walker (x coordinate)

{

return myPosition;

}

int RandomWalk::Current() const
/I postcondition: retrns position of walker (x coordinate)

{

return Position();

}

int RandomWalk::TotalSteps() const
/I postcondition: returns number of steps taken by walker

{
return mySteps;
} walk.cpp

Each member function requires only a few lines of code. The brevity of the functions
makes it easier to verify that they are correct. As you design your own classes, try to
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keep the implementations of each member function short. Using private helper functions
can help both in keeping code short and in factoring out common code.

ProgramTip 7.14: Use private helper functions to avoid code-duplication

in public methods. The helper functions should be private because client programs
don’t need to know how a class isimplemented, and helper functions are animplementation
technique.

7.3.4 A Two-Dimensional Walk Class

In this section we'll extend the one-dimensional random walk to two dimensions. A

two-dimensional random walk is a more realistic model of a large molecule moving in

a gas or liquid, although it is still much simpler than the physical forces that govern

molecular motion. Nevertheless, the two-dimensional walk provides insight into the

phenomenon known @rownian motionnamed after the botanist Robert Brown who,

in the early 1800s, investigated pollen grains moving in water. His observations were
modeled physically by Albert Einstein, whose hypotheses were confirmed by Jean-
Baptiste Perrin, who won a Nobel prize for his work.

The clasfkandomWalk2D models a two-dimensional random walk, the implemen-
tation and use of which are shownbrownian.cppProgram 7.14. In two dimensions, a
molecule can move in any direction. This direction can be specified by arandom number
of degrees from the horizontal. A random number between 1 and 360 can be generated
by a 360-sided dice. However, usingéce object would constrain the molecule to
use a direction that is an integer. We’d like molecules to be able to go in any direction,
including angles such as 1.235157 and 102.3392. Instead of uBiing aobject, we’ll
use an object from the claBandGenspecified inrandgen.h Program G.4. Since the
sine and cosine functiorsin andcos from <cmath> are needed for this simulation,
and since these functions require an angle specified in rddiather than degrees, we
need to use randonpuble values.

The geometry to translate a random direction xsndy distances follows:

$
& Y
X
cos(a) = X/step size
sin(a) = Y/step size
If a random angle is chosen, the distance moved in tKedirection is cog) x
step size as shown in the diagram.

"There are 360 degrees in a circle and2dians in a circle. It's not necessary to understand radian
measure, but 180= = radians. This means thdt = d(3.14159180) radians. You can also use
conversion functiondeg2rad andrad2deg in mathutils.h Program G.9 in Howto G.
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The distance in th&'-direction is a similar function of the sine of the angle In the
member functioliRandomWalk2D::TakeStep()  these properties are used to update

the coordinates of amolecule in simulating a two-dimensional random walk. The manner
in which a direction is calculated changes in moving from one to two dimensions. We
also need to change how a position is stored so that we can track both an x and y
coordinate. We could use two instance variables, suchya&oord andmyYcoord .
Instead, we’'lluse thBoint  class for representing points in two dimensions ( the header
file point.his Program G.10 in Howto G). As we'll see in Section P4jnt  acts like

a class, but is in some ways different because it has public data. These are the principal
differences between the claBandomWalk andRandomWalk2D:

] The implementation of the member functidmkeStep to cope with a two-
dimensional random direction.

] The change of type for instance varialhgPosition  fromint to Point to
cope with two dimensions.

] The change in return type for metholesition  andCurrent fromint to
Point

Program 7.14 brownian.cpp

#include <iostream>

#include <cmath>

/I for sin, cos, sqrt

#include “"randgen.h”

#include "prompt.h"

#include "mathutils.h" /I for PI

#include "point.h"

using namespace std;

/I simluate two-dimensional random walk
/I Owen Astrachan, 6/20/95, modified 6/29/96, modified 5/1/99

class RandomWalk2D

{

public:

RandomWalk2D(long maxSteps,
int size); /I # of steps, size of one step

void Init(); /I take first step of walk
bool HasMore(); /I returns false if walk finished, else true
void Next(); /I take next step of random walk
void Simulate(); /I complete an entire random walk
long TotalSteps() const; /I total # of steps taken by molecule
Point Position() const; /I current position
Point Current() const; /I alias for Position

private:
void TakeStep(); /I simulate one step of walk

Point myPosition; /I coordinate of current position
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long mySteps; /I # of steps taken
int  myStepSize; /I size of step
long myMaxSteps; /I maximum # of steps allowed
h
RandomWalk2D::RandomWalk2D(long maxSteps,int size)
: myPaosition(),
mySteps(0),
myStepSize(size),
myMaxSteps(maxSteps)
/I postcondition: walker initialized
{
}
void RandomWalk2D::TakeStep()
/I postcondition: one step of random walk taken
{
RandGen gen; /I random number generator
double randDirection = gen.RandReal(0,2 *Pl);
myPosition.x += myStepSize * cos(randDirection);
myPosition.y += myStepSize * sin(randDirection);
mySteps++;
}
void RandomWalk2D::Init()
/I postcondition: Init step of random walk taken
{
mySteps = 0;
myPosition = Point(0,0);
TakeStep();
}
bool RandomWalk2D::HasMore()
/I postcondition: returns false when random walk is finished
I i.e., when # of steps taken >= max. # of steps
I return true if walk still in progress
{

return mySteps < myMaxSteps;

}

void RandomWalk2D::Next()
/I postcondition: next step in random walk simulated

{
TakeStep();
}
void RandomWalk2D::Simulate()
{

for(Init(); HasMore(); Next())

/I simulation complete using iterator methods
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long RandomWalk2D::TotalSteps() const

/I postcondition: returns number of steps taken by molecule

{

return mySteps;

Point RandomWalk2D::Position() const
/I postcondition: return molecule’s position

{

return myPosition;

Point RandomWalk2D::Current() const

/I postcondition: return molecule’s position

{
return myPosition;
}
int main()
{

long numSteps= PromptRange("enter # of random steps",1L,1000000L);
int stepSize= PromptRange("size of one step",1,20);

int trials= PromptRange("number of simulated walks",1,1000);
RandomWalk2D molecule(numSteps,stepSize);

int k;

double total = 0.0;

Point p;

for(k=0 ; k < trials; k++)
{

molecule.Simulate();
p = molecule.Position();
total += p.distanceFrom(Point(0,0)); // total final distance from origin
}
cout << “"average distance from origi n = " << totalftrials << endl;
return 0;
} brownian.cpp
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OUTPUT :

prompt> brownian

enter # of random steps between 1 and 1000000: 1024
size of one step between 1 and 20: 1
number of simulated walks between 1 and 1000: 100

average distance from origin = 26.8131
prompt> brownian

enter # of random steps between 1 and 1000000: 1024
size of one step between 1 and 20: 4
number of simulated walks between 1 and 1000: 100

average distance from origin = 108.861

If the output of one simulation is printed and used in a plotting program, a graph of the
random walk can be made. Two such graphs are shown in Figs. 7.2 and 7.3. Note that the
molecule travels in completely different areas of the plane. However, the molecule’s final
distance from the origin doesn't differ drastically between the two runs. The distance
from the origin of a pointx, y) is calculated by the formulg/x2 + y2. The distances
are accumulated in Program 7.14 using the metRouht::distanceFrom() SO
that the average distance can be output.

The paths of the walk shown in the plots are interesting because theglasimilar.

If a magnifying glass is used for a close-up view of a particular part of the walk, the
picture will be similar to the overall view of the walk. Using a more powerful magnifying
glass doesn’t make a difference; the similarity still exists. This is a fundamental prop-
erty of fractals, a mathematical concept that is used to explain how seemingly random
phenomena aren’t as random as they initially seem.

The results of both random walks illustrate one of the most important relationships
of statistical physics. In arandom walk, the average (expected) didieinom the start
of a walk of N steps, where each step is of lengths given by the following equation:

D=+NxL (7.1)

The results of the simulated walks above don't supply enough data to validate this
relationship, but the data are supportive. In the exercises you'll be asked to explore this
further.

Pause to Reflect 7.25 Modify frogwalk.cppProgram 7.10, so the user enters a distance from the origin—
say, 142—and the program simulates a walk until this distance is reached (in either
the positive or negative direction). The program should output the number of steps

G\
%ﬁ/ needed to reach the distance.

7.26 Only one simulation is performed in Program 7.10. The code for that one simu-
lation could be moved to a function. Write a prototype for such a function that
returns both the final distance from the start as well as the maximum distance from
the start reached during the walk.
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Brownian motion: 1,024 steps of unit length
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Figure 7.2 Fractal characteristics of two-dimensional random walks.

7.27 Can you find an expression for usefiogwalk.cpp,Program 7.10, so that no
switch  or if/else statement is needed when the position is updated? For
example:position += die.Roll() would add either 1 or 2 to the value
of position . What's needed is an expression that will add eith&ror 1 with
equal probability.

7.28 A two-dimensional walk on a lattice constrains the random walker to take steps
in the compass point directions: north, east, south, west. How can the class
RandomWalk be modified to support a frog that travels on lattice points? How
can the clasRandomWalk2D be modified?

7.29 If you modified the random walking clasdeandomWalk2D andRandomWalk
with code to track the number of times the walker returned to the starting position,
either (0,0) or O respectively, would you expect the results to be similar?

7.30 Suppose the one-dimensional walker is restricted to walking in a circle instead of
on an infinite line. Outline a modification to the cld8andomWalk so that the
number of “lily pads” on a circle is specified as well as the number of steps in a
walk. Strive for a modification that entails minimal change to the class.
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20 Brownian motion: 1,024 steps of unit length
T T

Figure 7.3 Fractal characteristics of two-dimensional random walks (continued).

7.3.5 The Common Interface in RandomWalk and RandomWalk2D

Because the methodsRndomWalk andRandomWalk2D have the same names, we
can modify Program 7.1Zrogwalk2.cpp very easily. That program keeps track

of how many times two walkers have the same position (we used the metaphor of two
frogs sharing the same lily pad). The only difference between the one-dimensional walk
class declared iwalk.hand the two-dimensional class whose declaration and definition
are both given irbrownian.cpp Program 7.14 is that the functio@urrent()  and
Position() return anint in the one-dimensional case andPaint in the two-
dimensional case. As we'll see in Section 7Rbint objects can be compared for
equality and printed, so the only change needed to the cddegwalk2.cppto accom-
modate two-dimensional walkers is a change in#freclude  from "walk.h"  to
"walk2d.h" . Here I'm assuming that the claBandomWalk2D has been defined

and implemented in .h and .cpp files rather tharbiownian.cpp Actually a small
change must be made in the constructor callsaf andtoad since the size of the

step is specified for the two-dimensional walkers.
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Program 7.15 twodwalk.cpp

#include <iostream>
using namespace std;
#include "prompt.h"
#include "walk2d.h"

/I simulate two random walkers at once
/I Owen Astrachan, 6/29/96, modified 5/1/99

int main()

{
int numSteps = PromptRange("enter # steps",0,30000);

RandomWalk2D frog(numSteps,1); // define two random walkers
RandomWalk2D toad(numSteps,1);

int samePadCount = O; /I # times at same location
frog.Init(); /I initialize both walks
toad.Init();

while (frog.HasMore() && toad.HasMore())

{ Il if (frog.Current() == toad.Current())
if (frog.Current().distanceFrom(toad.Current()) < 1.0)
{ samePadCount++;

}
frog.Next();

toad.Next();

}

cout << "frog positio n = " << frog.Position() << endl;

cout << "toad positio n = " << toad.Position() << endl;

cout << "# times at same locatio n = " << samePadCount << endl;

return O; -
} twodwalk.cpp

O U Py T

prompt> twodwalk

enter # steps between 0 and 30000: 20000
frog position = (138.376, 118.173)

toad position = (59.5489, -61.5897)

# times at same location = 0

prompt> twodwalk

enter # steps between O and 30000: 20000
frog position = (-57.0885, 53.7944)

toad position = (-6.07683, 142.7)

# times at same location = 0
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It's probably not surprising that the two-dimensional walkers never occupy the same
position. Even if the walkers are very close to each other it's extraordinarily unlikely
that thedouble values representing boktandy coordinates will be exactly the same.
This is due in part to accumulated round-off errors introduced when sioatble
values are added together. In general you should avoid compdoinge values for
exact equality, but use a function likdoatEqual in mathutils.h Program G.9 and
discussed in Howto G.

A simple change in Program 7.1fsyodwalk.cppcan track if two walkers are very
close rather than having exactly the same position. URaigt::distanceFrom()

(see Program 7.14rownian.cpp lets us do this if we change tlie test as follows.

if (frog.Current().distanceFrom(toad.Current()) < 1.0)

Two runs with this test show a change in behavior.

OUTPUT :

prompt> twodwalk

enter # steps between 0 and 30000: 20000
frog position = (-37.9018, 68.9209)

toad position = (-4.6354, 18.2154)

# times at same location = 6

prompt> twodwalk

enter # steps between 0 and 30000: 20000
frog position = (-125.509, 98.8204)

toad position = (82.7206, -24.1438)

# times at same location = 11

7.4 structs as Data Aggregates

Suppose you're writing a function to find the number of words in a text file that have
fewer than four letters, between four and seven letters, and more than seven letters. The
prototype for such a function might be:

void fileStats(const string& filename, int& smallCount,
int& medCount, int& largeCount)
/I postcondition: return word counts for text-file filename

I smallCount = # words with length() < 4
I medCount = # words with 4 <= length() <= 7
1 largeCount = # words wit h 7 < length()

It's easy to imagine a more lengthy and elaborate set of statistics for a text file; the
parameter list for a modifiefile Stats function would quickly become cumbersome.
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We could write a class instead, with instance variables recording each count or other
statistic. However, if we write a single member function to get all the statistics, we have
the same prototype as the functifile Stats shown above. If we use one member
function for each statistic, that quickly gets cumbersome in a different way.

Instead of using several related parameters, we can group the related parameters
together so that they can be treated as a single structure. A class works well as a way
to group related data together, but if we adhere to the guideline in Program Tip 6.2,
all data should be private with public accessor functions when clients need access to
some representation of a class’ state. Object-oriented programmers generally accept
this design guideline and implement accessor and mutator methods for retrieving and
updating state data.

Sometimes, rather than using a class to encapsulate both data (state) and behavior,
astruct is used. In C++ a struct is similar to a class but is used for storing related data
together. Structs are implemented almost exactly like classes, but thestroctl
replaces the wordlass . The only difference between a struct and a class in C++ is
that by default all data and functions in a struct are public whereas the default in a class
is that everything is private. We'll use structs to combine related data together so that
the data can be treated as a single unit. A struct used for this purpose is described in the
C++ standard aglain old data,or pod.

In the file statistics example we could use this declaration:

struct FileStats

{
string fileName; /Il name of text file
int smallCount; // # words with length() < 4
int medCount; /[ # words with 4 <= length() <= 7
int largeCount; // # words wit h 7 < length()
2

Since the combined data have different types, thatiig andint , a struct is
often called aheterogeneous aggregate means of encapsulating data of potentially
different types into one new type. As a general design rule we won'’t require any member
functions in a struct and will rely on all data fields being public by default. As we’ll
see, it may be useful to implement some member functions, including constructors, but
we won't insist on these as we do for the design and implementation of a new class. In
general, we’'ll use structs when we want to group data (state) and perhaps some behavior
(functions) together, but we won't feel obligated to use the same kinds of design rules
that we use when we design classes (e.g., all data are private). You should know that
other programmers use structs in a different way and do not include constructors or
other functions in structs. Since constructors often make programs shorter and easier to
develop without mistakes, we'll use them when appropriate.

Using the strucFileStats  we might have the following code:

void computeStats(FileStats& fs)

/I precondition: fs.fleName is name of a text file
/I postcondition: data fields of fs represent statistics
{ /I code here
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}
int main()
{
FileStats fs;
fs.fileName = "poe.txt";
computeStats(fs);
cout << "# large words in " << fs.fileName
<< " = " << fslargeCount << endl;
return O;
}

ProgramTip 7.15: If you’re designing a class with little or no behavior, but

just data that are accessed and modified, consider implementing the class

as a struct. A class should have behavior beyond setting and retrieving the value of
each instance variable. Using structs for encapsulating data (with helper functions when
necessary, such as for construction and printing) is a good compromise when development
of a complete class seems like overkill.

7.4.1 structs for Storing Points

We've used objects of typeoint in programs for simulating two-dimensional random
~=_  walks (see Program 7.18rownian.cppfor an example.) The typRoint declared in
i‘y point.n Program G.10 in Howto G is implemented as struct rather than a class. With our
’ design guidelines, a struct allows us to make the data publicP&iot the data are x
and y coordinates. Using a struct means we don't need to provide methods for getting
and setting the coordinates, but can access them directly as shown in Program 7.16,
usepoint.cpp

Program 7.16 usepoint.cpp

#include <iostream>
using namespace std;

#include "point.h"
int main()
{
Point p;
Point q(3.0, 4.0);

/I print the points
cout << " p="<<p<"qg="<<qg<< end;

g.X *= 2,
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qy *= 2

cout << "gq double d =" << q << end|
p=4aq

if (p == 0)

{ cout << "points are now equal" << endl;

}

else
{ cout << "points are NOT equal" << endl;

}

p = Point(0,0);
cout << q.distanceFrom(p) < < " = distance of q from " << p << end|;

return O; -
usepoint.cpp

O U Py T

prompt> usepoint

p=(0 00a=(@ 4

g doubled = (6, 8)

points are now equal

10 = distance of g from (0, 0)

The data members of the strugtsand q are accessed with a dot notation just as
member functions of a class are accessed. However, because the data fields are public,
they can be updated and accessed without using member functions. Sometimes the
decision to use either a struct, or several variables, or a class will not be simple. Using
a struct instead of several variables makes it easy to add more data at a later time.

ProgramTip 7.16: Be wary when you decide to use a struct rather than

a class. When you use a struct, client programs will most likely depend directly on
the implementation of the struct rather than only on the interface. If the implementation
changes, all client programs may need to be rewritten rather than just recompiled or
relinked as when client programs use only an interface rather than direct knowledge of an
implementation.

If you reason carefully about the output fromsepoint.cppyou’ll notice several
properties ofPoint . You can verify some of these by examining the headepfilat.h
in Howto G.

| The default (parameterlesBpint  constructor initializes to the origin: (0,0).
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| Point objects can be assigned to each other, g3 m ¢, and compared for
equality, as inf (p == q)

] A temporary (or anonymoug Point object can be created by calling a con-
structor and using the constructeédint in a statement. The following statement
from usepoint.cpreates a temporafoint representing the origin (0,0) and
assigns it t@.

p = Point(0,0);

A temporary is also used inrownian.cpp Program 7.14 to compute a walker’s
final distance from the origin.

| The methodPoint::distanceFrom() computes the distance of one point
from another.

7.4.2 Operators for struct s

In the programs usinBoint objects we printed points and compared them for equality.
These operations are possibleRwint objects because the relational operators and the
output insertioroperator << areoverloadedfor the clasPoint . The definition

of the overloaded stream insertion operator is shown below (segailsocppwith the

files provided for use with this book.)

ostream& operator << (ostream& 0s, const Point& p)
/I postcondition: p inserted on output as (p.x,p.y)
{

0s << p.tostring();

return os;

}

The parametesutput represents any output stream, thatis, eitioert or anofstream
object. After the poinp is inserted onto streamutput , the stream is returned so that
~_ a chain of insertions can be made in one statement as shousepoint.cpp.A full
‘fy description of how to overload the insertion operator and all other operators is found in
Howto E

ProgramTip 7.17: Many classes should have a member function named
tostring that produces a representation of the class as a string . Using
thetostring method makes it very simple to overload the stream insertion operator,
but is also useful in other contexts.

If you use the graphics package associated with this book you’ll probably use the
tostring method to “print” on the graphics screen since the screen displays strings,
but not streams.

As another example, here is the relational operatofor Point objects.
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bool operator == (const Point& lhs, const Point& rhs)

{
}

Note that the prototype for this function is declaregint.h but the definition above
is found inpoint.cppjust as methods are declared in a header file and implemented in
the corresponding .cpp file.

return Ihs.x == rhs.x && Ihs.,y == rhs.y;

Program Tip 7.18: When possible, design a class to behave as users will

expect from the behavior of built-in types like int and double . This often

means overloading relational operators, the stream insertion operator, and ensuring that
objects can be assigned to each other.

As we'll see in Howto E and study in later chapters, overloaded operators can make
the syntax of developing programs with new classes much simpler than if no overloaded
operators were implemented.

B 7.5 Chapter Review

] The first step in developing programs and classes is to develop a specification and
a list of requirements.

| Nouns in a problem statement or specification help identify potential classes; verbs
help identify potential methods.

] When designing and implementing classes, first concentrate on behavior (meth-
ods), then concentrate on state (private data).

] Use scenarios to help develop classes and programs.

] Use stub functions when you want to test a class (or program) without implement-
ing all the functions at once. Test classes in isolation from each other whenever
possible.

| Factor out common code accessed by more than one function into another function
that is called multiple times. For member functions, make these helping functions
private so that they can be called from other member functions but not from client
programs.

| Try to keep the bodies of each member function short so that the functions are easy
to verify and modify.

] Functionsatoi , atof allow conversion from strings to ints and doubles, respec-
tively. These and the overloaded functitostring to convert from ints and
doubles to strings are found @trutils.h

| Keep classes to a single purpose. Use more than one class rather than combining
different or unrelated behaviors in the same class.

| Program by conforming to known interfaces whenever possible. This reduces both
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conceptual hurdles and potential recompilation and relinking.

Creating a program from source files in C++ consists of preprocessing, compiling,
and linking. Libraries are often accessed in the linking phase.

Compilation errors and linking errors have different causes.

Initializer lists are used to construct private datain a class. You should useinitializer
lists rather than assigning values in the body of a constructor.

Random walks are useful models of many natural phenomenon with a basis in
mathematics and statistical physics.

Theswitch statement is an alternative to cascadédse statements.

Structs are used as heterogeneous aggregates. When related data should be stored
together without the programming and design overhead of implementing a class,
structs are a useful alternative. Structs are classes in which the data are public
by default. Structs can also have constructors and helper functions to make them
easier to use.

The insertion operator can be overloaded for programmer-defined types as can
relational operators.

7.6 Exercises

7.1

7.2

7.3

Write a quiz program similar tguiz.cpp Program 7.8, but using different levels of
mathematical drill questions. Give the user a choice of easy, medium, or hard questions.
An easy question involves addition of two-digit numbers, but no carry is required, so
that23 + 45 is ok, but27 + 45 is not. A medium question uses addition, but a
carry is always required. A hard question involves multiplication of a two-digit number
by a one-digit number, but the answer must be less than one-hundred.

Modify Program 7.10frogwalk.cpp to keep track of all the locations that are visited
more than once, not just the number of times the walkers are at the same location. To
do this, use &tringSet  object (see Programs 6.14 and 6.15 in Section 6.5.) Use the
functionstostring  from strutils.hto convert walker positions to strings so that they
can be stored in 8tringSet

Then change the program so that two two-dimensional walkers are usedvesdin
walk.cpp You'll need to usePoint::tostring() to store two-dimensional loca-
tions in aStringSet

Aresult of Dirichlet (see [Knu98a], Section 4.5) says that if two numbers are chosen at
random, the probability that their greatest common divisor equals 8. 6Write a
program that repeatedly chooses two integers at random and calculates the approxima-
tiontoxr. For best results useRandGen variablegen (fromrandgen.hand generate

a random integer usingen.Randint(1,RAND_MAX)



June 7,1999 10:10 owltex  Sheet number 79 Page number 38Gigentablack

336 Chapter 7 Class Interfaces, Design, and Implementation

7.4 Areasonable but rough approximation of the mathematical consteah be obtained

7.5

by simulating throwing darts. The simulated darts are thrown at a dart board in the
shape of a square with a quarter-circle in it.

A

©.1)

(1.0)
If 1000 darts are thrown at the square, and 785 land in the circle, then 785/1000 is
an approximation forr /4 since the area of the circle (with radius 1)7ig4. The
approximation forr is 4 x 0.785 = 3.140. Write a program to approximateusing
this method. Use a unit square as shown in the figure, with corners at (0,0), (1,0), (1,1),
and (0,1). Use th®andGen class specified imandgen.hand the member function
RandReal , which returns a randowhouble value in the rang0. . 1). For example,
the following code segment generates randoandy values inside the square and
increments a countdrits if the point(x, y) lies within the circle.

x = gen.RandReal();
y = gen.RandReal();

if (x*x + y*y <= 1.0)
{ hits++;
}

This works because the equation of the unit circleds+ y?> = 1. Allow the user to
specify the number of darts (random numbers) thrown or use a varying number of darts
to experiment with different approximations. This kind of approximation is called a
Monte Carlo approximation.

This problem (adapted from [BRE71]) is a simplistic simulation of neutrons in a nuclear
reactor. Neutrons enter the lead wall of a nuclear reactor and collide with the lead atoms
in the wall. Each time a neutron collides with a lead atom it rebounds in a random
direction (between 0 andiZradians) before colliding with another lead atom, reentering
the reactor, or leaving the wall. To simplify the simulation we’ll assume that all neutrons
enter the wall at a right angle; each neutron travels a distahefore either colliding,
reentering the reactor, or leaving the wall; and the walldsuBits thick. Figure 7.4
diagrams a wall; the reactor is at the bottom. The neutron at the left reenters the reactor,
the neutron in the middle leaves the wall outside the reactor, and the neutron on the
right is absorbed in the wall (assume that after 10 collisions within the wall a neutron
is absorbed).

If pis the depth of penetration inside the wall, theis changed after each collision
byp += d * cos(angle) whereangle is a random angle (sd&ownian.cpp,
Program 7.14). Ip < 0, then the neutron reenters the reactor, and ik3p, then the
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Figure 7.4 Collisions in a nuclear reactor.

7.6

7.7

7.8

7.9

neutron leaves the wall; otherwise it collides with another lead atom or is absorbed.
Write a program to simulate this reactor. Use 10,000 neutrons in the simulation and
determine the percentage of neutrons that return to the reactor, are absorbed in the wall,
and penetrate the wall to leave the reactor. Use the simulation to determine the minimal
wall thickness (as a multiple af) required so that no more than 5% of the neutrons
escape the reactor. To help test your simulation, roughly 26% of the neutrons should
leave a g-thick wall and roughly 22% should be absorbed.

Repeat the simulation from the previous exercise but assume the neutrons enter the wall
at a random angle rather than at a right angle. Then implement a neutron observer class
that records the movements of a neutron. Record the motion of 10 neutrons and graph
the output if you have access to a plotting program.

Write a program to test the relationsHip= /N x L from statistical physics, described

in Section 7.10. Use a one-dimensional random walk and vary both the length of each
stepL and the number of stepé. You'll need to run several hundred experiments for
each value; try to automate the process.

If you have access to a graphing program, graph the results. If you know about curve
fitting, try to fit a curve to the results and see if the empirical observations match the
theoretical equation. You can repeat this experiment for the two-dimensional random
walk.

Write a program for two-dimensional random walks in which two frogs (or two molecules)
participate at the same time. Keep track of the closest and furthest distances the
molecules are away from each other during the simulation. Can you easily extend
this to three frogs or four frogs?

Write a program to simulate a roulette game. In roulette you can place bets on which of
38 numbers is chosen when a ball falls into a numbered slot. The numbers range from
1 to 36, with special 0 and 00 slots. The 0 and 00 slots are colored green; each of the
numbers 1 through 36 is red or black. The red numbersare 1, 3,5, 7, 9, 12, 14, 16, 18,
19, 21, 23, 25, 27, 30, 32, 34, and 36. Gamblers can make several different kinds of bet,
each of which pays off at different odds as listed in Table 7.1. A payoff of 1 to 1 means
that a $10.00 bet earns $10.00 (plus the bet $10.00 back); 17 to 1 means that a $10.00
bet earns $170.00 (plus the $10.00 back). If the wheel spins 0 or 00, then all bets lose
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Table 7.1 Roulette bets and payoff odds

bet payoff odds
red/black 1to1l
odd/even 1tol
single number 35t01
two consecutive numbers 17to 1
three consecutive numbers 11to 1

except for a bet on the single number 0/00 or on the two consecutive numbers 0 and 00.
You may find it useful to implement a separ&et class to keep track of the different
kinds of bets and odds. For example, when betting on a number, you'll need to keep
track of the number, but betting on red/black requires only that you remember the color
chosen.

7.10 Design and implement a struct for representing points in three dimensions. Then pro-
gram a random walk in three dimensions and determine how often two walkers are
within 10 units of each other. Use a cld8andomWalk3D patterned after the class
RandomWalk2D in brownian.cpp Program 7.14.
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Ateacher who can arouse a feeling for one single good actian accomplishes more than he
who fills our memory with rows on rows of natural objects, classified with name and form.
Goethe
Elective Affinities, Book Il, Ch. 7

Computers are useless, they can only give you answers.
Pablo Picasso
21st Century Dictionary of Quotations

A compact disc (CD), a computer graphics monitor, and a group of campus mailboxes
share a common characteristic, as shown in Figure 8.1: Each consists of a sequence of
items, and each item is accessible independently of the other items. In the case of a
CD, any track can be played without regard to whether the other tracks are played. This
arrangement is different from the way songs are recorded on a cassette tape, where, for
example, the fifth song is accessible only after playing or fast-forwarding past the first
four. In the case of a graphics monitor, any individual picture elemerixet, can be

turned on or off, or changed to a different color, without concern as to what the values of
the other pixels are. The independence of each pixel to display different colors permits
images to be displayed very rapidly. The address of a student on many campuses, or a
person living in an apartment building, is typically specified by a box number.

Track 3

O N
~—| O

~hello world

——— -

Figure 8.1 Random or constant-time access.

339
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Postal workers can deliver letters to box 117 without worrying about the location of the
first 100 boxes, the last 100 boxes, or any boxes other than 117.

This characteristic of instant access is useful in programming applications. The
terminology used isandom accessas opposed to theequential acces$o a cassette
tape. Most programming languages include a construct that allows data to be grouped
together so that each data item is accessible independently of the other items. For
example, a collection of numbers might represent test scores; a collection of strings
could represent the different wordshtamlet; and a collection of strings and numbers
combined in a struct might represent the word$dmmletand how many times each
word occurs.

We've studied three ways of structuring data in C++ programs: classes, structs, and
files accessible using streams. In this chapter you will learn about a data structure called
anarray—one of the most useful data structures in programming. Examples of array
use in this chapter include:

] Using an array as many counters, for example, to keep track of how many times
all sums of rollingn-sided dice occur or to keep track of how many times each
letter of the alphabet occurs kamlet.

| Using an array to store a list of words in a file, keeping track of each different word
and then extending this array to track how many times each different word occurs.

| Using an array to maintain a database of on-line information for over 3,000 different
CD titles, or alternatively, an on-line address book.

B 8.1 ArraysandVectors as Counters

Consider Program 8.8jeroll.cpp which tracks the number of times each sum between
2 and 8 occurs when two four-sided dice are rolled. Modifying this program to track the
number of times each possible dice roll occurs for six-sided dice would be very ugly.

Program 8.1 dieroll.cpp

#include <iostream>
using namespace std;
#include "dice.h"
#include "prompt.h"

/I illustrates cumbersome programming
/I roll two dice and track occurrences of all possible rolls

const int DICE_SIDES = 4;

int main()

{
int twos= 0; /I counters for each possible roll
int threes= 0;
int fours=  0;
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int fives= 0;
int sixes= 0
int sevens= 0;
int eights= 0;

int rollCount = PromptRange("how many rolls",1,20000);
Dice d(DICE_SIDES);

int k;
for(k=0 ; k < rollCount; k++) /I simulate all the rolls
{ int sum = d.Roll() + d.Roll();
switch (sum)
{
case 2:
twos++;
break;
case 3:
threes++ ;
break;
case 4:
fours++;
break;
case 5:
fives++;
break;
case 6:
sixes++;
break;
case 7:
sevens++;
break;
case 8:
eights++;
break;
}
}

/I output for each possible roll # of times it occurred

cout << "roll\t# of occurrences" << endl;
cout << "2\t" << twos << endl;
cout << "3\t" << threes << endl;
cout << "4\t" << fours << endl;
cout << "B\t" << fives << endl;
cout << "6\t" << sixes << endl;
cout << "7\t" << sevens << endl;
cout << "8\t" << eights << endl;

return 0; -
} dieroll.cpp
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OUIY O T

prompt> dieroll

how many rolls between 1 and 20000 10000
roll # of occurrences

623

1204

1935

2474

1894

1246

624

O~NO O WN

The code indieroll.cpp would be much more compact if loops could be used to
initialize the variables and generate the output. To do this we need a new kind of
variable that maintains several different values at the same time; such a variable could
be used in place dfvos , threes , fours , and so on. Most programming languages
support such variables; they are calfetays. An array structures data together, but has
three important properties:

1. An array is ahomogeneousollection. Each item stored in an array is the same
type; for example, all integers, aouble s, or all strings. It is not possible to
store both integers and strings in the same array.

2. Itemsin an array are numbered, or ordered; that is, there is a first item, a fifteenth
item, and so on. The number that refers to an item is the itemdé&x, sometimes
called thesubscript.

3. Anarray supportsandom accessThe time to access the first item is the same as
the time to access the fifteenth item or the hundredth item.

In C++ the built-in array type has many problems; it is difficult for beginning program-
mers to use and its use is too closely coupled with its low-level implementatide|l

study built-in arrays, but we want to study the concept of homogeneous collections
and random access without the hardships associated with using the built-in array type.
Instead, we'll use a class that behaves like an array from a programming perspective
but insulates us from the kind of programming problems that are common with built-in
arrays. We'll use a claswector , defined in the header filwector.h? The “t” in

1The built-in array type in C++ is the same as its C-based counterpart. It is based on pointers, designed
to be very efficient, and prone to hard-to-find errors, especially for beginning programmers.

2The claswector is defined as part of the STL library in standard C++. The dlasstor ~ declared

in tvector.his consistent with this standard class. The ctgsgector , defined for use in the Advanced
Placement computer science course, is based on thetelder . All member functions of the
apvector class are also member functions of thector  class. Howeover, thivector  class
supportgpush_back andpop_back functions not supported bgpvector
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tvector  stands for “Tapestry.” You can use the standeedtor class in any of
the programs in this book, but you'll find threector  class is much more forgiving
of the kinds of mistakes that beginning and experienced programmers make. Because
tvector catches some errors thegctor doesn’t catchtvector s slightly less
efficient. If you really need the efficiency, develop ustagctor  and then switch to
vector when you know your program works correctly.

Before studying Program 8.2, a program that is similadigroll.cpp but uses a
tvector  to track dice rolls, we'll discuss important properties of thector  class
and how to definévector  variables.

8.1.1 An Introduction to the Class tvector

The simplest definition of &vector  variable includes the variable’s name, the type

of item being stored, and an integer value passed to the constructor that indicates how
many items the vector can store. The definitions below define a variablbers that

can store seven integer values and a varialdels that can store five string values.

tvector<int> numbers(7);
tvector<string> words(5);

Because &vector  is ahomogeneous collection, you can think bfector  variable

as a collection of boxes:
Numbers

0 1 2 3 4

Each box or item in thévector is referenced using a numerical index. In C++ the
firstitem stored in &vector  has index zero. Thus, in the diagram here, the five items
in words are indexed from zero to four. In general, the valid indices twegtor

with nelementsare A, ..., n — 1.

An element of avector is selected, or referenced, using a numerical index and
brackets: []. The following statements store the number 13 as the first element of
numbersand the stringfruitcake" as the first element afords(remember that the
first element has index zero):

numbers[0] 13;
words[0] = "fruitcake";

tvector  variables can be indexed using a loop as follows, where all the elements of
numbers are assigned the value zero:

int k;

for(k=0 ; k < 5; k++)
{ numberslk] = O;

}
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tvector<int> diceStats(2*Dl CE_SI DES+1) ;

\

Type of variable Variable identifier Argument passed to constructor
Di ce d(6);

Figure 8.2 Comparing a tvector  variable definition to a Dice variable definition. Both
variables have names and a constructor parameter.

The number of elements in a vector variable is specified by a parametetve ther
constructor, just as the number of sides &fiee variable is specified when thgice

variable is constructed, as shown in Figure 8.2. This value can be a variable whose value
is entered by the user; an expression; or, in general, any integer value. More details on
definingtvector  variables are given in Section 8.2.1.

8.1.2 Counting with tvectors

Program 8.2dieroll2.cppuses atvector  to keep track of different dice rolls but
otherwise performs the same tasks as Progrand&fgll.cpp.

From a black-box viewpoint there is no difference between the progdésrdl.cpp
anddieroll2.cpp. Thetvector  variablediceStats  can store nine different integer
values. The capacity aficeStats  is determined when the variable is defined by the
statementvector<int> diceStats(2*DICE_SIDES+1)

Program 8.2 dieroll2.cpp

#include <iostream>
using namespace std;

#include "dice.h"
#include "prompt.h"
#include "tvector.h"

/I use vector to simulate rolling of two dice
/I Owen Astrachan, March 9, 1994, modified 5/2/99

const int DICE_SIDES = 4;

int main()

{
int sum;
int k;

Dice d(DICE_SIDES);
tvector<int> diceStats(2 *DICE_SIDES+1); // room for largest dice sum
int rollCount = PromptRange("how many rolls",1,20000);
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for(k=2; k <= 2 xDICE_SIDES; k++) /I initialize counters to zero
{ diceStats[k] = 0;

}

for(k=0

; k < rollCount; k++) /I simulate all the rolls

{ sum = d.Roll() + d.Roll();
diceStats[sum]++;

}

cout << "roll\t\t# of occurrences" << endl;
for(k=2; k <= 2  %DICE_SIDES; k++)
{ cout << k << "\W\t" << diceStats[k] << endl;

}

return O;

dieroll2.cpp

O U Py T

prompt> dieroll2

how many rolls between 1 and 20000 10000
roll # of occurrences

623

1204

1935

2474

1894

1246

624

coO~NO O wWN

There is one major difference between the definitiodicgéStats  as atvector
variable and that ofl as aDice variable: thetvector  definition indicates that the
tvector  contains integers. We'll discuss this in depth after examining other parts of
the program.

Because the indexing begins with 0, the last location in a nine-element array has
index 8. This is why space for nine integer values is allocated in Program 8.2 even
though only seven of the locations are accessed in the progthoeStats[2]
throughdiceStats[8] —as shown in Figure 8.3. The conceptual simplicity of using
diceStats[sum] to represent the number of times two dice are rolled more than
compensates for the two memory locations that could be saved by defining an array
of seven values and usimice Stats[sum-2] to store the number of timesim is
obtained.

In Figure 8.3 theswitch statement used to increment the appropriate counter in
Program 8.1 is contrasted with the single statendéreStats[sum]++ , which in-
crements the corresponding vector location serving as a counter in Program 8.2.
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When a vector is defined, the values in each vector locatiosglbrare initially
undefined. The vector cells can be used as variables, but they must be indexed, as shown
here for a vector nameticeStats  containing nine cells:

tvector<int> diceStats(9);

(?2]?]2[?]?2]?2][?]?]?] values undefined
index 0 1 2 3 4 5 6 7 8
diceStats[1] = 0;

]?\O\?\?\?\?\?\?\?\ one value defined
index 0 1 2 3 4 5 6 7 8

diceStats[1]++;
(?2]1]?2[?]?]?2][?][?]?] one value incremented

index 0 1 2 3 4 5 6 7 8

The indexing expression determines which of the many array locations is accessed.
Indexing makes arrays extraordinarily useful. One array variable represents potentially

thousands of different values, each value specified by the array variable name and the
indexing value. The expressialiceStats[1] is read as “diceStats sub one,” where

the word “sub” comes from the mathematical concept stilascriptedvariable such as

ni.

switch (sum{ di ceSt at s[ sunj ++;
case 2:

twos += 1, HEEEEEEEN

br eak; 0 1 2 3 4 5 6 7 8

case 3:
threes += 1;
br eak;

case 4:
fours += 1;
br eak;

case 5:
fives += 1;

br eak;

case 6:
si xes += 1;
br eak;

case 7:
sevens += 1;
br eak;

case 8:
eights += 1;
br eak;

Figure 8.3 Using atvector to store counts for tracking dice rolls.
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8.2 Defining and Using tvectors

8.2.1 tvector Definition

When you define &vector  variable you'll normally specify the number of entries, or
cells, in thetvector . As we’ll see later in this chapter, when you useegtor so

that it grows to accommodate more cells, it's possible that you won't specify the number
of cells when the vector is first constructed.

Since vectors are homogeneous collections, you must also specify the type stored in
each entry, such ast , string , ordouble . The following statements define three
tvector  variables:values stores 20@ouble s,names stores 5Gstring s, and
scores which stores some number between 1 and 1006tof values.

tvector<double> values(200);
tvector<string> names(50);
tvector<int> scores(PromptRange("# of scores",1,1000));

The type of value stored in each cell ofv@ctor  variable is specified between angle

brackets (the less-than and greater-than symbols) before the name of the variable is given.

The size of thevector  is an argument to the constructor, as illustrated in Figure 8.2.
The type that defines wh&ind of

o element is stored in each array cell
Syntax: tvector  definition can be any built-in type (e.gint
tvector< type> varname; double , bool ). It can also be
tvector< type> varname( size expression a programmer-defined type such as
tvector< type> varname( size expressign string . The only qualification on
value) ; programmer-defined typesis thatthe

type must have a default (or parame-
terless) constructor. Forexample, bt possible to have a definitidmector<Dice>
dielist(10) for an array of 10 dice elements, becaudi@ object requires a pa-
rameter indicating the number of sides thatEhiee object has. Itis possible to define a
vector ofDate elements (se@ate.hin Howto G or Program 5.1Qisedate.cppbecause
there is a default constructor for tBate class.

The expressionn thetvector  constructor determines the number of cells of the
tvector variable. This integer expression can use variables, arithmetic operators, and
function calls. For example, it is possible to use

tvector<int> primes(int(sqrt(X)));

to allocate a variable namgatimes whose number of cells is given by the (integer)
truncated value of the square root of a variakldf no integer expression is used, as

in tvector<int> list , a vector with zero cells is created. We'll see later that
sometimes this is necessary and that the number of cells in a vector can grow or shrink.
The third form of constructor initializes all the cells to the value passed as the second
argument to the constructor.
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8.2.2 tvector Initialization

For vectors of user-defined types ligging , all vector elements are initialized using

the default constructor unless an argument is suppliedviisgtor  constructor for
initalization as shown below. For built-in types theector  class does not initialize
each vector cell, so the values will most likely be undefihieBor example, when a
variable is used to represent several counters, as it is in Prograaiedd|2.cpp each
element of the vector must be initialized to zero. As shown in the syntax diagram for
tvector  construction, it's possible to initialize all elements of a vector when the vector

is constructed. For example, the statements below create a vector of 20 strings in which

each string has the valuéred Brooks" and a vector of 100 ints in which each int
has the value 25.

tvector<string> names(20,"Fred Brooks");
tvector<int> nums(100,25);

8.2.3 tvector Parameters

tvector  variables can be passed as parameters just like any other variable fnTo++.
illustrate how vectors are used and passed as parameters, we'll study another example
in which a vector is used to count several quantities. First we’ll count how many times
each different character occurs in an input file. For example, we can count the number
of occurrences of the letterin Hamletusing Program 8.3etters.cpp.Just as a vector
of counters was used to count dice rollsdieroll2.cpp,Program 8.2, avector  of
counters is used to track how many times each character occurs in the file.

Counting characters is similar to counting dice rolls: eselstor elementrecords

/_//f"-—,,_ the number of occurrences of one character. We mentioned thelygpe briefly in
g ;iit"/ Section 3.2.4. You can find more information on the tghar in Howto A and in

Chapter 9. Two character processing functions are usésttars.cppthat we haven't
seen before, but hopefully you'll understand their use from the context and the com-
/_//':;_2 ments. The functiomsalpha from <cctype> (or <ctype.h> ) returnstrue if
gi‘_vﬁ"/ its char parameter is a letter, either 'a'—'z’ or 'A—'Z’ (see Table F.2 in Howto F for
= more information.) The stream functiget() reads one character at a time from a

stream; white space is not skipped. More informatiomgen is found in Howto A and
in Chapter 9.

Program 8.3 letters.cpp

#include <iostream>
#include <fstream> /I for ifstream

3The standardector class initializes all vector elements, including built-in types. Built-in types are
initialized to 0, where 0 mearfalse for bool values and 0.0 fodouble values, for example. The
tvector  class uses a different method to allocate memory than the standard vector class, so cells will
not, necessarily, have a defined value unless one is supplied wherth& is constructed.

4This is not quite true of arrays, as we’'ll see later in this chapter. This is another reason to prefer using
thetvector  class to using built-in arrays.
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#include <cstdlib> /I for exit()
#include <cctype> /I for tolower()
#include <climits> /I for CHAR_MAX

#include <string>
#include <iomanip>
using namespace std;

#include "prompt.h"
#include "tvector.h"

/I count # occurrences of all characters in a file
/I written: 8/5/94, Owen Astrachan, modified 5/1/99

void Print(const tvector<int> & counts, int total);
void Count(istream & input, tvector<int> & counts, int & total);

int main()

{
int totalAlph = 0;
string filename = PromptString(“enter name of input file: ");
ifstream input(filename.c_str());

if (input.fail() )
{ cout << "could not open file " << filename << endl;
exit(1);
}
tvector<int> charCounts(CHAR_MAX+1,0); /I all initialized to 0

Count(input,charCounts,totalAlph);
Print(charCounts,totalAlph);

return O;

}

void Count(istream & input, tvector<int> & counts, int & total)
/I precondition: input open for reading

I countsfk] == 0, 0 < = k < CHAR_MAX
/I postcondition: counts[k ] = # occurrences of character k
I tota | = # alphabetic characters
{
char ch;
while (input.get(ch)) /I read a character
if (isalpha(ch)) /I is alphabetic (a-z)?
{ total++;
}
ch = tolower(ch); /I convert to lower case
counts[ch]++; /I count all characters
}
}

void Print(const tvector<int> & counts, int total)
/I precondition: total = total of all entries in counts['a’]..counts['z’]
/I postcondition: all values of counts from 'a’ to 'z’ printed

{
const int MIDALPH = 13;
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cout.setf(ios::fixed); /I print 1 decimal place
cout.precision(1);

char k;

for(k = 'a"; k <= 'm'; k++)
{ cout << k << setw(7) << counts[k] << " "}
cout << setw(4) << 100 * double(counts[k])/total << "% \t\t";
cout << char(k+MIDALPH) << setw(7) << counts[k+MIDALPH] << " *;
cout << setw(4) << 100 * double(counts[k+MIDALPH])/total << "%" << endl;

letters.cpp

For all practical purposes,char variable is an integer constrained to have a value
between 0 an€HAR_MAXSincechar variables can be used as integers, we can use
achar variable to index an array. We'll use the vector element with inééx to
count the occurrences &' , the element with indeb’ to count theb’s, and so on.
The constanCHAR _MAXs defined in<climits>  (or <limits.h> .) We use itto
initialize charCounts , atvector  of counters, so that all counters are initially zero.

tvector<int> charCounts(CHAR_MAX+1,0);

Only the 26 vector elements corresponding to the alphabetic char&terthrough
'z’ are printed, but every character is countedn alternative method of indexing
charCounts that uses only 26 array elements rather tdhAR_MAXlements is
explored in the Pause to Reflect exercises. To make the output look nice, we use stream
member functions to limit the number of places after a decimal point widsuble
value is printed. These member functions are discussed in Howto B.

tvector parameters should always be passed by reference, unless you need to pass
a copy of thevector  rather than thévector itself, butit's very rare to need a copy.
Avoid copying, because it takes time and uses memory. Some functions require value
parameters, but these are rare wheasttor parameters are used, so you should use
reference or const-reference parameters all the time. Usest reference parameter,
as shown inPrint  in Program 8.3, when &/ector  parameter isn’t changed. A
const reference parameter is efficient and also allows the compiler to catch inadvertent
attempts to change the value of the parameter. The paraowtets in the function
Print is notchanged; its contents are used to print the values of how many times each
letter occurs.

ProgramTip 8.1: tvector parameters should be passed by reference (us-

ing &) or by const reference. Useaonst reference parameter as part of adefensive
programming strategy when a parameter is not changed, butis passed by reference because
of efficiency considerations.

5 had a bug in the version of this program that appeared in the first edition: IQidédR_MAXastead

of CHAR_MAX+as the size of the vector. EHAR_MAXas the value 255, then the array will have
255 elements, but the largest index will be 254, and a character with value 255 will cause an illegal-
index error. | never encountered this error in practice becauseletises.cppto read text files, and

the characters in text files typically don't have valuesaHAR_MAXT his kind of off-by-one indexing

error is common when using vectors. Some people call this an OBOB error (off-by-one bug).
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Notice that thdor loop in the functiorPrint uses achar variable to index the
values betweeta’ and’z’ . Theloop runs only frona’ to’'m’ because each line
of output holds data for two letters, such’as and’n’ or’b’ and’o’ . The result
of adding 13tda’ is’'n’ , butthe explicit cast tehar in Print()  of Program 8.3
ensures that a character is printed. When ASCII values are used, these characters 'a’ to
'z’ correspond to array cells 97 to 122 (see Table F.3 in Howto F.)

OUTPUT :

prompt> letters
enter name of input file: hamlet.txt
a 9950 7.6% n 8297 6.4%
b 1830 1.4% o 11218 8.6%
c 2606 2.0% p 2016 15%
d 5025 3.9% q 220 0.2%
e 14960 11.5% r e 6.0%
f 2698 2.1% S 8379 6.4%
g 2420 1.9% t 11863 9.1%
h 8731 6.7% u 4343 3.3%
i 8511 6.5% v 1222 0.9%
j 110 0.1% w 3132 2.4%
k 1272 1.0% X 179 0.1%
| 5847 4.5% y 3204 2.5%
m 4253 3.3% z 72 0.1%
Pause to Reflect 8.1 In Program 8.1, how many lines must be changed or added to simulate two 12-

o sided dice? How many lines must be changed or added in Program 8.2 to simulate
two 12-sided dice?
-Gl
8.2 What changes must be made to Program 8.2 to simulate the rolling of three 6-sided
dice?

8.3 Write definitions for avector doubVec of 512doubles andintVec of
256int s. Write code to initialize each vector location to twice its index so that
doubVec[13] =26.0andntVec[200] =400.

8.4 Is it possible to create a vector 8alloon s as declared in Program 3ghal-
loon.H? Why?

8.5 Write a definition for @vector  of strings that stores the names of the computer
scientists for whom “Happy Birthday” was printed in Program Z8ay2.cpp
Write a loop that would print the song for all the names stored in the vector.
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8.6 Supposedetters.cppis modified so that the count of how many timas occurs
is kept in the vector element with index zero (and the courit’of occurrences
is in the vector element with index 25). What changes are needed to do this (hint:
if'a + 13 == 'n’ as shown irPrint | the value ofb’ - 'a’ is 1 and
the value ofz’ - & is 25.

8.7 Write a short program, with all code imain , that determines how many two-
letter, three-letter, ..., up to 15-letter words there are in a text file.

8.2.4 A tvector Case Study: Shuffling CD Tracks

Many CD players have an option for “random play.” Pressing the random-play or shuffle
button causes the tracks on the CD to be “shuffled” and played in some arbitrary order,
which may be different each time the CD is played. CD jukeboxes shuffle collections of
CDs rather than just the collection of tracks on a single CD. In this section we’ll develop
the progranshuffle.cppProgram 8.4, to simulate this random-play feature for a single
CD.

We'll need to store the tracks intaector and rearrange the elements in the
tvector  to simulate the shuffling. We’ll want to identify the original track number as
well as the title of the track, so we’ll usestruct  to encapsulate this information.

Developing the Program. We'll start with the declaration below for a struttack
to store information about each track on a CD. All the tracks on a CD are stored in a
tvector<Track> object.

struct Track
{
string ftitle; /I title of song/track
int number; // the original track number
2
Rather than designing, coding, and testing the entire program at once, we’ll concen-
trate first on the two main features of the program: printing, and shuffling CD track
information. Before shuffling, we’'ll need to print, so we'll implemdntint ~ first.
Programming Tip 7.2 reminds us to grow a program — develop a program by adding to
a working program rather than implementing the entire program at once.
A function to print the contents of a vector will need the vector and the number of
elements in the vector. We'll write a function to encapsulate the loop below that prints
the firstcount elements of a vectdracks

int k;

for(k=0 ; k < count; k++)

{ cout << tracks[k].number << "\t
<< tracks[Kk].title << endl;

}

Sometimes it is hard to interpret (and even read) the expressions from the loop above
that follow:
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tracks[K].title;
tracks[K].number;

To decipher such expressions, you can read them inside out, one piece af altime.
[] are used to indicate an entry in a vector. The identifier to the left of them indicates
that the name of thiwector  istracks . The identifielk is used to select a particular
cell—note that the initial value dfis O, indicating the first cell. | read the first expression
as “tracks sub k dot title.”

Now you should think about what kind of element is representetidnks[k]
what is stored irtracks ? We're dealing with a vector dfrack structs. Now you
should think about whakrack is. It's astruct , so, as with a class, a period or dot
is needed to access one of its fields. Flraict Track has two fieldstitle  and
number . Examining thestruct  declaration may remind you what type each field is.
In particulartitle  is astring

Initializing a tvector . To test a print function we’ll need to store track information
in a vector. Instead of reading track names from a file, we’'ll test by hard-wiring several
tracks inmain , then pass the vector to the print function. Given the declaration for the
structTrack above, we're stuck writing code like the following:

tvector<Track> tracks(9);

tracks[O].titte=  "The Squirming Coil";
tracks[0].number= 1,

tracks[1].title= "Reba";
tracks[1].number= 2;

When you find yourself writing ugly code like this you should say to yourself, “There
must be a better way.”

Program Tip 8.2: If you find yourself writing code that seems unneces-

sarily redundant, tedious, or that just offends your sense of aesthetics (it’s

ugly), step back and think if there might be a way to improve the code.
Sometimes you'll just have to write code you don’t consider ideal, either because you

don't know enough about the language, because you can't think of the right approach, or

because there just isn’t any way to improve the code. Ugly code is often a maintenance

headache, and some time invested early in program development can reap benefits during

the lifetime of developing and maintaining a program.

In this case, adding a constructor to the stilicick makes initialization simpler.
We want to write code like the following:

6Sometimes the most inside piece isn’t obvious, but there are often several places to start.
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tvector<Track> tracks(10);

tracks[0] = Track("The Squirming Coil",1);
tracks[1] = Track("Reba",2);
tracks[2] = Track("My Sweet One",3);

Adding a two-parameter constructor to the struct lets us write this code; see the new
declaration forTrack in shuffle.cppProgram 8.4. Since we want to make a vector

of Track structs we must supply a default/parameterless constructor as well (see the
Syntax Diagram fotvector  construction.) With initialization inmain and the im-
plementation oPrint , we're ready to remove compilation errors, test the program, and
then add the shuffling function. When we wrReint  we’ll need to pass the number

of elements in the vector. As we’ll see in the next section, we can avoid using two
parameters by having the vector keep track of how many elements it has, but for now
we'll pass two parameters Rrint  : a vector and a count of how many elements are in
the vector.

Program Tip 8.3: Functions that have tvector parameters sometimes
require an int parameter that specifies the number of values actually
stored in the tvector . The number of values stored is often different from the
capacity of thevector . We’'ll see that it's easy to avoid this second size parameter if
the vector itself keeps track of the number of values it stores as well as its capacity.

We'll discuss the shuffling algorithm and code after the program listing.

Program 8.4 shuffle.cpp

#include <iostream>
#include <string>
using namespace std;

#include "tvector.h"

#include "randgen.h”

struct Track

{

string title;

/I title of song/track

int number; // the original track number

Track::Track()

: title("no title"),
number(0)

{1}

Track::Track(const string& t, int n)

: title(t),
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number(n)
{1}
h
void Print(const tvector<Track>& tracks, int count)
/I precondition: there are count locations in tracks
/I postcondition: contents of tracks printed
{
int k;
for(k=0 ; k < count; k++)
{ cout << tracks[k].number << "\t" << tracks[k].titte << endl;
}
}
void Shuffle(tvector<Track> & tracks,int count)
/I precondition: coun t = # of entries in tracks
/I postcondition: entries in tracks have been randomly shuffled
{
RandGen gen; /I for random # generator
int randTrack;
Track temp;
int k;

/I choose a random song from [k..count-1] for song # k

fork=0 ; k < count — 1; k++)
{ randTrack = gen.RandInt(k,count —1); /I random track
temp = tracks[randTrack]; /I swap entries

tracks[randTrack] = tracks[k];
tracks[k] = temp;

}
}
int main()
{
tvector<Track> tracks(10);
tracks[0] = Track("Box of Rain",1);
tracks[1] = Track("Friend of the Deuvil",2);
tracks[2] = Track("Sugar Magnolia“,3);
tracks[3] = Track("Operator",4);
tracks[4] = Track("Candyman",5);
tracks[5] = Track("Ripple",6);
tracks[6] = Track("Brokedown Palace",7);
tracks[7] = Track("Till the Morning Comes",8);
tracks[8] = Track("Attics of my Life",9);
tracks[9] = Track("Truckin",10);
Print(tracks,10);
Shuffle(tracks,10);
cout << endl << "—- after shuffling —" << endl << endl;
Print(tracks,10); -
} shuffle.cpp

Each time the program is run a different order of tracks is generated.
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U PR T

prompt> shuffle

1 Box of Rain

2 Friend of the Devil
3 Sugar Magnolia

4 Operator

5 Candyman

6 Ripple

7 Brokedown Palace
8 Till the Morning Comes
9 Attics of my Life
10 Truckin

---- after shuffling ----

5 Candyman

2 Friend of the Devil
8 Till the Morning Comes
4 Operator

10 Truckin

7 Brokedown Palace
6 Ripple

3 Sugar Magnolia

9 Attics of my Life
1 Box of Rain

ShufflingTracks. The shuffling algorithm we’llemploy is simple and is good theoretically—
that is, it really does shuffle things in a random way. In this case each of the possible
arrangements, grermutations, of the tracks is equally likely to occur.

The basic algorithm consists of picking a track at random to play first. This can be
done by rolling arN-sided die, where there aié tracks on the CD, or by using the
RandGen class used in Program 7.1drownian.cpp Once the first random track is
picked, one of the remaining tracks is picked at random to play second. This process is
continued until a song is picked for the first track, second track, and so on through the
Nth track. Without avector this would be difficult (though not impossible) to do.
Program 8.4shuffle.cppperforms this task.

The expressiomandTrack = gen.RandInt(k,count-1) is used in the
function Shuffle  to choose a random track from those remaining. The first time
thefor loop is executed, the value &fis 0, all the tracks are eligible for selection,
and the random number is a valid index between O@ndt-1  (which is a number
from 0 to 9 inshuffle.cpp The contents of thevector  cell at the randomly generated
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index are swapped with the contents of the cell with index 0 so that the random-index
track is now the first track. The next time through the loop, the random number chosen
is between 1 andount-1  so that the first track (at index 0) cannot be chosen as the
random track.

Pause to Reflect 8.8 Suppose a new functiolmitialize is added toshuffle.cppto initialize the
elements of a vector ofrack structs. Write the header/prototype, pre-, and
post-conditions for the function. You'll need two parameters, just as the two

s
%)ﬁﬁ/ functionsPrint , andShuffle  have.

8.9 In Print , why can’t the output be generated by this statement?
cout << tracks[k] << endl;

8.10 In Shuffle , is it important that the test of tHer loop bek < count - 1
instead ok < count ? What would happen if the test were changed?

8.11 The statement below froi8huffle  assigns the contents of one vector element
to another.

tracks[randTrack] = tracks[k];

What kind of object is assigned in this statement? How many assignments do you
think are part of this assignement?

8.12 Suppose no items are specifically assignemain , but instead this code is used.

tvector<Track> tracks(10);
Print(tracks,10);
Shuffle(tracks,10);
Print(tracks,10);

return O;

Would you be able to tell if the shuffle function works? Why (what's printed)?

8.13 A different method of shuffling is suggested by the following idea. Pick two
random track numbers and swap the corresponding vector entries. Repeat this
process 1,000 times (or some other time as specified by a constant). Write code
that uses this method for shuffling tracks. Do you have any intuition as to why
this method is “worse” than the method usediffle.cpf

B 8.3 Collections and Lists Using tvectors

Our first example programs used vectors as counters to determine how many times each
of several possible simulated dice rolls occurs and how many times each character in an
input file occurs. As we saw with the CD track-shuffling program, it's possible to use

vectors to store objects other than counters. For example, we could store all the words
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from a text file in a vector and write a program like Program 6rh&xword3.cppto

find the most frequently occurring word. Using a vector will make the program execute
quickly since words will be in memory (in a vector) rather than on disk as they’re scanned
repeatedly to find the word that occurs most often.

In many programs, the number of items stored in a vector will not be known when
the program is compiled, but will be determined at runtime. This would be the case, for
example, if we store all the words in a text file in a vector. How big should we define
vectors to be in order to accommodate the many situations that may arise? If we make a
vector that can hold lots of data, to accommodate large text files, then we’ll be wasting
memory when the program is run on small text files. Conversely, if the vector is too
small we won't be able to process large files. Fortunately, vectors can grow during a
program’s execution so that vector usage can be somewhat efficient. There will be some
inefficiency because to grow a vector we’ll actually have to make a new one and throw
out the old one. As a metaphor, suppose you keep addresses and phone numbers of
friends in an electronic personal organizer. You may become so popular, with so many
friends, that you run out of memory for all the addresses you store. You may be able
to buy more memory, but with most organizers you'll need to replace the old memory
chip with a larger chip. This means you'll need to copy the addresses you've saved (to a
computer, for example, but onto paper if you're really unlucky), install the new memory,
then copy the addresses into the new memaory.

8.3.1 Size and Capacity

In general, the number of elements stored in a vector will not be the same as the capacity
of the vector. The capacity is how many elements could be stored, or how many cells
the vector has. The size is the number of elements that are actually stored in the vector.
These are different ideas conceptually, and programs will usually need to track both
quantities separately. Using the electronic organizer as an example again, the capacity is
how many names and addresses the organizer is capable of storing (how much memory it
has) whereas the size is how many names are currently stored in it. Although client code
can grow a vector explicitly, it's usually simpler and more efficient to have the vector
grow itself.

8.3.2 Using push_back ,resize ,and reserve

When a vector is defined with an explicit size as an argument to the constructor, this
argument determines both the capacity and the size of the vector. The size is deter-
mined since default objects will be constructed in each vector cell. Member function
tvector::size() returns the size.

tvector<Date> holidays(17); /I holidays.size() == 17
tvector<double> values(1000); /I values.size() == 1000
tvector<int> scores; /I scores.size() ==
tvector<string> names(10,"Joe"); /[ names.size() == 10
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The member functiotvector::push_back is used to add elements to the end
of a vector; the vector resizes itself as needed by doubling its capacity. The lines below
illustratepush_back and how size and capacity change each time an elementis added.
tvector<string> names; /I size() == 0, capacity() == 0
names.push_back("Fred"); Il size() 1, capacity() == 2
names.push_back("Wilma"); // size() == 2, capacity() == 2
names.push_back("Barney"); // size() == 3, capacity() == 4
names.push_back("Betty"); // size() == 4, capacity() ==
names.push_back("Pebbles");// size() == 5, capacity() ==

The size of a vector is determined by three things.

The number of timepush_back is called, each call increases the size by one.
The initial size of a vector when an argument is supplied at construction, this initial
value is the size and the capacity.

The argumentin a call tivector::resize() which changes the size and can
change the capacity when the vector grows (resizing cannot shrink the capacity).

The code below prints the values storechames in the example above.
int k;

for(k=0 ; k < names.size(); k++)

{ cout << nameslk] << endl,

}

OUTPUT :

Fred
Wilma
Barney
Betty
Pebbles

If a vector is given a size at construction, with subsequent elements added using
push_back , the methodvector::size

will not return the number of elements
added by callingpush_back .

tvector<string> names(7); // size() == capacity() ==
names.push_back("Grace"); // size() == 8, capacity() == 14
names.push_back("Alan"); // size() == 9, capacity() == 14

The value ofnames[0] is™ because this value is constructed by the default string

constructor. The value afames[7] is "Grace" since the initial size puts default
string values in array elements 0-6.
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A vector grows when its size and capacity are equalprsth_back adds a new el-
ement to the vector. When a vector grows itself by client programs callis_back ,
the capacity doubles.

Since the capacity doubles, it might go from 8 to 16 to 32 and so on. If you're writing
a program and you know you'll need to store at least 5,000 elements, this growing process
can be inefficient. The member functiotvector::reserve() is used to create
an initial capacity, but the size remains at zero.

tvector<string> names; // size() == 0, capacity() ==
names.reserve(2048); I/l size() == 0, capacity() = 2048

ProgramTip 8.4: Ifyou're going to use push_back do not define a vector

by giving a size when the vector is constructed. If you construct with a size, the
methodtvector::size won't return the number of elements addediogh_back

it will return that number plus the initial size. If you want to allocate space for efficiency
reasons ustvector::reserve

We'll use two functions in Program 8.5 that read words from a file and store them in
a vector to illustrate the differences between ugingh_back and callingresize
explicitly. The runs also show that usiitngctor::reserve can lead to increased
efficiency when a vector would double frequently otherwise.

Program 8.5 growdemo.cpp

#include <iostream>

#include <string>

using namespace std;

#include "prompt.h"

#include "tvector.h"

#include "worditer.h"

#include "ctimer.h"

/I show differences between push_back and calling resize explicity

void ReadAll(WordStreamlterator& iter, tvector<string>& list)

/I postcondition: all

words from iter stored in list

for(iter.Init(); iter.HasMore(); iter.Next())
{ list.push_back(iter.Current());

}

"The clasgvector  doubles its capacity each time except when the capacity is initially zero, that is,
when the vector is first constructed. The capacity goes from 0 to 2, and then doubles each time. The
standard vector class should double in capacity too, but implementations are not required to double the
capacity. Most implementations use doubling, but there may be some that don't.

8Recall that doubling requires copying the elements into a new vector that’s twice as large.
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void ReadAll2(WordStreamlterator& iter,
tvector<string>& list, int& count)
/I postcondition: all words from iter stored in list,
1 count = number of words read
{
count = O;
for(iter.Init(); iter.HasMore(); iter.Next())
{ if (count >= list.capacity())

{ list.resize(list.capacity() %2 + 1); /I grow by doubling
}
listfcount] = iter.Current();
count++;
}

}

int main()

{

CTimer timer;

string filename = PromptString(“enter filename ");
WordStreamlterator iter;

iter.Open(filename);

tvector<string> listA; // listA.reserve(100000);
tvector<string> listB; // listB.reserve(100000);

timer.Start();
ReadAll(iter,listA);
timer.Stop();
cout << "# words: " << listA.size()
<< " capacity: " << listA.capacity()
<< " time: " << timer.ElapsedTime() << endl;

int count; /I # elements stored in listB
timer.Start();
ReadAll2(iter,listB,count);
timer.Stop();
cout << "# words:
<< " capacity: " << listB.capacity()
<< " time: " << timer.ElapsedTime() << endl;
return 0O;

<< count

361

growdemo.cpp
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OUIY O T

enter filename hamlet.txt

# words: 31956 capacity: 32768 time: 0.751
# words: 31956 capacity: 32767 time: 0.941
enter filename hawthorne.txt

# words: 85753 capacity: 131072 time: 2.874
# words: 85753 capacity: 131071 time: 4.587

calls to reserve uncommented or both listA and listB
enter filename hawthorne.txt

# words: 85753 capacity: 100000 time: 1.302
# words: 85753 capacity: 100000 time: 1.302

The code irReadAll is considerably simpler than the codeReadAll2 . As the
runs showReadAll is also more efficient when there is considerable doulfling.

Pause to Reflect 8.14 If the WordStreamiterator is replaced by affstream  variable in Pro-
gram 8.5, the call tReadAll returns the same values, but the caR@adAll2
returns a value of zero in reference parametamt , with nothing stored in the

(@
% vector. Why?

8.15 Why is the expressiofist.capacity()*2 + 1 used inReadAll2 of
growdemo.cppather tharist.capacity()*2 ?

8.16 What value would be returned tigtB.size() during the middle run shown
in the output box (whefistB.capacity() returns 131071).

8.17 What changes are neededhain of Program 8.4shuffle.cppo usepush_back ?
How could the function®rint andShuffle change to take advantage of using
push_back inmain?

8.18 A tvector is constructed with size zero, then grows itself to a size of 2, 4, 8, 16,
...vector elements (assumingserve is not used). Each time the vector grows,
new memory is allocated, and old memory de-allocated. When the capacity of the
vector is 512 how many vector elements has been allocated (including the final
512)? If the capacity is 16,384 how many vector elements have been allocated?

8.19 If a tvector  grows by one vector element instead of doubling, (e.g., grows to
1, 2, 3, 4, ...elements) then how many elements have been allocated when the
capacity is 32 (including the final 32)? When the capacity is 128? When the
capacity is 16,384? (Hint: £ 2+ ---+n=n(n+1)/2.)

9The efficiency improvements are a property of thector  implementation. When the standard
classvector is used instead ofvector in growdemo.cpp the efficiency gains are not nearly as
pronounced.
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8.20 Why do you think the time used growdemo.cpdProgram 8.5 by thpush_back
functionReadAll is less than the time used by the functiReadAll2 (when
reserve isn't used)?

8.3.3 Vector Idioms: Insertion, Deletion, and Searching

Toillustrate common vector operations, we’'ll use a small program that reads information
representing a portfolio of stocks. We'll show examples of adding a new stock, deleting a
stock, and finding stocks that match certain criteria, that is, trading below $50.00, above
$100.00, on the NASDAQ exchandpr stocks whose symbols begin with the letter
Q.

We'll read a file of information similar to what's shown below, but without the
company name on the end of each Ilihe.The information below is out-of-date; it is

from 1996 and not meant to reflect current stock prices. The data for each stock includes
its symbol, such a0, the exchange (N = New York, T = NASDAQ), the price, the
number of shares traded, and the name of the company which doesn’t appear in the data
file we'll use.

KO N 50.5 735000 COCA COLA CO

DIS N 64.125 282200 DISNEY CO WALT HLDG CO
ABPCA T 5.688 49700 AU BON PAIN CO INC CL A
NSCP T 42.813 385900 NETSCAPE COMM CORP

F N 32.125 798900 FORD MOTOR CO

Program 8.6 uses a claBsrtfolio to read and print a collection of stocks.

Program 8.6 stocks.cpp

#include <iostream>

#include <fstream>
#include <string>

#include <iomanip>
using namespace std,;

#include "tvector.h"
#include "strutils.h"
#include "prompt.h"

struct Stock

{

string name;

/I for atoi and atof

string exchange;

double price;

1There are several stock exchanges in the world. Examples include the New York Exchange, the
NASDAQ exchange, the Toronto Exchange, and others.

The other information on a line can be read usingbut the company name requires the use of
the functiongetline  because the name consists of more than one word. We'll gatine in
Chapter 9.
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/I start with room for 20 stocks

while (input >> symbol >> exchange >> price >> shares)
{ myStocks.push_back(Stock(symbol,exchange,atof(price),atoi(shares)));

364
int shares;
Stock()
: name("dummy"),
exchange("none"),
price(0.0),
shares(0)
{1}
Stock(const string& n, const string& xc,
double p, int ns)
: name(n),
exchange(xc),
price(p),
shares(ns)
{1}
h
class Portfolio
{
public:
Portfolio();
void Read(const string& filename);
void Print(ostream& out) const;
private:
tvector<Stock> myStocks;
h
Portfolio::Portfolio()
: myStocks(0)
{
myStocks.reserve(20);
}
void Portfolio::Read(const string& filename)
{
ifstream input(filename.c_str());
string symbol, exchange, price, shares;
}
}
void Portfolio::Print(ostream& out) const
{

int k;

int len = myStocks.size();

out.precision(3);
out.setf(ios::fixed);

/I show 3 decimal places
/I for every stock price

for(k=0 ; k < len; k++)



June 7,1999 10:10 owltex  Sheet number 45 Page number 36&gentablack

8.3 Collections and Lists Using tvectors 365

{ out << myStocks[k].name << "\t
<< myStocks[k].exchange << "\t"
<< setw(8) << myStocks[k].price << "\t
<< setw(12) << myStocks[k].shares << endl;

}
cout << endl << "—" << endl << "# stocks: " << len << endl;
}
int main()
{
string filename = PromptString(“stock file ");
Portfolio port;
port.Read(filename);
port.Print(cout);
return O; -
} stocks.cpp

The conversion functiorstoi andatof from strutils.hare discussed in Howto G.
The formatting functiongrecision and setf for displaying a fixed number of

O U Py T

prompt> stocks

stock file stocksmall.dat

KO N 50.500 735000
DIS N 64.125 282200
ABPCA T 5.688 49700
NSCP T 42.813 385900
F N 32.125 798900
# stocks: 5

The Portfolio constructor initializes the instance varialohyStocks to have
zero elements in the initializer list, then reserves space for 20 stocks in the body of the
constructor.tvector  instance variablesiust beconstructed in an initializer list. It's
not possible to include the size of a vector in the class declaration, (e.g., the following
code does not work).

class Thing

{

private:
tvector<int> myData(30); // ***illegal***
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A class declaration does not allocate memory; memory is allocated in the class definition,
specifically in a constructor. This means you must construct each prestor  data
field in the initializer list of each constructét.

Program Tip 8.5: When a tvector instance variable is used in a class,
each constructor for the class should explicitly construct the tvector in
the constructor’s initializer list. Avector can be given a size, or sized to zero with
space reserved by a calltieector::reserve in the constructor body.

8.3.4 Insertion into a Sorted VVector

As shown instocks.cppthe functionpush_back is simple to use and effectively adds

a new element to the end of a vector. What can you do if you want to add a new element
to the middle of a vector, or to some other location? If the list of stocks is kept in
alphabetical order by symbol, for example, new stocks should be added in the correct
location to keep the list in sorted order. The only way to do this with a vector is to shift
elements to create an empty vector cell for the new element.

Suppose, for example, that you keep books arranged alphabetically by author, or a
collection of compact discs (CDs) arranged alphabetically by artist. When you get a
new book (or a new CD), you'll probably have to move or shift several books to make a
spot for the new one. If you're facing a bookshelf, you might start at the rightmost end
and slide the books to the right until you find where the new book belongs. This mimics
exactly how new elements are inserted into a vector when the vector is mainted in sorted
order.

We'll write code to shift vector elements to the right. The key statement follows.

myStocks[loc] = myStocks[loc-1];

Whenloc has the value eight, for example, this copies the element with index seven
into the vector cell with index eight, effectively shifting an element to the right. After
this statement executes, the element in the vector cell with index seven is still there, but
has been copied into the cell with index eight as well. We'll stop shifting when we've
looked at every vector element or when we find where the new stock belongs in the
sorted order. The code below inserts a ste¢k sorted order by symbol3

void Portfolio::Add(const Stock& s)

/I postcondition: s added to porfolio in sorted order

{
int count = myStocks.size(); // size before adding
myStocks.push_back(s); /I vector size is updated

121f you don't include an explicitvector  constructor in a class’ initializer list, the vector will have
zero elements, which is actually the right thing to do if you're ugngh_back .

13This code is fronstocks2.cpp  , not shown in the book, but available with the programs that come
with the book or from the book website.
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int loc = count;

while (0 < loc && s.symbol <= myStocks[loc-1].symbol)
{ myStocks[loc] = myStocks[loc-1];
loc--;
}
myStocks[loc] = s;

}

The new stock is first inserted at the end of the vector upingh_back simply to
allow the vector to update its count of how many elements are in the vector. Elements
are then shifted and the stoskis stored in the proper location when the loop finishes.

To understand and reason about the loop that shifts elements to the right, we’'ll
concentrate on three properties of the varidbte . These properties are true each time
the loop test is evaluated, so they constituteap invariant and should help us reason
about the correctness of the loop.

| loc-1 is the index of the item that will be shifted right if necessary; this is the
rightmost element not yet processed.
loc isthe index of the cell in which the new stock will be inserted in sorted order.

All items with indexloc + 1 through indexcount are greater than the new
stock being inserted.

Figure 8.4 illustrates the process of inserting a stock with symbol 'D’ into a sorted
vector (for the purposes of illustration, all symbols are single characters.) Initially the
vector has eight elements, so the valudoaf is 8. The three properties that make up
the loop invariant hold the first time the loop test is evaluated.

] loc-1 , or 7, is the index oW, the rightmost unprocessed element. It will be
shifted as necessary.

| loc , or 8, is the cell in which the new stock will be stored (if the new stock has
symbol 'Z’, it is stored in location 8.)

] All items with indexes 9 through 8 are greater than the stock being inserted. In
this case the range.9. 8 represents aempty range, since 9> 8. There are
no elements in this empty range, so it’s true that all the elements in the range are
greater than the element being insertéd.

Whenloc is 4, as shown in Figure 8.4, the three properties still hold. At this point the
lettersQ, S, T, andV have been shifted to the right, since the loop body has been executed
for values ofloc of 7, 6, 5, 4.

Since the loop test is true, the body is executed,Mnid shifted to the right. Finally,
whenloc == , the three properties still hold:

14Don’'t worry too much about this. The key here is that it's impossible to find a word in the rang8 9
that's smaller than the word being inserted. It's impossible because there are no words in the empty
range.
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| loc-1 , or1,is the rightmost unprocessed element
| loc , or 2, is the index where the new stock will be inserted
| all items with indexes between 3 and 8 have values greater than 'D’.

However, the loop test is false, becassgymbol > myStocks[loc].symbol
sinceD > C The loop exits, and the new stock is inserted in the cell with iddex,
as described by the invariant.

8.3.5 Deleting an Element Using pop_back

Deleting the last element of a vector is very simple; the methector::pop_back

reduces a vector’s size by one, effectively deleting the last element. The capacity of the
vector is unchanged, but since client programstusetor::size() to determine

the number of elements stored in a vector, calfieg_back removes the element.

The code below shows a simple method for removing an element from the middle
of a vector when the vector i®t maintained in sorted order. The last element is copied
into the vector cell that will be “deleted”. Callingop_back ensures that the vector
updates its internal state properly.

Original list BIC EIM Q sS|TlV -

loc=8

o
-
N
w
N
(6]
o
~
e}

loc = 6 BICIFIMQ|S|T|T|V L
wyGount

o 1 2 3 4 5 6 7 8

w=s | B|c/F/M|[Q|Q|s|T|v
myCount

o 1 2 3 4 5 6 7 8

loc =2 BICIFIFIMQ|S T|V L
myCount

Add D to vector maintained in sorted order

Figure 8.4 Maintaining a vector in sorted order. The new element will go in the vector cell
with index loc when shifting is finished. The shaded location is being considered as the
location of the new element.
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/I remove element with index loc from vector v
int lastindex = v.size() - 1,

v[loc] = v[lastindex];

v.pop_back();

If the vector is maintained in sorted order, vector elements must be shifted to delete an
element while maintaining the sorted order. In contrast to the code that shifted elements
to the right to make space for a new element, deletion requires shifts to the left.

/I delete element with index loc

int k;

for(k=loc ; k < myStocks.size()-1; k++)
{ myStocks[k] = myStocks[k+1];

}

myStocks.pop_back();

8.3.6 Searching aVector

Searching and sorting are common applications in programming. In the stock portfolio
example fromstocks.cppProgram 8.6, the program was modified to keep stocks in
sorted order. In this section we’ll see how to search for stocks that match some criterion.
Sometimes searching will yield an exact, or single, match. If we search for the stock
with symbolHRLwe expect only one match. In general, searching for a stock by symbol
should yield zero or one matches since stock symbols are unique. On the other hand,
if we search for all stocks below $10.00, or that traded more than 500,000 shares, there
may be many matches.

Searching for a Unique Match. In a sequential search(sometimes called énear
search), elements in a vector are scanned in sequence, one after the other. Sequential
search is necessary, for example, if you want to find the person whose phone number is
555-2622 in your local phone book. Phone books are arranged alphabetically by name
rather than numerically by phone number, so you must scan all numbers, one after the
other, hoping to find 555-2622.

A search function must return something. Typically the returned value is an index
into the vector, or the matching element found during the search. Using an index as a
return value makes it possible to encode a failed search by returning a bad index value
like —1. If a vector element is returned, it's not possible, in general, to return a value
indicating a failed search. Some people code search functions to return two values: a
bool toindicate if the search is successful and the matching element.dbétie value
is false, the matching element has no defined value. The code below shows a function
that returns the index of a match in a vector of strings. This code can also be found in
Program 8.7timesearch.cpp

int search(const tvector<string>& list, const string& key)
/I pre: list.size() == # elements in list
/I post: returns index of key in list, -1 if key not found

{
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int k;
for(k=0 ; k < list.size(); k++)
{ if (listlk] == key)
{ return k;
}
}

return -1; /I reach here only when key not found

Counting Matches. You may want to know how many stocks sell for more than $150.00
ortraded more than 500,000 shares, but not care which stocks they are. Thisis anexample
of a counting searchor counting match. Modifying the linear search code to count
matches is straightforward. The sequential search code returned as soon as a match was
found, but in counting all matches no early return is possible.

int countMatches(const tvector<Stock>& list, int minShares)

/I pre: list.size() == # stocks in list
/I post: returns # stocks that traded more than minShares shares
{

int k, count = O;
for(k=0 ; k < list.size(); k++)
{ if (listfk].share > minShares)
{ count++;
}
}

return count;

Collecting Matches. In the previous example, the functicountMatches could de-
termine the number of stocks that traded more than 500,000 shares, but could not de-
termine which stocks these are. It would be simple to add an output statement to the
function so that the stocks that matched were printed, but you may want to know the
average price of the matching stocks rather than just a printed list of the stocks. The
easiest way to collect matches in a search is to store the matches in a vector. The function
below is a modication afountMatches that returns the matching stocks as elements

of the parametematches .

void collectMatches(const tvector<Stock>& list,
int minShares,tvector<Stock>& matches)

Il pre: list.size() == # elements in list
/I post: matches contains just the elements of list
I that traded > minShares shares
{

int k;

matches.resize(0); // initially no matches
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for(k=0 ; k < list.size(); k++)
{ if (listfk].share > minShares)
{  matches.push_back(list[K]);
}
}
}

The call tomatches.resize() ensures thainatches contains just the stocks that
match the criterion of trading more thaminShares shares. Recall thaesize
cannot reduce the capacity of a vector, but it does make the size zero.

Pause to Reflect 8.21 The loop below is designed to find the index at which a new item should be
inserted in an array to keep the array in sorted order. The loop finds the in-
@\{ dex but doesn't insert. For exampleligt is ("avocado”, "banana",
J "lemon”, "orange") ands is "cherry"  the function should return 2; if
s is "watermelon"  the function should return 4.

int insertionindex(const tvector<string>& list,
const string& s)
/I pre: list is sorted, list[0] <= list[1] ... <= list[n]

1 wher e n = list.size()-1

/I post: return index i of s in list, so that

I i is largest value with list[0]..list[i-1] < s
{

int len = list.size();

int k=0;

/I invariant: list[0]..list[k-1] < s
while (k < len && list[k] < s)

{ k++;
}
return k;
}
1. Whyislist aconstreference parameter?
2. What value should be returneddfis "apple" ? Is this value returned?
3. Is4returned whes is "watermelon" ?
4.  Whyisthe textk < len needed?
8.22 Assuming the functiofinsertionindex from the previous problem satisfies
its postcondition, write the function below which could be used as the basis for a
new Portfolio::Add from Section 8.3.4.

void insertAt(tvector<string>& list,

const string& s, int loc)
/I post: s inserted into list at location with index loc
I order of list elements unchanged



June 7,1999 10:10 owltex  Sheet number 52 Page number 372gentablack

372 Chapter 8 Arrays, Data, and Random Access

To insert a string into a sorted vector, leaving it sorted, the following call should
work.

strin g s = "apple”;
insertAt(list, s, insertionindex(list,s));

8.23 In a vector ofn elements, what is the fewest number of elements that are shifted
to insert a new element in sorted order? What is the most number of elements that
are shifted?

8.24 The methodvector::clear makesthe size of avector 0, the ¢allear()
has the same effect asesize(0) . If there were no functionslear or
resize you could write a function to remove all the elements of vector by call-
ing pop_back . Write such a function.

8.25 Write a functiondeleteAt  that works likeinsertAt  from the second pause
and reflect exercise in this section.

void deleteAt(tvector<string>& list, int loc)
/I post: item at index loc removed,
I order of other items unchanged

How could you call deleteAt to remove "banana" from the vector
("avocado", "banana", "lemon", "orange") ?

8.26 Assume the functiorsVowel exists.

bool isVowel(const string& s)
/I post: returns true if s is 'a’, 'e’, ", '0, "’
I (or upper case equivalent)

Write the function below.

int vowelCount(const tvector<string>& list)
/I post: return # strings in list that begin with a vowel

AssumingvowelCount  works, what expression returns the number of strings
in a vectorist  that donot begin with a vowel?

8.27 Modify the function in the previous exercise to return a vector containing all the
strings that begin with a vowel, instead of just the count of the number of strings.

8.28 Write a function to return the sum of all the elements in a vector of ints.

int sum(const tvector<int>& list)
/I post: returns list[0] + ... + list[list.size()-1]
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8.29 Write a function that removes duplicate elements from a sorted vector of strings.

void removeDups(tvector<string>& list)
/I pre: list[0] <= ... <= list[list.size()-1] (sorted)
/I post: duplicates removed from still sorted list

For example, the vector

("avocado","avocado","lemon","lemon","lemon","orange")
should be changed to

("avocado","lemon","orange")

David Gries (b. 197?)

David Gries is a computer scientist and educator at Cornell University. He is
well known for his advocation of the use of formal methods in designing and
implementing software and in the training of
undergraduates in computer science. He has
done perhaps more than any one person in
making the study of loop invariants and formal
methods accessible to students in introductory
courses.

In his World Wide Web biography he writes
of encounters with recursion when earning his
master’s degree in 1963: “it was fun, figuring
out how to implement recursion efficiently be-
fore there were many papers on the topic.” In
an essay [Gri74] written in 1974 he provides
timeless advice: It must be made clear that
one technique will never suffice (for exam-
ple, top-down programming). A programmer
needs a bag of tricks, a collection of methods
for attacking a problem. Secondly, if we are
to raise the level of programming, each pro-
grammer (no matter how good he feels he is) must become more conscious of the
tools and techniques he uses. It is not enough to just program; we must discover
how and why we do it.

Gries has twins, and in a coincidence of the highest order, the twins were born
on the birthday of Gries and his twin sibling. In noting that he is (perhaps) better
known for his educational work than his research work, Gries writes, “Do what you
are good at; bloom where you are planted.” For his work in education Gries was
awarded the 1994 IEEE Taylor L. Booth Award, the 1991 ACM SIGCSE award,
and the 1995 Karl V. Karlstrom Outstanding Educator Award.
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Sequential search Binary search

LI | one guess | | ]

| | | twoguesses | | | |

| | | three guesses | | | |

| | ] fourguesses | [ |

| | ] five guesses (low, high, high, low)

| [ | six guesses

Figure 8.5 Comparing sequential/linear search, on the left, with binary search, on the right.

8.3.7 Binary Search

Phone books are arranged alphabetically by name rather than numerically by phone
number, so you must scan all numbers, one after the other, hoping to find 555-2622. Of
course if you were doing this, you could easily miss the number; people aren’t good at
this kind of repetitive task, but computers are. On the other hand, you can look up John
Armstrong’s, Nancy Drew’s, or Mr. Mxyzptlk’s number without scanning every entry.
Since name/number pairs are stored alphabetically by name, it's possible to search for a
name efficiently. In this section we’ll investigateary search: a method of searching

that takes advantage of sorted data to speed up search. As we’ll see, binary search is not
always better than sequential search. Choosing the right searching algorithm depends
on the context in which the search will be used.

Binary searchis based onthe method you may have used in playing a guess-a-number
game. Suppose someone thinks of a number between 1 and 100 and will tell you whether
your guess is low, high, or correct. You'll probably use 50 as the first guess. This will
eliminate half of the numbers from consideration and is considerably more fruitful than
guessing 1 (which, invariably, is low). The strategy of guessing the middle number
works regardless of the the range of numbers. For example, if someone initially thinks
of anumber between 1 and 1024, you would guess 512. One guess shrinks the number of
possibilities by half, from 1024 to 512. The number of possibilities continues to shrink
from 512 to 256, 128, 64, 32, 16, 8, 4, 2, and finally 1. This is a total of 10 guesses to
find one of 1024 possible different numbers. Consider what happens if you're told “yes”
or “no” rather than high/low, and how this affects your guessing strategy. That example
illustrates the difference between binary search and sequential search. Eliminating half of
the numbers with one guess, rather than one number, is shown graphically in Figure 8.5.
A tvector  of 32 elements is shown; the shaded area represents the region of items
still being considered after each guess is made. The size of the region being considered
is reduced by half each time for binary search, but by only one for sequential search.

When binary search is used, each comparison cuts the range of potential matches in
half. The total number of guesses will be how many times the initial number of items
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can be cut in half. As we've seen, 1024 items require 10 guesses; it's not a coincidence
that 29 = 1024. Doubling the number of items from 1024 to 2048 increases the number
of guesses needed by only one, because one guess cuts the list of 2048 down to 1024
and we know that 10 guesses are needed for 1024 items. Again, it's not a coincidence
that 21 = 2048.

Looking up a name in a phone book of 1024 names might require 11 guesses. When
there is only one name left to check, it must be checked too, because the name being
sought might not be in the phone book (this doesn’t happen with the guess-a-number
game). How many guesses are needed using binary search to search a list of one million
names? As we've seen, this depends on how many times one million can be cut in half.
We want to find the smallest numbesuch that 2 > 1, 000, 000; this will tell us how
many items must be checked (we might need to add 1 if there’s a possibility that the item
isn’t in the list; this cuts the final list of one item down to a list of zero items). Since
219 = 524 288 and 2° = 1, 048 576, we can see that 20 (or 21) guesses are enough
to find an item using binary search in a list of one million items. If you're familiar with
logarithms, you may recall that log functions are the inverse of exponential functions,
and therefore that the number of times a numbean be cut in half is logx), or log
base 2 ok. Again, we may need to add 1 if we need to cut a number in half to get down
to zero instead of 1. This is the analog of reducing the items down to a zero-element list
or a one-element list.

8.3.8 Comparing Sequential and Binary Search

We're more concerned with comparing sequential search and binary search than with
the exact number of items examined with binary search. The difference between 20 and
21 items examined is far less important than the difference between 21 items (binary
search) and one million items (sequential search). Although it's possible that only one
item is examined when a sequential search is used (consider looking up a word like
“aardvark” in the dictionary), the worst case is that one million items might need to be
examined (consider looking up “zzzz” in a million-word dictionary). Table 8.1 provides
a comparison of the number of items that must be examined using sequential and binary
search.

Examining 18 items will be much faster than examining 100,000 items, but how

Table 8.1 Comparing sequential/linear search with binary search

number of items examined

list size binary search sequential search

1 1 1

10 4 10
1,000 11 1,000
5,000 14 5,000
100,000 18 100,000

1,000,000 21 1,000,000
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much faster? If two strings can be compared in a microsecond (one millionth of a
second)—which is very possible on moderately fast computers—both searches will take
less than one second. Does it matter that binary search requires 0.000018 seconds and
sequential search requires 0.1 seconds? The answer is, “It depends.” It probably won't
matter to you if you're waiting for a response to appear on a computer monitor, but it
may matter if the computer is “waiting” for the search and 100 million searches are
necessary. On the computers | used to develop the code in this book, searching for one
word in an on-line dictionary of 25,000 words appears to take no time to me using either
sequential or binary search. To be precise, | can type a word to search for, press Enter,
and the word found in the dictionary appears on the screen instantaneously.

However, in Program 8.#tjmesearch.cppa file of words is read, and then every
different word in the file is searched for in a vector of all the words in the file. To be
precise, the following sequence takes plactnresearch.cpp

1. Allthe words in afile are read and stored in a vector. Words are converted to lower
case and leading/trailing punctuation is removed.

2. A StringSet s created from the words in the vector. The set is effectively a
list of the different words in the file (the vector contains duplicates.)

3. A copy of the vector is made, and the copy is sorted. There are now two vectors:
one sorted and one unsorted.

4.  Each word in the set is searched for in the vector. Sequential search is used with
the unsorted vector; binary search is used with the sorted vector.

As you can see in the runs, the time to search using a sorted vector with binary search is
very much faster than the time to search using sequential search. For Hawtfdrae's
Scarlet Lettersearching for 9,164 different strings in a vector of 85,754 strings took 267
seconds using sequential search and only 0.17 seconds using binary search in a sorted
vector. Of course it took more than one minute to sort the vector in order to use binary
search, but the total time is still much less than the time for sequential search. On the
other hand, consider the times for PoEfee Cask of Amontilladd/hile still drastically
different at 0.501 and 0.01 seconds, a user doesn’t see much impact in a process that
finishes in half a second. That's why the answer to whether binary search or sequential
search is better is “It depends.”

Program 8.7 timesearch.cpp

#include <iostream>

#include <fstream>
#include <string>

using namespace std;

#include "tvector.h"
#include "ctimer.h"

15The functionQuickSort  from sortall.his used to sort. Sorting is discussed in Chapter 11, but you
can call a sort function without knowing how it works.
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#include “strutils.h" /I for StripPunc and ToLower
#include "stringset.h"

#include "prompt.h"

#include "sortall.h"

/I demonstrate differences between sequential and binary search
/I Owen Astrachan, 5/4/99

void Read(const string& filename, tvector<string>& list)
/I post: list is unsorted collection of all the strings

1 in text file filename, each string is converted to
I lower case with leading/trailing punctuation removed
{

ifstream input(filename.c_str());

string word;

while (input >> word)

{  StripPunc(word);
ToLower(word);
list.push_back(word);

}

void makeSet(const tvector<string>& list,StringSet& sset)
/I post: sset is set of strings from list

{
int k;
int len = list.size();
for(k=0 ; k < len; k++)
{ sset.insert(list[k]);
}

}

int search(const tvector<string>& list, const string& key)
/I precondition: list.size() == # elements in list
/I postcondition: returns index of key in list, -1 if key not found
{
int k;
for(k=0 ; k < list.size(); k++)
{ if (listlk] == key)
{ return k;
}
}

return  —1; /I reach here only when key not found

}

int bsearch(const tvector<string>& list, const string& key)
/I precondition: list.size() == # elements in list
/I postcondition: returns index of key in list, -1 if key not found

{

int low = O; /I leftmost possible entry
int high = list.size() -1, /I rightmost possible entry
int mid; /I middle of current range

while (low <= high)
{ mid = (low + high)/2;
if (listfmid] == key) /I found key, exit search

377
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{ return mid;
}
else if (listimid] < key) /I key in upper half
{ low = mid + 1,
}
else /I key in lower half
{ high = mid — 1,
}
}
return  —1; /I not in list

}

double timeLinear(const StringSet& sset, const tvector<string>& list)
{

CTimer timer;

StringSetlterator it(sset);

timer.Start();

for(it.Init(); it.HasMore(); it.Next())

{ int index = search(list,it.Current());
if (index == -1)
{ cout << "missed a search for " << it.Current() << endl;
}

}
timer.Stop();
return timer.ElapsedTime();

}

double timeBinary(const StringSet& sset, const tvector<string>& list)
{

CTimer timer;

StringSetlterator it(sset);

timer.Start();

for(it.Init(); it.HasMore(); it.Next())

{ int index = bsearch(list,it.Current());
if (index == -1)
{ cout << "missed a search for " << it.Current() << endl;
}

}
timer.Stop();

return timer.ElapsedTime();

}

int main()

{

string filename = PromptString(“enter file ");
CTimer timer;

tvector<string> list, sortedList;

StringSet sset;

timer.Start();
Read(filename,list);
timer.Stop();



June 7,1999 10:10 owltex  Sheet number 59 Page number 37@gentablack

8.3 Collections and Lists Using tvectors 379

cout << timer.ElapsedTime() << " secs to read "
<< list.size() << " total words" << endl;

timer.Start();

makeSet(list,sset);

timer.Stop();

cout << "make set time:\t" << timer.ElapsedTime() << " set size: "
<< sset.size() << endl,

timer.Start();

sortedList = list;

QuickSort(sortedList,sortedList.size());

timer.Stop();

cout << "make sorted time:\t" << timer.ElapsedTime() << endl;

cout << "unsorted search time:\t" << timeLinear(sset,list) << endl;
cout << "sorted search time:\t" << timeBinary(sset,sortedList) << endl;

return O; -
} timesearch.cpp

O U Py T

prompt> timesearch
enter file poe.txt
0.08 secs to read 2325 total words
make set time: 0.17 set size: 810

make sorted time: 0.09
unsorted search time: 0.501
sorted search time: 0.01

prompt> timesearch

enter file hamlet.txt

1.072 secs to read 31957 total words
make set time: 6.429 set size: 4832

make sorted time: 6.429
unsorted search time: 56.652
sorted search time: 0.08

prompt> timesearch

enter file hawthorne.txt

3.895 secs to read 85754 total words
make set time: 24.896 set size: 9164
make sorted time: 68.228
unsorted search time: 267.585
sorted search time: 0.17
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The postconditions for functionsearch andbsearch in Program 8.7 time-
search.cppare identical. You can use either function to search, but a vector must be
sorted to use binary search.

8.4 Built-in Arrays

This section covers materials not used in this book other than in this section.

In this section we’'ll study the built-in C++array type and compare it with the
tvector class we've used to implement a homogeneous, random-access data structure.
Thetvector class is defined using the built-in C++ array type. Using built-in arrays
results in code that will probably execute more quickly than whenwbetor  class
is used, because of overhead associated with chetkéegor  indices.

However, it is much more difficult to develop correct programs with arrays than it
is with vectors. Any integer value can be used to subscript an array, even if the value
doesn'’t represent a valid array location. In some languages (e.g., Java), indexing values
that do not represent valid array locations cause a program to generate an error message,
which can be used to trace the program’s behavior. In C and C++, on the other hand,
an invalid subscript value can cause unexpected behavior that can lead to hard-to-find
errors. Such invalid subscripts are not checked before being used to index a built-in
array. Using thévector  class rather than the built-in array type provides some safety
when using indexed variables, because indices are checked withettter  class.

Arrays in C++ have several properties that, at best, might be described as idiosyncratic,
and at worst, are a programmer’s nightmare.

There are three reasons to study arrays in addition to vectors.

If you read programs written by other people you'll proably see lots of array code.

Arrays are more low-level so can offer some performance gains, though the built-
in vector class (which has no range checking) should be just as fast with any
reasonable implementation.

] It's easier to initialize an array than it is to initialize a vector.

8.4.1 Defining an Array

In C++ the size of an array must be specified by an expression whose value can be
determined at compile time. The three statements below on the left define two arrays:
one namechumList , capable of storing 200 values of tydeuble , and one named
names that can store 58tring  values. Correspondintyector  definitions are

given on the right.

const int SIZE = 100; const int SIZE = 100;
double numList[SIZE*2]; tvector<double> numList(SIZE*2);
string names[SIZE/2]; tvector<string> names(SIZE/2);

In contrast, the following definition afumList isillegal according to the C++ standard,
because the value size must be determined at compile time but here is known only at
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run time. Nevertheless, some compilers may permit such definitions, and in Chapter 12
we will see how to define in a legal manner an array whose size is not known at compile
time. There is no compile-time limit on the sizeteéctor  variables—only on built-in

array variables.

int size;

cout << "enter size ";

cin >> size;

double numList[size]; /I not legal in standard C++

8.4.2 Initializing an Array

Arrays can be initialized by assigning values to the individual array locations, using a
loop. Itis also possible to assign values to individual array locations when an array is
defined. For example, the following definitions assign values representing the number
of days in each month tmonthDays and the names of each monthnimnthNames:

int monthDays[13] = {0,31,28,31,30,31,30,
31,31,30,31,30,31};
"April","May","June","July",
"August”, "September","October",
"November","December"};

Given these definitions, it's possible to print the names of all the months, in order from
January to December, and how many days are in each month, with the following loop.

for(k=1; k <= 12; k++)
{ cout << monthNames[k] << ", " << monthDays[k]
<< " days" << end|

}

This kind of initialization isnot possible withtvector  variables—only with variables
defined using built-in arrays. Note that the zeroth location of each array is unused, so
that thekth location of each array stores information for ktle month rather than storing
information for March in the location 2. Again, the conceptual simplicity of this scheme
more than compensates for an extra array location.

Although the number of entries in each array (13) is specified in the definitions
above, this is not necessary. It would be better stylistically to define a constastt
int NUM_MONTHS = 12 and use the expressicfiJM_MONTHS + ith defining
the arrays, but no number at all needs to be used, as follows:

int monthDays [] = {0,31,28,31,30,31,30,
31,31,30,31,30,31};

string dayNames [] = {"Sunday", "Monday", "Tuesday",
"Wednesday", "Thursday","Friday",
"Saturday"};
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The definition fordayNames causes an array of seven strings to be allocated and
initialized. The definition omonthDays allocates and initializes anarray of 13 integers.
Since the compiler can determine the necessary number of array locations (essentially
by counting commas in the list of values between curly braces), including the number
of cells is allowed but is redundant and not necessary.

Itis useful in some situations to assign all array locations the value zero as is done in
Program 8.2. This can be done when the array is defined, by using initialization values
as in the preceding examples, but an alternative method for initializing all entries in an
array to zero follows:

int diceStats[9] = {0};

Theint arraydiceStats has 9 locations, all equal to 0. When zero is used to
initialize all array locations, the number of locations in the arrayasredundant as it

is in the earlier examples, because there is no comma-separated list of values that the
compiler can use to determine the number of array values. This metimmbtbe used

to initialize arrays to values other than zero. The definition

int units[100] = {1};

results in an array withinits[0] == , but all other locations imnits  are zero.
When a list of values used for array initialization doesn’t have enough values, zeros are
used to fill in the missing values. This is essentially what is happening with the shortcut
method for initializing an array of zeros. | don’trecommend this method of initialization;
it leads to confusion, because zero is treated differently from other values.

In contrast,tvector  variables can be initialized so that all entries contain any
value, not just zero. This can be done using the two-pararhetetor  constructor.

8.4.3 Arrays as Parameters

Arrays are fundamentally different from other types in C++ in two ways:

1. Itis notpossible to assign one array to another using an assignment operator

2. Anarray passed as a parametarascopied; it is as though the array were passed
by reference.

The reason for these exceptions to the normal rules of assignment and parameter passing
in C++ (which permit assignment between variables of the same type and use call-by-
value for passing parameters) is based on what an array variable nameoisstant

whose value serves aseferenceo the first (index 0) item in the array. Since constants
cannot be changed, assignments to array variables are illegal:

int coins[] = {1,5,10,25};
int bills[] = {1,5,10,20};

coins = hills; /I illegal in C and C++
coins[3] = bills[3]; // legal, assigning to array location
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Because the array name is a reference to the first array location, it can be used to access
the entire contents of the array, with appropriate indexing. Only the array name is passed
as the value of a parameter, but the name can be used to change the array’s contents even
though the array is not explicitly passed by reference. When an array is passed as a
parameter, empty brackdts] are used to indicate that the parameter is an array. The
number of elements allocated for the storage associated with the array parameter does
not need to be part of the array parameter. This is illustrated in Program 8.8

Program 8.8 fixlist.cpp

#include <iostream>
using namespace std;

/I illustrates passing arrays as parameters

void Change(int list[], int numElts);
void Print(const int list[], int numElts);

int main()

{
const int SIZE = 10;

int numbers[SIZE];

int k;

for(k=0 ; k < SIZE; k++){
numbers[k] = k+1;

}

cout << "before" << endl << "—" << end];
Print(numbers,SIZE);

cout << endl << "after" << endl << "
Change(numbers,SIZE);
Print(numbers,SIZE);

return O;

" << endl;

}

void Change(int list[], int numElts)
/I precondition: list contains at least numElts cells
/I postcondition: list[k] = list[0] + list[1] + ... + list[K]

1 for all 0 <= k < numElts
{

int k;

for(k=1 ; k < numElts; k++)

{ list[k] += listk -1

}
}

void Print(const int list[], int numElts)
/I precondition: list contains at least numElts cells
/I postcondition: all elements of list printed

{
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int k;
for(k=0 ; k < numeElts; k++)
{ cout << listlk] << endl;

} -
} fixlist.cpp

U Pl T

The identifiemumbers is used as the name of an array; its value is the location of the
first array cell (which has index zero). In particulagymbers doesnot change as a

result of being passed @hange() , but thecontentf the arraynumbers do change.

This is a subtle distinction, but the array name is passed by value, as are all parameters
by default in C and C++. The name is used to access the memory associated with the
array, and the values stored in this memory can change. Since it is not legal to assign a
new value to an array variable (e.tist = newlist ), the parameteist  cannot

be changed in any case, although the values associated with the array cells can change.
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ProgramTip 8.6: An array name is like a handle that can be used to grab

all the memory cells allocated when the array is defined. The array name
cannot be changed, but it can be used to access the memory cells so that they can be
changed.

const Parameters. The parameter for the functid®rint  in Program 8.8 is defined
asconst or a constant array. The values stored in the cells of a constantcamnapt
be changed; the compiler will prevent attempts to do so. The values storedisa
array can, however, be accessed, as is shovmiiit . If the statemenlist[k] =

0 is added in the while loop d?rint , the g++ compiler generates the following error
message:

fixlist.cpp: In function ‘void Print(const int *, int)":
fixlist.cpp:46: assignment of read-only location

Compilation exited abnormally with code 1
at Sat Jun 4 14:02:18

ProgramTip 8.7: Using a const modifier for parameters is good, defen-
sive programming—it allows the compiler to catch inadvertent attempts

to modify a parameter. A const array parameter protects the values of the array
cells from being modified.

Array Size as a Parameter. The number of elementsin an array parameteotincluded

in the formal parameter. As a result, there must be some mechanism for determining the
number of elements stored in an array parameter. This is commonly done by passing
this value as another parameter, by using a global constant, by using the array in a class
that contains the number of entries, or by using a sentinel value in the array to indicate
the last entry. As an example, the following functidmerage returns the average of

the firstnumScores test scores stored in the arrsgores .

double Average(const int scores, int numScores)
/I precondition: numScore s = # of entries in scores
/I postcondition: returns average of
1 scores[0] ... scores[hnumScores-1]
{
int total = O;
double average = 0.0; /I stores returned average
int k;
for(k=0 ; k < numScores; k += 1)
{ total += scores[k];
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}

if (numScores != 0) // guard divide by zero
{ average = double(total)/numScores;

}

return average;

}

Some other section of code might read numbers, store them in an array, and call the func-
tion Average to compute the average of the numbers read. Alternatively, the numbers
stored in the formal parametecores might be data generated from a simulation or
some other computer program.

In the following program segment, numbers representing grades (for students in a
hypothetical course) are read until the input is exhausted or until the number of grades
would exceed the capacity of the array. The average of these grades is then calculated
using the functiorAverage .

const int MAX_GRADES = 100; /I maximum # of grades
int grades[MAX_GRADES];
int humGrades = O; /Il # of grades entered

while (cin >> score && numGrades < MAX_GRADES)
{ grades[numGrades] = score;

numGrades++;

}

cout << "average grad e = " << Average(grades,numGrades)
<< endl;

This example is meant to illustrate how an array might be used. The approach of storing
the grades in an array to calculate the average is not a good one. Because the size of an
array is determined at compile time, the code in this example is limited to manipulating
at mostMAX_GRADES§rades. Since it is possible to calculate the average of a set
of numbers without storing all the numbers, the approach used above is unnecessarily
limiting.

The value omumScores in Average is exactly the number of values stored in
the arrayscores but is one more than the largest index of an array cell with a valid
value. This off-by-one difference is potentially confusing, so be careful in writing loops
that access all the elements in an array.

B 8.5 Chapter Review

We studied the vector clasgector  used in place of built-in arrays to store collections
of values accessible by random access. Vectors can store thousands of values, and the
fifth, five-hundredth, and five-thousandth values can be accessed in the same amount of
time. Vectors and their built-in counterparts, arrays, are very useful in writing programs
that store and manipulate large quantities of data.

The important topics covered include the following:
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tvectors can be used as counters, for example to count the number of occurrences
of each ASCII character in a text file or the number of times a die rolls each number
over several trials.

tvectors are constructed by providing the size of the vector (the number of elements
that can be stored) as an argumentto the constructor. Vectors are indexed beginning
at zero, so a six-element vector has valid indices 0, 1, 2, 3, 4, 5.

tvectors can be grown by client programs ugiegize or can grow themselves
when elements are added uspigsh_back . Client programs should double the

size when a vector is grown as opposed to growing the size by adding one element.

When usingpush_back , vectors should be constructed without specifying a
size, though space can be allocated usimgtor::.reserve

tvectors of all built-in types can be defined, and vectors of programmer-defined
types (likestring ) can be defined if the type has a default constructor.

tvectors can be initialized to hold the same value in every cell by providing a
second argument to the constructor when the vector is defined.

tvectors should always be passed by reference to save memory and the time that
would be required to copy if pass by value were used. There are occasions when
a copy is needed, but in general pass by reference is preferred.cddse
reference parameters to protect the parameter from being altered even when passed
by reference.

Initializer lists should be used to construct vectors that are private data members
of class objects.

The functionpop_back removes the last element of a vector and decreases by
one the size of the vector.

Sequential search is used to find a value in an unsorted vector. Binary search can
be used to find values in sorted vectors. Binary search is much faster, needing
roughly 20 comparisons to find an item in a list of one million differentitems. The
drawback of binary search is that its use requires a sorted vector.

Insertion and deletion in a sorted vector requires shifting elements to the right and

left, respectively.

Built-in arrays are cumbersome to use but may be more efficient than vectors.

Nevertheless, you should use vectors and switch to arrays only when you've de-

termined that speed is essential and that the use of vectors is making your program
slow (which is probably not the case).

Built-in arrays can be initialized with several values at once. Built-in arrays cannot
be resized, cannot be assigned to each other, and do not support range-checked
indexing. The size of a built-in array must be known at compile time (although
we’'ll see in Chapter 12 that an alternative form of array definition does permit
array size to be determined at run time).



June 7,1999 10:10 owltex  Sheet number 68 Page number 38&gentablack

388 Chapter 8 Arrays, Data, and Random Access
B 86 Exercises

8.1 Modify Program 8.3]etters.cpp,so that a vector of 26 elements, indexed from 0O to
25, is used to track how many times each letter in the ramge-z' occurs. To do
this, map the charact&a’ to 0,’b’ to1,..., and 'z'to 25. Isolate this mapping in a
functionCharTolndex whose header is

int CharTolndex(char ch)

/I pre: '@’ <= ch and ch <= 7
/I post: returns O for 'a’, 1 for 'b’, ... 25 for 'Z
Note thata’ - 'a’ == 0 V)b - 'a’ == ,and’z’ - 'a’ == 25 )

8.2 Write a program that maintains an inventory of a CD collection, a book collection, or
some other common collectible. Model the progranstatks.cppProgram 8.6, but in-
stead ofimplementing aclaBertfolio  ,implementa class call&eDCollection
for example.

The user of the program should have the choice of printing all items, deleting items
given an identification number, or artist, searching for all work by a particular artist,
reading data from a file and saving data to a file. The datadildatthat comes with

the on-line materials for this book contains thousands of CD entries. For example, the
lines below show information for five CDs: an id, the price, the group, and the name of
the CD/album.

100121 : 15.98 : R.E.M. : Automatic for the People
100122 : 14.98 : Happy Mondays : Yes, Please
100126 : 14.98 : 10,000 Maniacs : Our Time In Eden
100127 : 11.98 : Skid Row : B-Side Ourselves

You won't be able to read a file in this format using the extractoperator »

because the artist and title contain whitespace. To read these you'll need to use the
functiongetline  discussed in Chapter 9. The loop below shows how to read a file in
the format above, and store the information in a st€idtThe code is very similar to

the functionPortfolio::Read from stocks.cpp

void CDCollection::Read(const string& filename)
{

ifstream input(filename.c_str());

string idnum, price, group, title;

while (getline(input,idnum, ") &&
getline(input,price, ') &&
getline(input,group, ") &&
getline(input,title, '\n’))
{ myCDs.push_back(CD(idnum, atof(price),
group, title));

}

8.3 Modify the classRkandomWalk found inwalk.h Program 7.11 so thatthe one-dimensional
walker keeps track of how many times it visits every position in the rant@0 to 100.
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You can either use ontwector  with 201 elements or twbvector  instance vari-
ables: one for nonnegative positions and one for negative positioRandomWalk

object should also keep track of how many times it goes outside-th@0..100] range.

You'll need to add one or more member functions to get or print the data kept about
how many times each position is visited. The simplest approach is to add a method
PrintStats to print the data. Alternatively you could return a vector of statistics to
client programs. You'll need to think carefully about how to verify that the program is
tracking visits properly.

For an extra challenge, keep track of every position visited, not just those in the range
[—100.100]. You'll need to grow the vector(s) that keep track of visits to do this.

8.4 Write a program to implement the guess-a-number game described in Section 8.3.7 on
binary search. The user should think of a number between 1 and 100 and respond to
guesses made by the computer. Make the program robust so that it can tell whether the
user cheats by providing inconsistent answers.

prompt> guessnum
Think of a number between 1 and 100 and I'll guess it.

Is the number 50 [y/n]? no
Is the number less than 50 [y/n]? no
Is the number 75 [y/n]? no
Is the number less than 75 [y/n]? no
Is the number 87 [y/n]? no
Is the number less than 87 [y/n]? yes
Is the number 81 [y/n]? yes

| guessed your number using 7 questions.

//Z‘;ﬁ’/ = You’ll find it useful to call the functiorPromptYesNo in prompt.h(see Program G.1
k /_/ in Howto G.)

8.5 Write a program that reads a text file and keeps track of how many time each of the
different words occur. AStringSet  object can keep track of the different words,
but the program needs to keep track of how many times each word occurs. There are
several ways you might solve this problem; one is outlined below.

Create a struct containing a word and a count of how many times the word occurs.
Each time a word is read from the file, it is looked up in a vector of these structs.
If the word has been seen before, the word’s count is incremented, otherwise the
word is added with one occurrence.

8.6 Designandimplementtdistogram class for displaying quantities stored itvactor
A histogram s like a bar graph that displays a line relative to the size of the data being
visualized. You can constructtéistogram object from a vector, and use the vector
as a source of data that generates the histogram.
For example, the results of usihgiters.cppProgram 8.3, to find occurrences of each
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letter inHamletcan be displayed as a histogram as follows:

O U Py T

prompt> letters
enter name of input file: hamlet
a ( 9950 ) *kkkkkkkhhhhkkkkkkkkkkkkkk
b ( 1830 )
©  ZEUE ) wmEs
d ( 5025 ) *kkkkkkkkkkkhk
e ( 14960 ) dekkdokkkok ok dokok ok dok ko ok ok ok dok ok kokok ko ok ok ko kok ok
f ( 2698 ) FkkFKIK
g ( 2420 ) Fkkkkk

h ( 8731 ) *hkkkkkkhkkhkrhkhkhhkhkk

i ( 8511 ) *hkhkkkkhkkhkhkhkkhkhx

i( 110 )

k (1272 ) *

I ( 5847 ) *hkkkkkkkkkkkkk

m ( 4253 ) *kkkkkkkkkk

n ( 8 2 9 7 ) *kkhkkkkkhkkkkhkkkhhkkhkkhhkx

0 (11218 ) *krrkrtikkttiikkt ok
p ( 2016 ) *kkkk

g( 220)

r (7777 ) Fewessdoio

S ( 8379 ) *kkkkkkkkkkkkkkkkkkkkk

t ( 11863 ) kkkkkkkkkkkkkkhkkkkkhhkkkkkhkkkkkk
u ( 4343 ) *kkkkkkkkkk

v (1222 ) **

w ( 3132 ) *kkkkkkk

x (179 )

y ( 3204 ) *kkkkkkk

z ( 72 )

The absolute counts for each letter are shown in parentheses. The bars are scaled so that
the longest bar (for the lette) has 40 asterisks and the other bars are scaled relative to
this. For example, the lettérhas 23 asterisks and 8734960x 40 = 23.32 (where

we divide usingdouble precision, but truncate the final result to an integer).

Member functions for thédistogram class might include setting the length of the
longest bar, identifying labels for each bar drawn, plotting a range of values rather than
all values, and grouping ranges; for example, for plotting data in the range 0-99, you
might group by tens and plot 0-9, 10-19, 20-29, ..., 90-99.

It's difficult to write a completely general histogram class, so you'll need to decide how
much functionality you will implement. The following histogram tracks 10,000 rolls of
two six-sided dice and scales the longest bar to 40 characters:
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ONC B eD o K

prompt> rollem

how many sides for dice: 6
how many rolls: 10000

( 282 ) *kkkkk

522 ) *kkkhkkkkhkkk
87 4 ) *kkkkkkkhkhkhhkhkhkhk
1106 ) Fkkkkhkhkkhkhkhkkhkhkhkkhx

l 3 7 6 ) *kkkkkkkkkkkkkkkkkkhkkkkhkhkkkhkkhkx

1431 ) Fkkkkkkhkkhkhkhkkhkhkhkkhkdkhhkhxkx

O©CO~NOOTDWN

l 13 l ) K*kkkkkkhkkkkkkkhkkkkkhkkkhkkk

815 ) *hkkkkkkhkhkhhkhkhx

10
11
12

545 ) Fkkkkkkhkkkkk

(

(

(

g 1 6 5 0 ) *hkkkkkkhkhkhhkhkhhkhkhrhhrhkhkhhkhkhrrx
(

(

(

(

(

268 ) *kkkkk

8.7 Reimplement the histogram class from the previous exercise to draw a vertical his-
togram. For example, a graph for rolling two six-sided dice (scaled to 10 asterisks in
the longest bar) is shown below, followed by the same graph drawn vertically.

2( 243)*
3( 594 )

4 (827 ) ww

5 ( 1066 ) *kkkkk

6 ( 1327 ) *kkkkkk

7 ( 1682 ) *kkkkkkkkk
8 ( 1465 ) *kkkkkkk
9 ( 1091 ) *kkkkk
10 (807 ) we

11 (606 ) **

12 ( 292) *

2 3 4 5 6 7 8 91011 12
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8.8

8.9

It's harder to get labels drawn well for the vertical histogram, so first try to determine
how to draw the bars and don’t worry initially about the labels.

Implement &Bieve of Eratosthenés find prime numbers. Asieve isimplemented using
atvector of bool values, initialized so that all elements &nee . To find primes
between 2 anlll, usetvector indices 2 througiN, so you'll need ariN + 1)-element
tvector

1.  Find the first entry that ifue (initially this entry has index 2, because 0 and 1
do not count in the search for primes). We'll call the index oftilve  entryp,
since this entry will be prime.

2. Seteach entry whose index is a multiplepdb false

3. Repeatuntil altvector  elements have been examined.

The process is illustrated in Figure 8.6 for the numbers 2 through 18. Circled numbers
are true. In the topmost view of the array the firste cell has index 2, so all the

even numbers (multiples of 2) are changeddlse . These are shown as shaded
entries in the diagram. The nextie value is 3, so all multiples of 3 are changed

to false (although 6, 12, and 18 have already been changed). In the third row no
more new entries will be set to false that are not already false, and the primes have been
determined (although the steps are repeated untivalitor  elements have been
examined).

Write a program that keeps track of important dates/events and reminds you of all the
important dates that occur in the next two weeks each time you run the program. For
example, you can store events in a data file as follows:

04 01 April Fools Day
02 08 Mom's birthday

01 01 New Years Day
07 16 Laura’s birthday
11 22 Margaret's birthday

To read data in this format you'll need to use tietline  function from Chapter 9
to read all the words on a line after the month and day. The code below reads an
ifstream  namedinput in this format and prints all the events.

’@‘@4@6 718 9l10|11]12]|1314]15]16]17 18‘

Figure 8.6 Using a Sieve of Eratosthenes to find primes
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int month, day;
string event;
while (input >> month >> day &&
getline(input,event)
{
Date dday(month,day,1999);
cout << event << " occurs on " << dday << endl;

}

The program should prompt the user for a time frame, like one day, or one week, or 15
weeks, and print all the events that occur within that time frame of the current day (the
day on which the program is run). Seéate.h , Program G.2 in Howto G for a review

&i‘ita/ of theDate class.
= You should allow the user the option of printing all the events in chronological order.

8.10 Write a program that determines the frequently used words in a text file. We'll define
frequently used to mean that a word accounts for at least 1% of all the words in a
file. For example, in the filenelville.txtthere are 14,353 total words, so any word that
occurs more than 143 times is a frequently used word. nkawille.txtthe frequently
used words are shown in Table 8.2 with their number of occurrences.

Table 8.2 Frequent words in melville.txt

334 a 196 my
376 and 151 not
218 he 359 of
219 his 194 that
519 i 603 the
265 in 432 to

164 it 195 was
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He was a poet and hated the approximate.
Rainer Maria Rilke
The Journal of My Other Self

Computer programs require precision even when abstraction is required
to make them intelligible.
J.A. Zimmer
Abstraction for Programmers

Abstraction ...is seductive; forming generic abstract types can lead into confusing excess
Marian Petre
Psychology of Programming, 112.

In 1936 Alan Turing, a British mathematician, published a famous paper titled “On
Computable Numbers, with an Application to the Entscheidungsproblem.” This paper
helped lay the foundation for much of the work done in theoretical computer science, even
though computers did not exist when the paper was writt€ating invented a model of a
computer, called @uring machine, and he used this model to develop ideas and proofs
about what kinds of numbers could be computed. His invention was an abstraction,
not a real machine, but it provided a framework for reasoning about computers. The
Church—Turing thesis says that, from a theoretical standpoint, all computers have the
same power. This is commonly accepted; the most powerful computers in the world
compute the same things as Turing’s abstract machine could compute. Of course some
computers are faster than others, and computers continue to get faster evéripytear,
the kinds of things that can be computed have not changed.

How can we define abstraction in programming? The American Heritage Dictionary
defines it as “the act or process of separating the inherent qualities or properties of
something from the actual physical object or concept to which they belong.” The general
user’s view of a computer is an abstraction of what really goes on behind the scenes.
You do not need to know how to program a pull-down menu or a tracking mouse to use
these tools. You do not need to know how numbers are represented in computer memory
to write programs that manipulate numeric expressions. In some cases such missing
knowledge is useful, because it can free you from worrying unnecessarily about issues
that aren’t relevant to programming at a high level.

Abstraction is a cornerstone of all computer science and certainly of our study of
programming. The capability that modern programming languages and techniques pro-

1At least, computers as we know them had not yet been invented. Several kinds of calculating machines
had been proposed or manufactured, but no general-purpose computer had been built.

2No matter when you read this sentence, it is likely to be true.
397
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vide us to avoid dealing with details permits more complex and larger programs to be
written than could be written with assembly language, for example.

In this chapter we'll discuss characters, strings, files, and streams. These form
an abstraction hierarchy with characters at the lowest level and streams at the highest
level. A character is a symbol such @ . Strings and files are both constructed
from characters. We’'ll see that streams can be constructed from strings as well as from
files. Although a character lies at the lowest level, we'll see that characters are also
abstractions. We'll discuss programming tools that help in using and combining these
abstractions.

_ 9.1 Characters: Building Blocks for Strings

From the beginning of our study of C++ we have worked with the ckigag

Although we haven't worried about how thstring  class is implemented or about

the individual characters from which strings are built, we have usedtting  class
extensively in many programs. We have treated strings as abstractions—we understand
strings by their use and behavior rather than by their construction or implementation. If
we understand th&tring  member functions (such &ngth , substr , operator

==, andoperator << ), we do not need to understand the details and idiosyncrasies
of the implementation. However, some programs manipulate the individual characters
used to build strings, so we'll need to expand our understanding of characters.

9.1.1 TheType char as an Abstraction

We have discussed strings as sequences of characters but have not included detailed
discussions of how a character is implemented in C++. The tyyg& is used for
characters in C++.

A char variable stores legal character values. The range of legal values depends on
the computer system being used and even the country in which the system is used. The
range of legal characters that is supported in a computing system is calldthitaeter
set. The most commonly used set is the ASCII set (pronounced “askee,” an acronym for
American Standard Code for Information Interchange); all programs in this book are run
on a system with this character set. An emerging standard set is called Unicode, which
supports international characters, such as &, that are not part of the ASCII set. Chinese,
Japanese, Arabic, and Cyrillic character sets may also be represented using Unicode.
You must try to isolate your programs as much as possible from the particular character
set being used in the program’s development. This will help ensure that the program is
portable—that is, useful in other computing environments than the one in which it was
developed.

The typechar is the smallest built-in type. A&har variable uses less (actually,
no more) memory than any other type of variablechfar literal is identified by using

3Some people pronounahar as “care,” short for “character.” Others pronounce it “char” as in
“charcoal.” A third common pronunciation is “car” (rhymes with “star”). | don't like the “charcoal”
pronunciation and use the pronunciation that has character.
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single quotes, as shown in the first two of the following examples:

char letter = 'a’;
char digit = '9’;
string word = "alphabetic"”;

Note thasstring literals use double quotes, which are different from two single quotes.
As an abstraction, ehar is very different from annt.  Unfortunately, in almost
all cases ahar can be treated as ant in C++ programs. This similarity has the
potential to be confusing. From a programmer’s viewhar is distinguished from an
int by the way it is printed and, perhaps, by the amount of computer memory it uses.
The relationship betwearhar andint values is determined by the character set being
=3 used. For ASCII characters this relationship is given in Table F.3 in Howto F.
zi‘i{’a/ Program 9.1 shows how the tylar is very similar to the typént but prints
differently. Thechar variablek is incremented just as ant is incremented, but, as
the output shows, characters appear on the screen differently than integers.
The output of Program 9.1 shows that capital letters come before lower-case letters
when the ASCII character set is used. Notice that the characters representing the digits
'0’ through '9’ are contiguous and come before any alphabetic character.

Program 9.1 charlist.cpp

#include <iostream>
using namespace std;

/I illustrates use of char as an integral type

int main()

{
char first,last;
cout << "enter first and last characters" << endl;
cout << "with NO SPACE separating them: "
cin >> first >> last;

cout << first; /I print first char (fencepost problem)
char k;

for(k=first+1; k <= last; k++)

{ cout < <""<<Kk

}

cout << endl;

return 0O; _
} charlist.cpp
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U PR T

prompt> charlist

enter first and last characters

with NO SPACE separating them: AZ
ABCDEFGHIJKLMNOPQRSTUVWXYZ
prompt> charlist

enter first and last characters

with NO SPACE separating them: 2B
23456789::<=>?2@A8B
prompt> charlist

enter first and last characters

with NO SPACE separating them: Zf
Z[\] V}_‘abcdef

prompt> charlist

enter first and last characters

with NO SPACE separating them: &3
& ()*+,-./0123

If we change the output statement to cast the characteritd,an
cout < < " " << int(k);

the program will display the internal numeric representation of eheln rather than
its symbolic character representation.

prompt> charlist

enter first and last characters

with NO SPACE separating them: AM
65 66 67 68 69 70 71 72 73 74 75 76 77

Using the cast makes it more difficult to verify that the output is correct, because
the symbolic form of each character isn’'t used. In general, there isn’t any reason to
be concerned with what the numerical representation of each character is, because C++
provides many mechanisms that allow programs to use thectygre abstractly without
regard for the underlying character set. You can make the following assumptions about
character codes on almost every system you'll use.

1.  The digit character®’ through'9’ (ASCII values 48 through 57) are consec-
utive with no intervening characters.



June 7,1999 10:10

owltex  Sheet number 26 Page number 40hgentelack

9.1 Characters: Building Blocks for Strings 401

Table 9.1 Some functions in <cctype>

function prototype returns true when

int isalpha(int c) c is alphabetic (upper or lower case)
int isalnum(int c) c is alphabetic or a digit

int islower(int c) c is a lowercase letter

int isdigit(int c) c is a digit character '0’-'9’

2.  The lower-case charactées through'z’ (ASCII 97 through 122) are consec-
utive, and the upper-case charactérs through'z’ (ASCII 65 through 90) are
consecutive.

These assumptions are true for the ASCII character set and the Unicode character set, but
not necessarily for all character sétsn almost all programming environments you'll

use either ASCII or Unicode. In the next section we’ll study utility functions that help

in writing portable programs.

9.1.2 The Library <cctype>

To be portable, your code must not rely on a specific character set. Just as the functionsin

the math libraryxcmath> make writing mathematical and scientific programs easier, a

library of character functions helps in writing portable character-manipulating programs.

This character library is accessible by us#igclude <cctype> or on some sys-

tems using<ctype.h> . The prototypes for some of the functions<octype> are

given in Table 9.1; prototypes for all the functions are found in Table F.2 in Howto F.
Although the formal parameter for each function isr)  these functions are in-

tended to work witlchar arguments. Thusalpha(’'9’) evaluates to zero (false),

becaused’ is not an alphabetic character. In an ASCII environnisdigit(57)

evaluates to nonzero (true), because 57 is the ASCII value for the chal@cter

You should avoid using these functions in such a manner; treat characters as symbolic

abstractions.

Program Tip 9.1: The functions in <cctype> return an int value rather

than a bool value; but treat the value as a bool. In particular, there is no
guarantee that the return value will be 1 for true (although the return value will always
be 0 for false). This means you should write(isdigit(ch)) rather thanif
(isdigit(ch) == 1) in your code.

4The C++ standard requires tht through’®’ be consecutive, but in the EBCDIC character set the
letters’a’ through’z’ and’A’ through’Z’ are not consecutive.
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To write portable programs, use the functions<icctype> rather than writing
equivalent functions. For example, if the ASCII character set is used, the following
function could serve as an implementatiortabwer

int tolower(int c)
/I postcondition: returns lowercase equivalent of c

1 if ¢ isn’t upper case, returns c unchanged
{ if (A" <= ¢ && ¢ <= '2Z) /I ¢ is uppercase

{ retur nc + 32

}

return c;
}

This function works only when the ASCII character set is used, and it relies on two
properties of the character set:

] The uppercase letters occur in order with no intervening characters.

| The difference between a lower-case letter and its corresponding upper-case equiv-
alent is always 32.

You can isolate some dependencies on ASCII by subtracting characters:

int tolower(int c)
/I postcondition: returns lowercase equivalent of c

1 if ¢ isn't upper case, returns c unchanged
{ if (A" <= ¢ && ¢ <='2) Il ¢ is uppercase

{ retur nc + (a -"A);

}

return c;
}

The correctness of this code depends only on a character set in‘ @hicthrough’z’

and’A’ through’Z’ are consecutive ranges. Sindgar values can be manipulated
asint values, you can subtract one character from another, yieldirigtanvalue.
However, although you can multiplg’ * 'b’ , the result doesn’t make sense; using
ASCII, the result i97*98 == 9506 , which is not a legal character value. Although
you can usehar variables as integers, you should restrict arithmetic operations of
characters to the following:

1. Adding an integer to a character—for example, + 2 == 2’
Subtracting an integer from a character—for examj¥le,- 3 == '6’ and
C - == "A’

3. Subtracting two characters—for examp&, - '0’ == 8 and'z’ - 'A’
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You can use &har value in aswitch statement, becaushar values can be
used as integers. You can also comparedhar values using the relational operators
<, <=, >, >=. Character comparisons are based on the value of the underlying character
set, which will always reflect lexicographic (dictionary) order.

Now that we have covered the lowest level of the character—string—file—stream hi-
erarchy, we’ll see how characters are used to build strings and files. We'll investigate
strings first.

9.1.3 Strings as char Sequences

The classstring , accessible using the header filstring> ,® is an abstraction that
represents sequences of characters. However, we haven't yet studied any mechanism
for extracting individual characters froms&ring . Although thesubstr member
function extracts strings armperator + concatenates strings, until now we haven'’t
been able to alter the individual characters of a string.

Basically, a string acts like a vector of characters. The characters are indexed from
0 tos.length()-1. For example, istr represents the strifgomputer” , then
'c’ hasindex0and’” hasindex 7. Individual characters istiing are accessed
using theindexing operatorf] , shown inspreader.cppProgram 9.2, to print a string
with spaces between each character.

Program 9.2 spreader.cpp

#include <iostream>
#include <string>
using namespace std;
#include "prompt.h"

/I spread a string by inserting spaces between characters

int main()
{
strin g s = PromptString("enter a string: ");
int k, limit = s.length(); /I # of chars in s
if (limit > 0) /I at least one character
{ cout << g[0]; /I first character, fencepost problem
for(k=1 ; k < limit; k++) /I then loop over the rest
{ cout << " " << g[k];
}
cout << endl;
}
return 0O;
} spreader.cpp

5The C++ standard string class is accessible using the headessfiiag> . You may be using
"tstring.h" or "apstring.h" rather than the standard header file. Each of these implementa-
tions work with the programs in this book.
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U PR T

prompt> spreader

enter a string: longwinded
Il o n g w i n d e d
prompt> spreader

enter a string: I*#$%

> # $ %

Because the expressisfk] is used for output, and because the compiler can determine
that the expressios[k] is achar , the symbolic form of each character is printed; that

is, an'o’ instead of 111 (the ASCII value o6’ ). The indexing operator can also be
used to change an individual character in a string. For example, the following sequence
of statements would causaste to be displayed:

strin g s = "paste”;
s[0] = 't}
cout << s << endl,

A program that uses th¢ operator with an index that isut of range (i.e., less than

0 or greater than or equal to the number of characters in a string) will cause undefined
behavior if the standard string class is used because the standard class does not check
for illegal indexe<’

Program Tip 9.2: Out-of-range string indexes can cause indeterminate

and hard-to-find errors. The errors are indeterminate because the program may
behave differently each time it is run, depending on what values are in memory. An out-
of-range index will either read from or write to a memory location that is not part of the
string. Such memory accesses invariably lead to errors.

5The implementations of string itistring.h" or "apstring.h" do check for illegal indexes.
These implementations will generate an error message when a program indexes a string with an out-of-
range value.
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John von Neumann (1903-1957)

John von Neumann was a genius in many fields. He founded the field of game
theory with his bookTheory of Games and Economic Behaviocowritten with
Oskar Morgenstern). He helped develop the
atomic bomb as part of the Manhattan Project.
Almost all computers in use today are based
on the von Neumann model of stored pro-
grams and use an architecture that he helped
develop in the early years of computing.

In 1944, von Neumann was working with
the ENIAC (Electronic Numerical Integrator
and Computer), a machine whose wires had
to be physically rearranged to run a different
program. The idea of storing a program in
the computer, just as data are stored, is gen-
erally credited to von Neumann (although
there has been a history of sometimes ran-
corous dispute; see [Gol93, Mac92)).

Hans Bethe, a Nobel Prize-winning physicist, graded academic seminars on a
scale of one to ten:

g
3,

Grade one was something my mother could understand. Grade two my wife
could understand. Grade seven was something | could understand. Grade
eight was something only the speaker and Johnny von Neumann could
understand. Grade nine was something Johnny could understand, but the
speaker didn't. Grade ten was something even Johnny could not yet
understand, but there was little of that.

Von Neumann’s powers of memory and calculation were prodigious, as were
his contributions to so many fields. For a full account of von Neumann'’s life
see [Mac92].

Pause to Reflect 9.1 The following function is intended to return the decimal equivalent of a digit
character; for example, fo@' it should return 0, and fdB’ it should return 3.

@
% int todigit(int c)

/I pre: ¢ is a digit character: '0",'1’, ..., '9’
/I post: returns digit equivalent,

I e.g., 3 for '3

{

if (isdigit(c))
{ retur nc -0}

}
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This function does return the correct values for all digit characters. The function
is not robust, because it may cause programs to crash if the precondition isn’t true.
How would you make it more robust?

9.2 The underlying numeric value of a character (in ASCII and other character sets)
reflects lexicographic order. For examplg, < 'a’ , since upper-case letters
precede lower-case letters in the ASCII ordering. Why does this help to explain
why "Zebra" < "aardvark" but"aardvark" < "yak" ?

9.3 Explain why the statemergbut << 'a ' + 3 << endl generates the inte-
ger 100 as output. Why doesthe statencent << char('a’ + 3) << endl
generate the charactef ?

9.4 Ifthe ASCII setis used, what are the valuesschtrl(’ \t) ,isspace(’ \t) ,
andislower(” \t) ?

9.5 Write a functionisvowel that returns true when its parameter is a vovie!: ,

140 IR} ’

e " ,’0 ,or'u (orthe upper-case equivalent). What is an easy way of
writing isconsonant ~ (assumingsvowel exists)?

9.6 Write a boolean-valued functidaPalindrome  thatreturns true when its string
parameter is a palindrome and false otherwise patindrome is a word that
reads the same backwards as forwards, such as “racecar,” “mom,” and “amana-
planacanalpanama” (which is “A man, a plan, a canal—Panama!” with no spaces,
capitals, or punctuation).

For a challenge, make the function ignore spaces and punctuation so that “A man,
a plan, a canal — Panamal!!” is recognized as a palindrome.

9.7 Write the body of the following functioMakeLower so that all upper-case letters
in s are converted to lower case. Whysisa reference parameter?

void MakelLower(string & S)
/I post: all letters in s are lower case

9.8 There are several functions in the librdistrutils.h" (seestrutils.h, Pro-
‘fy gram G.8 in Howto G.) for converting strings to numbeati  converts a string
= toanint andatof converts a string todouble . (The “a” is for “alphabetic”;

“atoi” is pronounced “a-to-i.”)

Write a function with prototypént atoi(string s) that converts a string
to its decimal equivalent; for examplatoi("1234") evaluates to 1234, and
atoi("-52") evaluates te-52.

9.2 Streams and Files as Lines and
Characters

A string  variable is a sequence of characters, but we manipulate strings abstractly
without knowing the details of how the characters are stored or represented. When
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information is hidden in this way, and a type is used independently of the underlying
representation of the data, the type is sometimes callethstnact data type,or ADT.

The data type is abstract because knowledge of its underlying implementation is not
necessary to use it. You probably don't know how individual Os and 1s are stored to
represenint anddouble values, but you can still write programs that use these
numeric types.

In this section we’ll see that a stream is also an abstract data type. Until now we
have viewed a stream as a sequence of words or numbers. We extract words or numbers
from a stream using> and insert onto a stream using We have developed programs
using the standard streami®# andcout , as well as streams bound to files using the
classedfstream  andofstream. In this section we'll study functions that let us
view streams as a sequence of lines rather than words and numbers. Other functions
let us view streams as sequences of characters; different views are useful in different
settings. We’'ll see some applications that are most easily implemented when streams
are viewed as sequences of lines and others where a sequence of characters is a better
choice.

9.2.1 Input Using getline()

Input operations on strings usikg> result in word-at-a-time input, where words are
treated as any sequence of non—white space characters. In some applications other
methods of input are needed. In particularjfatream  variable bound to a file may
require line-oriented input. Consider, for example, processing a file in the following
format, where an artist/group name is followed on the next line by the title of a compact
disc (CD) by the artist:

Spin Doctors

Pocket Full of Kryptonite

The Beatles

Sergeant Pepper's Lonely Hearts Club Band
Strauss

Also Sprach Zarathustra

The Grateful Dead

American Beauty

There is no way to read all the words on one line of a file using the stream-processing

tools currently at our disposal. Since many text files are arranged as a sequence of lines

rather than white space—delimited words, we need a method for reading input other than

the extraction operator. The functiongetline  allows an entire line of input to be

read at once. When we view a stream as line-oriented rather than word-oriented, we

need to be able to include white space as part of the line read from a stream.
Ifthelinecin » s inspreader.cppRrogram9.2,isreplacedwitfetline(cin,s) ,

the user can enter a string with spaces in it:
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prompt> spreader
enter a string: Green Eggs and Ham
G r e e n E g g s a n d H a m

In the original program the only word read by the progra@iisen, because the space

between “Green” and “Eggs” terminates the extraction operation whdga used. The

character8Eggs and Ham" will notbe processed but willremain on the input stream.
The functiongetline  is used in Program 9.3 to count the total number of lines in

a file. This gives a better count of the number of characters in a file too, because a line

can contain white space characters that would not be reaxifere used.

Program 9.3 filelines.cpp

#include <iostream>
#include <fstream>
#include <cstdlib>
#include <string>
using namespace std;
#include "prompt.h"

/I count # of lines in input file

int main()

{

ifstream input;

string s; /I line entered by user
long numLines = O;

long numChars = 0;

string filename = PromptString("enter name of input file: ");
input.open(filename.c_str());

if (input.fail() )

{ cout << "could not open file " << filename << endl;
exit(1);

}

while (getline(input,s))
{ numLines++;
numChars += s.length();

}
cout << “"number of line s = " << numLines

<< ", number of character s = " << numChars << endl;
return 0O;

filelines.cpp
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The functiongetline  extracts aline, stores the line istting  variable, and returns
the state of the stream. Some programmers prefer to test the stream state explicitly:

while (getline(input,s) && ! input.fail())

However, it is fine to usgetline  in a loop test, both to extract a line and as a test to
see whether the extraction succeeds, just as the exprasfien» word can be
used as the test ofwahile loop to process all the white space—delimited words in a
stream.

U P T -

prompt> filelines
enter name of input file: macbeth.txt

number of lines = 2849, number of characters = 110901
prompt> lines

enter name of input file: hamlet.txt

number of lines = 4463, number of characters = 187271

prompt> filelines
enter name of input file: filelines.cpp
number of lines = 31, number of characters = 696

As used in Program 9.3jetline  has two parameters: an input stream and a string
for storing the line extracted from the stream. The stream can be a predefined stream
such agin or anifstream  variable such agmput , as used in Program 9.3. An
optional third parameter tgetline  indicates thdine delimiter or sentinel character

that identifies the “end of line”. Thstring function getline extracts one line from

the stream passed as the first parame-
ter. The characters composing the line

are stored inthetring  parametes.

Syntax: getline

istream & The state of the stream after the extrac-

getline(istream & is, tionis returned as the value of the func-
string & s, tion. The return value is a reference to
char sentinel =’ \n); the stream, 