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Preface

Almost every computer science and computer engineering curriculum now includes a
required team-based software development project. In some cases, the project is only one
semester or quarter in length, but a year-long team-based software development project is
fast becoming the norm.

In an ideal world, every student would complete a course in software engineering before
starting his or her team-based project (“two-stage curriculum”). In practice, however, many
students have to start their projects partway through their software engineering course, or
even at the beginning of the course (“parallel curriculum”).

As explained in the next section, this book is organized in such a way that it can be used
for both curricula.

How the Eighth Edition Is Organized

The book comprises two main parts: Part B teaches the students how to develop a software
product; Part A provides the necessary theoretical background for Part B. The 18 chapters
are organized as follows:

Chapter 1 Introduction to software engineering
Part A Chapters 2 through 9 Software engineering concepts
Part B Chapters 10 through 17 Software engineering techniques
Chapter 18 Emerging technologies

Chapter 10 is new. It contains a summary of the key material of Part A. When the two-stage
curriculum is followed, the instructor teaches first Part A and then Part B (omitting Chapter 10,
because the material of Chapter 10 will have been covered in depth in Part A). For the parallel
curriculum, the instructor first teaches Part B (so that the students can start their projects as soon
as possible), and then Part A. The material of Chapter 10 enables the students to understand Part
B without first covering Part A.

This latter approach seems counterintuitive: Surely theory should always be taught
before practice. In fact, curricular issues have forced many of the instructors who have
used the seventh edition of this book to teach the material of Part B before Part A. Surpris-
ingly, they have been most satisfied with the outcome. They report that their students have
a greater appreciation of the theoretical material of Part A as a consequence of their project
work. That is, team-based project work makes students more receptive to and understand-
ing of the theoretical concepts that underlie software engineering.

In more detail, the material of the eighth edition may be taught in the following two ways:

1. Two-Stage Curriculum

Chapter 1 (Introduction to software engineering)
Part A Chapters 2 through 9 (Software engineering concepts)
Part B Chapters 11 through 17 (Software engineering techniques)
Chapter 18 (Emerging technologies)
The students then commence their team-based projects in the following semester
or quarter.

xiii
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2. Parallel Curriculum

Chapter 1 (Introduction to software engineering)
Chapter 10 (Key material from Part A)
The students now commence their team-based projects, in parallel with studying
the material of Part B.
Part B Chapters 11 through 17 (Software engineering techniques)
Part A Chapters 2 through 9 (Software engineering concepts)
Chapter 18 (Emerging technologies)

New Features of the Eighth Edition

The book has been updated throughout.

I have added two new chapters. As previously explained, Chapter 10, a summary of key
points of Part A, has been included so that this book can be used when students start their
team-based term projects in parallel with their software engineering course. The other
new chapter, Chapter 18, gives an overview of 10 emerging technologies, including

* Aspect-oriented technology

* Model-driven technology

* Component-based technology
* Service-oriented technology

» Social computing

*  Web engineering

¢ Cloud technology

* Web 3.0

» Computer security

* Model checking

I have considerably expanded the material on design patterns in Chapter 8, including a
new mini case study.

Two theoretical tools have been added to Chapter 5: divide-and-conquer, and separation
of concerns.

The object-oriented analysis of the elevator problem of Chapter 13 now reflects a mod-
ern distributed, decentralized architecture.

The references have been extensively updated, with an emphasis on current research.
There are well over 100 new problems.
There are new Just in Case You Wanted to Know boxes.

Features Retained from the Seventh Edition

The Unified Process is still largely the methodology of choice for object-oriented soft-
ware development. Throughout this book, the student is therefore exposed to both the
theory and the practice of the Unified Process.

In Chapter 1, the strengths of the object-oriented paradigm are analyzed in depth.
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The iterative-and-incremental life-cycle model has been introduced as early as possible, namely,
in Chapter 2. Furthermore, as with all previous editions, numerous other life-cycle models are
presented, compared, and contrasted. Particular attention is paid to agile processes.

In Chapter 3 (“The Software Process”), the workflows (activities) and processes of the
Unified Process are introduced, and the need for two-dimensional life-cycle models is
explained.

A wide variety of ways of organizing software teams are presented in Chapter 4 (“Teams”),
including teams for agile processes and for open-source software development.

Chapter 5 (“The Tools of the Trade”) includes information on important classes of
CASE tools.

The importance of continual testing is stressed in Chapter 6 (“Testing”).

Objects continue to be the focus of attention in Chapter 7 (“From Modules to Objects”).
Design patterns remain a central focus of Chapter 8 (“Reusability and Portability™).
The IEEE standard for software project management plans is again presented in
Chapter 9 (“Planning and Estimating”).

Chapter 11 (“Requirements”), Chapter 13 (“Object-Oriented Analysis”), and Chapter 14
(“Design”) are largely devoted to the workflows (activities) of the Unified Process. For
obvious reasons, Chapter 12 (“Classical Analysis™) is largely unchanged.

The material in Chapter 15 (“Implementation”) clearly distinguishes between imple-
mentation and integration.

The importance of postdelivery maintenance is stressed in Chapter 16.

Chapter 17 provides additional material on UML to prepare the student thoroughly for
employment in the software industry. This chapter is of particular use to instructors who
utilize this book for the two-semester software engineering course sequence. In the second
semester, in addition to developing the team-based term project or a capstone project, the
student can acquire additional knowledge of UML, beyond what is needed for this book.
As before, there are two running case studies. The MSG Foundation case study and the
Elevator Problem case study have been developed using the Unified Process. As usual,
Java and C++ implementations are available online at www.mhhe.com/schach.

In addition to the two running case studies that are used to illustrate the complete life
cycle, eight mini case studies highlight specific topics, such as the moving target prob-
lem, stepwise refinement, design patterns, and postdelivery maintenance.

In all the previous editions, I have stressed the importance of documentation, mainte-
nance, reuse, portability, testing, and CASE tools. In this edition, all these concepts are
stressed equally firmly. It is no use teaching students the latest ideas unless they appreci-
ate the importance of the basics of software engineering.

As in the seventh edition, particular attention is paid to object-oriented life-cycle mod-
els, object-oriented analysis, object-oriented design, management implications of the
object-oriented paradigm, and the testing and maintenance of object-oriented software.
Metrics for the object-oriented paradigm also are included. In addition, many briefer
references are made to objects, a paragraph or even only a sentence in length. The reason
is that the object-oriented paradigm is not just concerned with how the various phases
are performed but rather permeates the way we think about software engineering. Object
technology again pervades this book.
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+ The software process is still the concept that underlies the book as a whole. To control the pro-
cess, we have to be able to measure what is happening to the project. Accordingly, the emphasis
on metrics continues. With regard to process improvement, the material on the capability matu-
rity model (CMM), ISO/IEC 15504 (SPICE), and ISO/IEC 12207 has been retained.

» The book is still language independent. The few code examples are presented in C++
and Java, and I have made every effort to smooth over language-dependent details and
ensure that the code examples are equally clear to C++ and Java users. For example,
instead of using cout for C++ output and System.out.println for Java output, I have
utilized the pseudocode instruction print. (The one exception is the new case study,
where complete implementation details are given in both C++ and Java, as before.)

* As in the seventh edition, this book contains over 600 references. I have selected current
research papers as well as classic articles and books whose message remains fresh and rel-
evant. There is no question that software engineering is a rapidly moving field, and students
therefore need to know the latest results and where in the literature to find them. At the same
time, today’s cutting-edge research is based on yesterday’s truths, and I see no reason to
exclude an older reference if its ideas are as applicable today as they originally were.

»  With regard to prerequisites, it is assumed that the reader is familiar with a high-level

programming language such as C, C#, C++, or Java. In addition, the reader is expected
to have taken a course in data structures.

Why the Classical Paradigm Is Still Included

There is now almost unanimous agreement that the object-oriented paradigm is superior
to the classical paradigm. Accordingly, many instructors who adopted the seventh edition
of Object-Oriented and Classical Sofiware Engineering chose to teach only the object-
oriented material in that book. However, when asked, instructors indicated that they prefer
to adopt a text that includes the classical paradigm.

The reason is that, even though more and more instructors feach only the object-oriented
paradigm, they still refer to the classical paradigm in class; many object-oriented techniques are
hard for the student to understand unless that student has some idea of the classical techniques
from which those object-oriented techniques are derived. For example, understanding entity-
class modeling is easier for the student who has been introduced, even superficially, to entity-
relationship modeling. Similarly, a brief introduction to finite state machines makes it easier for
the instructor to teach statecharts. Accordingly, I have retained classical material in the eighth
edition, so that instructors have classical material available for pedagogical purposes.

The Problem Sets

As in the seventh edition, this book has five types of problems. First, there are running
object-oriented analysis and design projects at the end of Chapters 11, 13, and 14. These
have been included because the only way to learn how to perform the requirements, analy-
sis, and design workflows is from extensive hands-on experience.

Second, the end of each chapter contains a number of exercises intended to highlight key
points. These exercises are self-contained; the technical information for all the exercises
can be found in this book.
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Third, there is a software term project. It is designed to be solved by students working
in teams of three, the smallest number of team members that cannot confer over a standard
telephone. The term project comprises 15 separate components, each tied to the relevant
chapter. For example, design is the topic of Chapter 14, so in that chapter the component of
the term project is concerned with software design. By breaking a large project into smaller,
well-defined pieces, the instructor can monitor the progress of the class more closely. The
structure of the term project is such that an instructor may freely apply the 15 components
to any other project that he or she chooses.

Because this book has been written for use by graduate students as well as upper-class
undergraduates, the fourth type of problem is based on research papers in the software
engineering literature. In each chapter, an important paper has been chosen; wherever pos-
sible, a paper related to object-oriented software engineering has been selected. The student
is asked to read the paper and answer a question relating to its contents. Of course, the
instructor is free to assign any other research paper; the For Further Reading section at the
end of each chapter includes a wide variety of relevant papers.

The fifth type of problem relates to the case study. This type of problem was first intro-
duced in the third edition in response to a number of instructors who felt that their students
learn more by modifying an existing product than by developing a new product from scratch.
Many senior software engineers in the industry agree with that viewpoint. Accordingly, each
chapter in which the case study is presented has problems that require the student to modify
the case study in some way. For example, in one chapter the student is asked to redesign the
case study using a different design technique from the one used for the case study. In another
chapter, the student is asked what the effect would have been of performing the steps of the
object-oriented analysis in a different order. To make it easy to modify the source code of the
case study, it is available on the Web at www.mhhe.com/schach.

The website also has material for instructors, including a complete set of PowerPoint
lecture notes and detailed solutions to all the exercises as well as to the term project.

Material on UML

This book makes substantial use of UML (Unified Modeling Language). If the students do not
have previous knowledge of UML, this material may be taught in two ways. I prefer to teach
UML on a just-in-time basis; that is, each UML concept is introduced just before it is needed.
The following table describes where the UML constructs used in this book are introduced.

Section in Which the Corresponding

Construct UML Diagram Is Introduced
Class diagram, note, inheritance (generalization), Section 7.7
aggregation, association, navigation triangle
Use case Section 11.4.3
Use-case diagram, use-case description Section 11.7
Stereotype Section 13.1
Statechart Section 13.6
Interaction diagram (sequence diagram, Section 13.15

communication diagram)
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Alternatively, Chapter 17 contains an introduction to UML, including material above and
beyond what is needed for this book. Chapter 17 may be taught at any time; it does not depend
on material in the first 16 chapters. The topics covered in Chapter 17 are as follows:

Section in Which the Corresponding

Construct UML Diagram Is Introduced
Class diagram, aggregation, multiplicity, Section 17.2
composition, generalization, association

Note Section 17.3
Use-case diagram Section 17.4
Stereotype Section 17.5
Interaction diagram Section 17.6
Statechart Section 17.7
Activity diagram Section 17.8
Package Section 17.9
Component diagram Section 17.10
Deployment diagram Section 17.11

Online Resources

A website to accompany the text is available at www.mhhe.com/schach. The website
features Java and C++ implementations as well as source code for the MSG case study for
students. For instructors, lecture PowerPoints, detailed solutions to all exercises and the term
project, and an image library are available. For details, contact your sales representative.

Electronic Textbook Options

E-books are an innovative way for students to save money and create a greener environment
at the same time. An e-book can save students about half the cost of a traditional textbook
and offers unique features like a powerful search engine, highlighting, and the ability to
share notes with classmates using e-books.

McGraw-Hill offers this text as an e-book. To talk about the e-book options, contact your
McGraw-Hill sales representative or visit the site www.coursesmart.com to learn more.
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Chapter

The Scope of Software
Engineering

Learning Objectives

After studying this chapter, you should be able to

e Define what is meant by software engineering.

e Describe the classical software engineering life-cycle model.

e Explain why the object-oriented paradigm is now so widely accepted.

e Discuss the implications of the various aspects of software engineering.

e Distinguish between the classical and modern views of maintenance.

e Discuss the importance of continual planning, testing, and documentation.
e Appreciate the importance of adhering to a code of ethics.

A well-known story tells of an executive who received a computer-generated bill for $0.00.
After having a good laugh with friends about “idiot computers,” the executive tossed the
bill away. A month later, a similar bill arrived, this time marked 30 days. Then came the
third bill. The fourth bill arrived a month later, accompanied by a message hinting at pos-
sible legal action if the bill for $0.00 was not paid at once.

The fifth bill, marked 120 days, did not hint at anything—the message was rude and
forthright, threatening all manner of legal actions if the bill was not immediately paid.
Fearful of his organization’s credit rating in the hands of this maniacal machine, the execu-
tive called an acquaintance who was a software engineer and related the whole sorry story.
Trying not to laugh, the software engineer told the executive to mail a check for $0.00. This
had the desired effect, and a receipt for $0.00 was received a few days later. The executive
meticulously filed it away in case at some future date the computer might allege that $0.00
was still owed.
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This well-known story has a less well-known sequel. A few days later, the executive
was summoned by his bank manager. The banker held up a check and asked, “Is this your
check?”

The executive agreed that it was.

“Would you mind telling me why you wrote a check for $0.00?” asked the banker.

So the whole story was retold. When the executive had finished, the banker turned to
him and she quietly asked, “Have you any idea what your check for $0.00 did to our com-
puter system?”’

A computer professional can laugh at this story, albeit somewhat nervously. After all,
every one of us has designed or implemented a product that, in its original form, would
have resulted in the equivalent of sending dunning letters for $0.00. Up to now, we have
always caught this sort of fault during testing. But our laughter has a hollow ring to it,
because at the back of our minds is the fear that someday we will not detect the fault before
the product is delivered to the customer.

A decidedly less humorous software fault was detected on November 9, 1979. The
Strategic Air Command had an alert scramble when the worldwide military command
and control system (WWMCCS) computer network reported that the Soviet Union
had launched missiles aimed toward the United States [Neumann, 1980]. What actu-
ally happened was that a simulated attack was interpreted as the real thing, just as in
the movie WarGames some 5 years later. Although the U.S. Department of Defense
understandably has not given details about the precise mechanism by which test data
were taken for actual data, it seems reasonable to ascribe the problem to a software
fault. Either the system as a whole was not designed to differentiate between simula-
tions and reality or the user interface did not include the necessary checks for ensur-
ing that end users of the system would be able to distinguish fact from fiction. In other
words, a software fault, if indeed the problem was caused by software, could have
brought civilization as we know it to an unpleasant and abrupt end. (See Just in Case
You Wanted to Know Box 1.1 for information on disasters caused by other software
faults.)

Whether we are dealing with billing or air defense, much of our software is delivered
late, over budget, and with residual faults, and does not meet the client’s needs. Software
engineering is an attempt to solve these problems. In other words, software engineering
is a discipline whose aim is the production of fault-free software, delivered on time and
within budget, that satisfies the client’s needs. Furthermore, the software must be easy to
modify when the user’s needs change.

The scope of software engineering is extremely broad. Some aspects of software engi-
neering can be categorized as mathematics or computer science; other aspects fall into the
areas of economics, management, or psychology. To display the wide-reaching realm of
software engineering, we now examine five different aspects.

1.1 Historical Aspects

It is a fact that electric power generators fail, but far less frequently than payroll prod-
ucts. Bridges sometimes collapse but considerably less often than operating systems. In
the belief that software design, implementation, and maintenance could be put on the same



In the case of the WWMCCS network, disaster was averted at the last minute. However,
the consequences of other software faults have been fatal. For example, between 1985 and
1987, at least two patients died as a consequence of severe overdoses of radiation delivered
by the Therac-25 medical linear accelerator [Leveson and Turner, 1993]. The cause was a
fault in the control software.

Also, during the 1991 Gulf War, a Scud missile penetrated the Patriot antimissile shield
and struck a barracks near Dhahran, Saudi Arabia. In all, 28 Americans were killed and 98
wounded. The software for the Patriot missile contained a cumulative timing fault. The
Patriot was designed to operate for only a few hours at a time, after which the clock was
reset. As a result, the fault never had a significant effect and therefore was not detected.
In the Gulf War, however, the Patriot missile battery at Dhahran ran continuously for over
100 hours. This caused the accumulated time discrepancy to become large enough to
render the system inaccurate.

During the Gulf War, the United States shipped Patriot missiles to Israel for protection
against the Scuds. Israeli forces detected the timing problem after only 8 hours and imme-
diately reported it to the manufacturer in the United States. The manufacturer corrected the
fault as quickly as it could, but tragically, the new software arrived the day after the direct
hit by the Scud [Mellor, 1994].

Fortunately, it is extremely rare for death or serious injury to be caused by a software
fault. However, one fault can cause major problems for thousands and thousands of people.
For example, in February 2003, a software fault resulted in the U.S. Treasury Department
mailing 50,000 Social Security checks that had been printed without the name of the ben-
eficiary, so the checks could not be deposited or cashed [St. Petersburg Times Online,
2003]. In April 2003, borrowers were informed by SLM Corp. (commonly known as Sallie
Mae) that the interest on their student loans had been miscalculated as a consequence of a
software fault from 1992 but detected only at the end of 2002. Nearly 1 million borrowers
were told that they would have to pay more, either in the form of higher monthly payments
or extra interest payments on loans extending beyond their original 10-year terms [G]Senti-
nel.com, 2003]. Both faults were quickly corrected, but together they resulted in nontrivial
financial consequences for about a million people.

The Belgian government overestimated its 2007 budget by €883,000,000 (more than
$1,100,000,000 at time of writing). This mistake was caused by a software fault compounded
by the manual overriding of an error-detection mechanism [La Libre Online, 2007a;
2007b]. The Belgian tax authorities used scanners and optical character recognition soft-
ware to process tax returns. If the software encountered an unreadable return, it recorded
the taxpayer’s income as €99,999,999.99 (over $125,000,000). Presumably, the “magic
number” €99,999,999.99 was chosen to be quickly detected by employees of the data pro-
cessing department, so that the return in question would then be processed manually. This
worked fine when the tax returns were analyzed for tax assessment purposes, but not when
the tax returns were reanalyzed for budgetary purposes. Ironically, the software product did
have filters to detect this sort of problem, but the filters were manually bypassed to speed
up processing.

There were at least two faults in the software. First, the software engineers assumed that
there would always be adequate manual scrutiny before further processing of the data.
Second, the software allowed the filters to be manually overridden.




As stated in Section 1.1, the aim of the Garmisch conference was to make software develop-
ment as successful as traditional engineering. But by no means are all traditional engineer-
ing projects successful. For example, consider bridge building.

In July 1940, construction of a suspension bridge over the Tacoma Narrows, in Wash-
ington State, was completed. Soon after, it was discovered that the bridge swayed and
buckled dangerously in windy conditions. Approaching cars would alternately disappear
into valleys and then reappear as that part of the bridge rose again. From this behavior,
the bridge was given the nickname “Galloping Gertie.” Finally, on November 7, 1940,
the bridge collapsed in a 42 mile per hour wind; fortunately, the bridge had been closed
to all traffic some hours earlier. The last 15 minutes of its life were captured on film, now
stored in the U.S. National Film Registry.

A somewhat more humorous bridge construction failure was observed in January
2004. A new bridge was being built over the Upper Rhine River near the German
town of Laufenberg, to connect Germany and Switzerland. The German half of the
bridge was designed and constructed by a team of German engineers; the Swiss half
by a Swiss team. When the two parts were connected, it immediately became appar-
ent that the German half was some 21 inches (54 centimeters) higher than the Swiss
half. Major reconstruction was needed to correct the problem, which was caused by
wrongly correcting for the fact that “sea level” is taken by Swiss engineers to be the
average level of the Mediterranean Sea, whereas German engineers use the North Sea.
To compensate for the difference in sea levels, the Swiss side should have been raised
10.5 inches. Instead, it was lowered 10.5 inches, resulting in the gap of 21 inches
[Spiegel Online, 2004].

footing as traditional engineering disciplines, a NATO study group in 1967 coined the term
software engineering. The claim that building software is similar to other engineering tasks
was endorsed by the 1968 NATO Software Engineering Conference held in Garmisch,
Germany [Naur, Randell, and Buxton, 1976]. This endorsement is not too surprising; the
very name of the conference reflected the belief that software production should be an
engineering-like activity (but see Just in Case You Wanted to Know Box 1.2). A conclusion
of the conferees was that software engineering should use the philosophies and paradigms
of established engineering disciplines to solve what they termed the software crisis,
namely, that the quality of software generally was unacceptably low and that deadlines and
budgets were not being met.

Despite many software success stories, an unacceptably large proportion of software
products still are being delivered late, over budget, and with residual faults. For exam-
ple, the Standish Group is a research firm that analyzes software development projects.
Their study of development projects completed in 2006 is summarized in Figure 1.1
[Rubenstein, 2007]. Only 35 percent of the projects were successfully completed, whereas
19 percent were canceled before completion or were never implemented. The remaining
46 percent of the projects were completed and installed on the client’s computer. How-
ever, those projects were over budget, late, or had fewer features and functionality than
initially specified. In other words, during 2006, just over one in three software develop-
ment projects was successful; almost half the projects displayed one or more symptoms
of the software crisis.
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The financial implications of the software crisis are horrendous. In a survey conducted
by the Cutter Consortium [2002], the following was reported:

* An astounding 78 percent of information technology organizations have been involved
in disputes that ended in litigation.

« In 67 percent of those cases, the functionality or performance of the software products
as delivered did not measure up to the claims of the software developers.

* In 56 percent of those cases, the promised delivery date slipped several times.

* In 45 percent of those cases, the faults were so severe that the software product was
unusable.

It is clear that far too little software is delivered on time, within budget, fault free, and
meeting its client’s needs. To achieve these goals, a software engineer has to acquire a broad
range of skills, both technical and managerial. These skills have to be applied not just to
programming but to every step of software production, from requirements to postdelivery
maintenance.

That the software crisis still is with us, some 40 years later, tells us two things. First, the
software process, that is, the way we produce software, has its own unique properties and
problems, even though it resembles traditional engineering in many respects. Second, the
software crisis perhaps should be renamed the software depression, in view of its long
duration and poor prognosis.

We now consider economic aspects of software engineering.

1.2 Economic Aspects

A software organization currently using coding technique CT,; discovers that new coding
technique CT,,, would result in code being produced in only nine-tenths of the time needed
by CT,,4 and, hence, at nine-tenths the cost. Common sense seems to dictate that CT,,, is
the appropriate technique to use. In fact, although common sense certainly dictates that
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the faster technique is the technique of choice, the economics of software engineering may
imply the opposite.

* One reason is the cost of introducing new technology into an organization. The fact
that coding is 10 percent faster when technique CT,,, is used may be less important
than the costs incurred in introducing CT,,, into the organization. It may be necessary
to complete two or three projects before recouping the cost of training. Also, while
attending courses on CT, ., software personnel are unable to do productive work. Even
when they return, a steep learning curve may be involved; it may take many months of
practice with CT,,, before software professionals become as proficient with CT,,, as
they currently are with CT, ;. Therefore, initial projects using CT, ., may take far longer
to complete than if the organization had continued to use CT_ 4. All these costs need to
be taken into account when deciding whether to change to CT,,.

* A second reason why the economics of software engineering may dictate that CT_
be retained is the maintenance consequence. Coding technique CT,, indeed may be
10 percent faster than CT,,, and the resulting code may be of comparable quality from
the viewpoint of satisfying the client’s current needs. But the use of technique CT,,
may result in code that is difficult to maintain, making the cost of CT,, higher over
the life of the product. Of course, if the software developer is not responsible for any
postdelivery maintenance, then, from the viewpoint of just that developer, CT,,, is a
more attractive proposition. After all, the use of CT,,, would cost 10 percent less. The
client should insist that technique CT,_ 4 be used and pay the higher initial costs with the
expectation that the total lifetime cost of the software will be lower. Unfortunately, often
the sole aim of both the client and the software provider is to produce code as quickly as
possible. The long-term effects of using a particular technique generally are ignored in
the interests of short-term gain. Applying economic principles to software engineering
requires the client to choose techniques that reduce long-term costs.

This example deals with coding, which constitutes less than 10 percent of the software
development effort. The economic principles, however, apply to all other aspects of soft-
ware production as well.

We now consider the importance of maintenance.

1.3 Maintenance Aspects

In this section, we describe maintenance within the context of the software life cycle.
A life-cycle model is a description of the steps that should be performed when build-
ing a software product. Many different life-cycle models have been proposed; several of
them are described in Chapter 2. Because it is almost always easier to perform a sequence
of smaller tasks than one large task, the overall life-cycle model is broken into a series of
smaller steps, called phases. The number of phases varies from model to model—from
as few as four to as many as eight. In contrast to a life-cycle model, which is a theoretical
description of what should be done, the actual series of steps performed on a specific soft-
ware product, from concept exploration through final retirement, is termed the life cycle of
that product. In practice, the phases of the life cycle of a software product may not be car-
ried out exactly as specified in the life-cycle model, especially when time and cost overruns



FIGURE 1.2
The six phases
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life-cycle
model.
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are encountered. It has been claimed that more software projects have gone wrong for
lack of time than for all other reasons combined [Brooks, 1975].

Until the end of the 1970s, most organizations were producing software using as their
life-cycle model what now is termed the waterfall model. There are many variations
of this model, but by and large, a product developed using this classical life-cycle model
goes through the six phases shown in Figure 1.2. These phases probably do not correspond
exactly to the phases of any one particular organization, but they are sufficiently close to
most practices for the purposes of this book. Similarly, the precise name of each phase
varies from organization to organization. The names used here for the various phases have
been chosen to be as general as possible in the hope that the reader will feel comfortable
with them.

1. Requirements phase. During the requirements phase, the concept is explored and
refined, and the client’s requirements are elicited.

2. Analysis (specification) phase. The client’s requirements are analyzed and presented
in the form of the specification document, “what the product is supposed to do.”
The analysis phase sometimes is called the specification phase. At the end of this
phase, a plan is drawn up, the software project management plan, describing the
proposed software development in full detail.

3. Design phase. The specifications undergo two consecutive design procedures during the
design phase. First comes architectural design, in which the product as a whole is
broken down into components, called modules. Then, each module is designed; this
procedure is termed detailed design. The two resulting design documents describe
“how the product does it.”

4. Implementation phase. The various components undergo coding and testing (unit
testing) separately. Then, the components of the product are combined and tested as a
whole; this is termed integration. When the developers are satisfied that the product
functions correctly, it is tested by the client (acceptance testing). The implementa-
tion phase ends when the product is accepted by the client and installed on the client’s
computer. (We see in Chapter 15 that coding and integration should be performed in
parallel.)

5. Postdelivery maintenance. The product is used to perform the tasks for which it
was developed. During this time, it is maintained. Postdelivery maintenance
includes all changes to the product once the product has been delivered and installed
on the client’s computer and passes its acceptance test. Postdelivery maintenance



One of the most widely quoted results in software engineering is that 17.4 percent of
the postdelivery maintenance effort is corrective in nature; 18.2 percent is adaptive; 60.3
percent is perfective; and 4.1 percent can be categorized as “other.” This result is taken
from a paper published in 1978 [Lientz, Swanson, and Tompkins, 1978].

However, the result in that paper was not derived from measurements on maintenance
data. Instead, the authors conducted a survey of maintenance managers who were asked
to estimate how much time was devoted to each category within their organization as
a whole and to state how confident they felt about their estimate. More specifically, the
participating software maintenance managers were asked whether their response was
based on reasonably accurate data, minimal data, or no data; 49.3 percent stated that
their answer was based on reasonably accurate data, 37.7 percent on minimal data, and
8.7 percent on no data.

In fact, one should seriously question whether any respondents had “reasonably
accurate data” regarding the percentage of time devoted to the categories of mainte-
nance included in the survey; most of them probably did not have even “minimal data.”
In that survey, participants were asked to state what percentage of maintenance consisted
of items like “emergency fixes” or “routine debugging”; from this raw information, the
percentage of adaptive, corrective, and perfective maintenance was deduced. Software
engineering was just starting to emerge as a discipline in 1978, and it was the exception
for software maintenance managers to collect the detailed information needed to re-
spond to such a survey. Indeed, in modern terminology, in 1978 virtually every organiza-
tion was still at CMM level 1 (see Section 3.13).

Hence, we have strong grounds for questioning whether the actual distribution of post-
delivery maintenance activities back in 1978 was anything like the estimates of the man-
agers who took part in the survey. The distribution of maintenance activities is certainly
nothing like that today. For example, results on actual maintenance data for the Linux
kernel [Schach et al., 2002] and the gcc compiler [Schach et al., 2003] show that at least
50 percent of postdelivery maintenance is corrective, as opposed to the 17.4 percent figure
claimed in the survey.

includes corrective maintenance (or software repair), which consists of the
removal of residual faults while leaving the specifications unchanged, as well as
enhancement (or software update), which consists of changes to the specifi-
cations and the implementation of those changes. There are, in turn, two types
of enhancement. The first is perfective maintenance, changes that the client
thinks will improve the effectiveness of the product, such as additional functional-
ity or decreased response time. The second is adaptive maintenance, changes
made in response to changes in the environment in which the product operates,
such as a new hardware/operating system or new government regulations. (For
an insight into the three types of postdelivery maintenance, see Just in Case You
Wanted to Know Box 1.3.)

6. Retirement. Retirement occurs when the product is removed from service. This occurs
when the functionality provided by the product no longer is of any use to the client
organization.

Now we examine the definition of maintenance in greater detail.
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1.3.1 Classical and Modern Views of Maintenance

In the 1970s, software production was viewed as consisting of two distinct activities
performed sequentially: development followed by maintenance. Starting from scratch, the
software product was developed, and then installed on the client’s computer. Any change
to the software after installation on the client’s computer and acceptance by the client,
whether to fix a residual fault or extend the functionality, constituted classical maintenance
[IEEE 610.12, 1990]. Hence, the way that software was developed classically can be de-
scribed as the development-then-maintenance model.

This is a temporal definition; that is, an activity is classified as development or main-
tenance depending on when it is performed. Suppose that a fault in the software is detected
and corrected a day after the software has been installed. By definition, this constitutes
classical maintenance. But if the identical fault is detected and corrected the day before
the software is installed, in terms of the definition, this constitutes classical development.
Now suppose that a software product has just been installed but the client wants to increase
the functionality of the software product. Classically, that would be described as perfec-
tive maintenance. However, if the client wants the same change to be made just before the
software product is installed, this would be classical development. Again, there is no differ-
ence whatsoever between the nature of the two activities, but classically one is considered
development, the other perfective maintenance.

In addition to such inconsistencies, two other reasons explain why the development-
then-maintenance model is unrealistic today:

1. Nowadays, it is certainly not unusual for construction of a product to take a year or
more. During this time, the client’s requirements may well change. For example, the
client might insist that the product now be implemented on a faster processor, which
has just become available. Alternatively, the client organization may have expanded into
Belgium while development was under way, and the product now has to be modified
so it can also handle sales in Belgium. To see how a change in requirements can affect
the software life cycle, suppose that the client’s requirements change while the design
is being developed. The software engineering team has to suspend development and
modify the specification document to reflect the changed requirements. Furthermore, it
then may be necessary to modify the design as well, if the changes to the specifications
necessitate corresponding changes to those portions of the design already completed.
Only when these changes have been made can development proceed. In other words,
developers have to perform “maintenance” long before the product is installed.

2. A second problem with the classical development-then-maintenance model arose as a
result of the way in which we now construct software. In classical software engineering,
a characteristic of development was that the development team built the target product
starting from scratch. In contrast, as a consequence of the high cost of software produc-
tion today, wherever possible developers try to reuse parts of existing software products
in the software product to be constructed (reuse is discussed in detail in Chapter 8).
Therefore, the development-then-maintenance model is inappropriate today because
reuse is so widespread.

A more realistic way of looking at maintenance is that given in the standard for life-
cycle processes published by the International Organization for Standardization (ISO)
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The International Organization for Standardization (ISO) is a network of the national stan-
dards institutes of 147 countries, with a central secretariat based in Geneva, Switzerland.
ISO has published over 13,500 internationally accepted standards, ranging from standards
for photographic film speed (“ISO number”) to many of the standards presented in this
book. For example, ISO 9000 is discussed in Chapter 3.

ISO is not an acronym. It is derived from the Greek word {co{, meaning equal, the
root of the English prefix iso- found in words such as isotope, isobar, and isosceles. The
International Organization for Standardization chose ISO as the short form of its name to
avoid having multiple acronyms arising from the translation of the name “International
Organization for Standardization” into the languages of the different member countries.
Instead, to achieve international standardization, a universal short form of its name was
chosen.

and the International Electrotechnical Commission (IEC). That is, maintenance is the
process that occurs when “software undergoes modifications to code and associated
documentation due to a problem or the need for improvement or adaptation” [ISO/IEC
12207, 1995]. In terms of this operational definition, maintenance occurs whenever
a fault is fixed or the requirements change, irrespective of whether this takes place
before or after installation of the product. The Institute for Electrical and Electronics
Engineers (IEEE) and the Electronic Industries Alliance (EIA) subsequently adopted
this definition [IEEE/EIA 12207.0-1996, 1998] when IEEE standards were modified to
comply with ISO/IEC 12207. (See Just in Case You Wanted to Know Box 1.4 for more
on ISO.)

In this book, the term postdelivery maintenance refers to the 1990 IEEE definition of
maintenance as any change to the software after it has been delivered and installed on
the client’s computer, and modern maintenance or just maintenance refers to the 1995
ISO/IEC definition of corrective, perfective, or adaptive activities performed at any time.
Postdelivery maintenance is therefore a subset of (modern) maintenance.

1.3.2 The Importance of Postdelivery Maintenance

It is sometimes said that only bad software products undergo postdelivery mainte-
nance. In fact, the opposite is true: Bad products are thrown away, whereas good prod-
ucts are repaired and enhanced, for 10, 15, or even 20 years. Furthermore, a software
product is a model of the real world, and the real world is perpetually changing. As
a consequence, software has to be maintained constantly for it to remain an accurate
reflection of the real world.

For instance, if the sales tax rate changes from 6 to 7 percent, almost every software
product that deals with buying or selling has to be changed. Suppose the product contains
the C++ statement

const float salesTax = 6.0;
or the equivalent Java statement

public static final float salesTax = (float) 6.0;
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declaring that salesTax is a floating-point constant initialized to the value 6.0. In this case,
maintenance is relatively simple. With the aid of a text editor the value 6.0 is replaced
by 7.0 and the code is recompiled and relinked. However, if instead of using the name
salesTax, the actual value 6.0 has been used in the product wherever the value of the sales
tax is invoked, then such a product is extremely difficult to modify. For example, there may
be occurrences of the value 6.0 in the source code that should be changed to 7.0 but are
overlooked, or instances of 6.0 that do not refer to sales tax but are incorrectly changed to
7.0. Finding these faults almost always is difficult and time consuming. In fact, with some
software, it might be less expensive in the long run to throw away the product and recode
it rather than try to determine which of the many constants need to be changed and how to
make the modifications.

The real-time real world also is constantly changing. The missiles with which a jet fighter
is armed may be replaced by a new model, requiring a change to the weapons control com-
ponent of the associated avionics system. A six-cylinder engine is to be offered as an option
in a popular four-cylinder automobile; this implies changing the onboard computers that
control the fuel injection system, timing, and so on.

But just how much time (= money) is devoted to postdelivery maintenance? The pie
chart in Figure 1.3(a) shows that, some 40 years ago, approximately two-thirds of total
software costs went to postdelivery maintenance; the data were obtained by averaging
information from various sources, including [Elshoff, 1976], [Daly, 1977], [Zelkowitz,
Shaw, and Gannon, 1979], and [Boehm, 1981]. Newer data show that an even larger pro-
portion is devoted to postdelivery maintenance. Many organizations devote 70—80 percent
or more of their software budget to postdelivery maintenance [Yourdon, 1992; Hatton,
1998], as shown in Figure 1.3(b).

Surprisingly, the average cost percentages of the classical development phases have
hardly changed. This is shown in Figure 1.4, which compares the data used to derive
Figure 1.3(a) with more recent data on 132 Hewlett-Packard projects [Grady, 1994].

FIGURE 1.3
Approximate
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percentages of

development Development 25%

and postdelivery 33%

maintenance Postdelivery Postdelivery
(a) between maintenance maintenance
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1992 and 1998.

Development
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FIGURE 1.4 A comparison of the approximate average cost percentages of the classical
development phases for various projects between 1976 and 1981 and for 132 more recent Hewlett-
Packard projects.

Various Projects 132 More Recent
between 1976 and 1981 Hewlett-Packard Projects

Requirements and analysis 21% 18%

(specification) phases
Design phase 18 19
Implementation phase

Coding (including unit testing) 36 34

Integration 24 29

Now consider again the software organization currently using coding technique CT_
that learns that CT, ., will reduce coding time by 10 percent. Even if CT,,, has no ad-
verse effect on maintenance, an astute software manager will think twice before chang-
ing coding practices. The entire staff has to be retrained, new software development tools
purchased, and perhaps additional staff members hired who are experienced in the new
technique. All this expense and disruption has to be endured for a decrease of at most 0.85
percent in software costs because, as shown in Figures 1.3(b) and 1.4, coding together
with unit testing constitutes on average only 34 percent of 25 percent or 8.5 percent of
total software costs.

Now suppose a new technique that reduces postdelivery maintenance costs by 10 percent
is developed. This probably should be introduced at once, because on average, it will reduce
overall costs by 7.5 percent. The overhead involved in changing to this technique is a small
price to pay for such large overall savings.

Because postdelivery maintenance is so important, a major aspect of software engineer-
ing consists of those techniques, tools, and practices that lead to a reduction in postdelivery
maintenance costs.

1.4 Requirements, Analysis, and Design Aspects

Software professionals are human and therefore sometimes make a mistake while develop-
ing a product. As a result, there will be a fault in the software. If the mistake is made while
eliciting the requirements, the resulting fault will probably also appear in the specifications,
the design, and the code. Clearly, the earlier we correct a fault, the better.

The relative costs of fixing a fault at various phases in the classical software life cycle are
shown in Figure 1.5 [Boehm, 1981]. The figure reflects data from IBM [Fagan, 1974], GTE
[Daly, 1977], the Safeguard project [Stephenson, 1976], and some smaller TRW projects
[Boehm, 1980]. The solid line in Figure 1.5 is the best fit for the data relating to the larger
projects, and the dashed line is the best fit for the smaller projects. For each of the phases
of the classical software life cycle, the corresponding relative cost to detect and correct a
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FIGURE 1.5 The relative cost of fixing a fault at each phase of the classical software life cycle.
The solid line is the best fit for the data relating to the larger software projects, and the dashed line
is the best fit for the smaller software projects. (Barry Boehm, Software Engineering Economics,
© 1981, p. 40. Adapted by permission of Prentice Hall, Inc., Englewood Cliffs, NJ.)
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fault is depicted in Figure 1.6. Each step on the solid line in Figure 1.6 is constructed by
taking the corresponding point on the solid straight line of Figure 1.5 and plotting the data
on a linear scale.

Suppose it costs $40 to detect and correct a specific fault during the design phase.
From the solid line in Figure 1.6 (projects between 1974 and 1980), that same fault
would cost only about $30 to fix during the analysis phase. But during postdelivery
maintenance, that fault would cost around $2000 to detect and correct. Newer data
show that now it is even more important to detect faults early. The dashed line in
Figure 1.6 shows the cost of detecting and correcting a fault during the development
of system software for the IBM AS/400 [Kan et al., 1994]. On average, the same
fault would have cost $3680 to fix during postdelivery maintenance of the AS/400
software.

The reason that the cost of correcting a fault increases so steeply is related to what has to
be done to correct a fault. Early in the development life cycle, the product essentially exists
only on paper, and correcting a fault may simply mean making a change to a document.
The other extreme is a product already delivered to a client. At the very least, correcting
a fault at that time means editing the code, recompiling and relinking it, and then care-
fully testing that the problem is solved. Next, it is critical to check that making the change
has not created a new problem elsewhere in the product. All the relevant documentation,
including manuals, needs to be updated. Finally, the corrected product must be delivered
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FIGURE 1.6
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and reinstalled. The moral of the story is this: We must find faults early or else it will cost us
money. We therefore should employ techniques for detecting faults during the requirements
and analysis (specification) phases.

There is a further need for such techniques. Studies have shown [Boehm, 1979] that
between 60 and 70 percent of all faults detected in large projects are requirements,
analysis, or design faults. Newer results from inspections bear out this preponderance
of requirements, analysis, or design faults (an inspection is a meticulous examination
of a document by a team, as described in Section 6.2.3). During 203 inspections of Jet
Propulsion Laboratory software for the NASA unmanned interplanetary space pro-
gram, on average, about 1.9 faults were detected per page of a specification document,
0.9 faults per page of a design, but only 0.3 faults per page of code [Kelly, Sherif, and
Hops, 1992].

Therefore it is important that we improve our requirements, analysis, and design tech-
niques, not only so that faults can be found as early as possible but also because require-
ments, analysis, and design faults constitute such a large proportion of all faults. Just as the
example in Section 1.3 showed that reducing postdelivery maintenance costs by 10 percent
reduces overall costs by about 7.5 percent, reducing requirements, analysis, and design
faults by 10 percent reduces the overall number of faults by 6—7 percent.

That so many faults are introduced early in the software life cycle highlights another
important aspect of software engineering: techniques that yield better requirements, speci-
fications, and designs.

Most software is produced by a team of software engineers rather than by a single indi-
vidual responsible for every aspect of the development and maintenance life cycle. We now
consider the implications of this.
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1.5 Team Development Aspects

The cost of hardware continues to decrease rapidly. A mainframe computer of the 1950s
that cost in excess of a million preinflation dollars was considerably less powerful in every
way than a laptop computer of today costing less than $1000. As a result, organizations easily
can afford hardware that can run large products, that is, products too large (or too complex)
to be implemented by one person within the allowed time constraints. For example, if a
product has to be delivered within 18 months but would take a single software profes-
sional 15 years to complete, then the product must be developed by a team. However, team
development leads to interfacing problems among code components and communication
problems among team members.

For example, Jeff and Juliet code modules p and g, respectively, where module p
calls module . When Jeff codes p, he inserts a call to q with five arguments in the
argument list. Juliet codes q with five arguments, but in a different order from those of
Jeff. Some software tools, such as the Java interpreter and loader, or lint for C (Section
8.11.4), detect such a type violation but only if the interchanged arguments are of dif-
ferent types; if they are of the same type, then the problem may not be detected for a
long period of time. It may be debated that this is a design problem, and if the modules
had been more carefully designed, this problem would not have happened. That may be
true, but in practice a design often is changed after coding commences, and notification
of a change may not be distributed to all members of the development team. Therefore,
when a design that affects two or more programmers has been changed, poor com-
munication can lead to the interface problems Jeff and Juliet experienced. This sort of
problem is less likely to occur when only one individual is responsible for every aspect
of the product, as was the case before powerful computers that can run huge products
became affordable.

But interfacing problems are merely the tip of the iceberg when it comes to problems
that can arise when software is developed by teams. Unless the team is properly organized,
an inordinate amount of time can be wasted in conferences between team members. Sup-
pose that a product takes a single programmer 1 year to complete. If the same task is
assigned to a team of six programmers, the time for completing the task frequently is closer
to 1 year than the expected 2 months, and the quality of the resulting code may well be
lower than if the entire task had been assigned to one individual (see Section 4.1). Because
a considerable proportion of today’s software is developed and maintained by teams, the
scope of software engineering must include techniques for ensuring that teams are properly
organized and managed.

As has been shown in the preceding sections, the scope of software engineering is
extremely broad. It includes every step of the software life cycle, from requirements to
postdelivery retirement. It also includes human aspects, such as team organization; eco-
nomic aspects; and legal aspects, such as copyright law. All these aspects implicitly are
incorporated in the definition of software engineering given at the beginning of this chap-
ter, that software engineering is a discipline whose aim is the production of fault-free soft-
ware delivered on time, within budget, and satisfying the user’s needs.

We return to the classical phases of Figure 1.2 to ask why there is no planning, testing,
or documentation phase.
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1.6 Why There Is No Planning Phase

Clearly it is impossible to develop a software product without a plan. Accordingly, it appears
to be essential to have a planning phase at the very beginning of the project.

The key point is that, until it is known exactly what is to be developed, there is
no way an accurate, detailed plan can be drawn up. Therefore, three types of plan-
ning activities take place when a software product is developed using the classical
paradigm:

1. At the beginning of the project, preliminary planning takes place for managing the
requirements and analysis phases.

2. Once what is going to be developed is known precisely, the software project manage-
ment plan (SPMP) is drawn up. This includes the budget, staffing requirements, and
detailed schedule. The earliest we can draw up the project management plan is when the
specification document has been approved by the client, that is, at the end of the analysis
phase. Until that time, planning has to be preliminary and partial.

3. All through the project, management needs to monitor the SPMP and be on the watch
for any deviati