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Faith is belief without evidence in what is told by one who
speaks without knowledge of things without parallel.
Ambrose Bierce

PREFACE

The genesis of this book is my experience in teaching the use of statistics
and queueing theory for the design and analysis of data communication
systems at the Los Angeles IBM Systems Science Institute. After 18 hours
of instruction, spread over a three-week period, with emphasis on how to
apply the theory to computer science problems, students with good math-
ematical training were able to use statistics and queueing theory effectively
in a case study for a data communication system. Even students whose
mathematical education consisted of high school algebra were able to appre-
ciate how these disciplines were applied. The results were due to the fact
that the applications of the theory were demonstrated by straightforward
examples that could easily be understood and which illustrated important
concepts.

This book contains a great deal more material than could be presented
to students at the IBM Systems Science Institute. The book is designed as a
junior-senior level textbook on applied probability and statistics with com-
puter science applications. It may also be used as a self-study book for the
practicing computer science (data processing) professional. The assumed
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mathematical level of the reader is the traditional one year of analytical
geometry and calculus. However, readers with only a college algebra back-
ground should be able to follow much of the development and most of the
practical examples; such readers should skip over most of the proofs.

I have attempted to state each theorem carefully and explicitly so the
student will know exactly when the theorem applies. I have omitted many of
the proofs. With a few exceptions, I have given the proof of a theorem only
when the following conditions apply: (a) the proof is straightforward,
(b) reading through the proof will improve the student’s understanding, and
(c) the proof is not long.

The emphasis in this book is on how the theorems and theory can be
used to solve practical computer science problems. However, the book and
a course based on the book should be useful for students who are interested
not in computer science itself, but in using a computer to solve problems in
other fields such as engineering, physics, operations research, and manage-
ment science.

A great deal of computation is needed for many of the examples in this
book because of the nature of the subject matter. In fact the use of a com-
puter is almost mandatory for the study of some of the queueing theory
models. I believe Kenneth Iverson’s APL is the ideal choice of a program-
ming language for making probability, statistics, or queueing theory calcula-
tions. Short APL programs are presented in Appendix B to aid the student
in making the required calculations. In writing these APL programs I have
attempted to write as directly as possible from the equations given in the
text, avoiding “one liners”; I have not sought efficiency at the expense of
clarity. Every APL program referred to in the text can be found in
Appendix B.

The excellent series of books by Donald E. Knuth [1-3] has influenced
the writing of this book. I have adopted Knuth’s technique of presenting
complex procedures in an algorithmic way, that is, as a step by step process.
His practice of rewarding the first finder of any error with $1 for the first
edition and $2 for the second will also be adopted. I have also followed his
system of rating the exercises to encourage students to do at least the
simpler ones. I believe the exercises are a valuable learning aid.

Following Knuth, each exercise is given a rating number from 00 to 40.
The rating numbers can be interpreted as follows: 00—a very easy problem
that can be answered at a glance if the text has been read and understood;
10—a simple exercise which can be done in a minute or so; 20—an exercise
of moderate difficulty requiring 18 or 20 minutes of work to complete;
30—a problem of some difficulty requiring two or more hours of work;
40—a lengthy, difficult problem suitable for a term project. (All entries with
numbers higher than 30 are “virtual.”)
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We precede the rating number by HM for “higher mathematics” if the
problem is of some mathematical sophistication requiring an understanding
of calculus such as the evaluation of proper or improper integrals or sum-
ming an infinite series. The prefix C is used if the problem requires extensive
computation which would be laborious without computer aid such as an
APL terminal or some such facility. T is used to indicate an exercise whose
solution is basically tedious, even though the result may be important or
exciting; that is, the required procedure is too complex to program for
computer solution without more frustration than carrying it out manually.

The reader is assumed to have a basic knowledge of computer hard-
ware and software. Thus he or she should be familiar with such concepts
as the central processing unit (CPU), main storage, channels, registers,
direct access storage devices such as disks and drums, and programming
languages such as FORTRAN, COBOL, PL/1, and APL. The reader should
have coded and tested several programs, and generally be familiar with the
methods whereby computers are used to solve problems.

I have attempted to use the same principles in planning and writing
this book that are used in designing and writing good computer programs,
namely, the rules of structured programming as advocated by Edsger W.
Dijkstra [4] and others. That is, in planning this book, I first decided
what my overall objectives were. I then decided what selections from prob-
ability and statistics were necessary to achieve these goals. For each of these
selections, in turn, I decided what subobjectives and what examples were
needed to achieve the objectives assigned to that part of the book. I thus
proceeded in a top-down fashion to a detailed outline of the book. Modi-
fications to the original plan were found to be necessary, of course. How-
ever, before each modification was made, its impact upon the whole book
was evaluated; necessary changes to the outline and to already written sec-
tions were made. I hope the final product has the hierarchical structure that

was intended.
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The theory of probabilities is at bottom nothing but common
sense reduced to calculus. Pierre Simon de Laplace

Chapter One

INTRODUCTION

This chapter is a preview of what the book is all about. As the title
suggests, it is concerned with the application of probability, statistics, and
queueing theory to computer science problems. It was written for the com-
puter science (data processing) specialist or for one preparing for a career in
this field. However, it should be of interest to many who are not computer
science oriented, but who merely use a computer occasionally in their daily
activities.

The book is divided into three parts: Probability, Queueing Theory, and
Statistical Inference.

There are three chapters in Part I In the first of these, Chapter 2, we take
up the basic concept of probability and how to deal with it. In most areas of
computer science we deal not with deterministic phenomena, but rather with
probabilistic phenomena. The time it takes to write and check out a com-
puter program, the time it takes to run a program (measured from the time it
is submitted to a batch system or invoked via an on-line system), the time it
takes to retrieve information from a storage device, as well as the number of
jobs awaiting execution on a computer system, are all examples of probabi-

1




2 1 INTRODUCTION

listic or random variables. This means that we cannot predict, in advance,
what these values are. However, by using the concepts of probability, prob-
ability distributions, and random variables, we can make probability esti-
mates (give the fraction of the time) that the values will fall into certain
ranges, exceed certain limits, etc. These subjects are all covered in Chapter 2.
We also discuss parameters of random variables (such as the response time,
X, at an on-line terminal); these parameters include the mean or average
value, the standard deviation (a measure of the deviation of values from the
mean), as well as higher moments. We show how to use these parameters to
make probability calculations. In the final part of Chapter 2 we discuss some
powerful tools to use in dealing with random variables; these include condi-
tional expectation, transform methods, and inequalities. Transform methods
are important in studying random variables. We define and illustrate the use
of the moment generating function, the generating function or z-transform,
and the Laplace-Stieltjes transform. However, we do not make extensive use
of transforms in this book, for to do so would take us too far from our
primary goals. We do not want to “raise the Laplacian curtain” in the
words of the eminent British statistician David Kendall.

In Chapter 3 we study the probability distributions most commonly used
in applied probability, particularly for computer science applications. We
give examples of the use of all of these except those used only in statistical
inference, the subject of Part ITT of the book. A summary of the properties of
the random variables discussed in Chapter 3 is given in Tables 1 and 2 of
Appendix A.

In Chapter 4 the important concept of a stochastic process is defined,
discussed, and illustrated with a number of examples. The chapter was writ-
ten primarily as a support chapter for Part II, queueing theory. We examine
the Poisson process because it is extremely important for queueing theory;
similarly for the birth-and-death process. We finish the chapter by discussing
Markov processes and chains—subjects that are important not only for
queueing theory but also for other widely used models in computer science.

Part I of the book is the area that is likely to be most foreign to the
reader, the discipline of queueing theory. Queueing theory is an applied
branch of probability theory, itself, but some expressions and symbols are
used differently in queueing theory than they are in other areas of probabi-
lity and in statistics.

Figure 1.1, which also appears as Fig. 5.1.1 in Chapter S, shows the
elements of a queueing system. There is a “ customer ” population; a cust-
omer may be an inquiry to be processed by an on-line inquiry system, a job
to be processed by a batch computer system, a message to be transmitted
over a communication line, a request for service by a computer input/output
channel, etc. Customers arrive in accordance with an “arrival process” of

I S
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Fig. 1.1 Elements of a queueing system.

some type (a “Poisson arrival process” is one of the most common). Cus-
tomers are provided service by a service facility which has one or more
servers, each capable of providing service to a customer. Thus a server could
be a program which processes an inquiry, a batch computer system, a com-
munication line, a computer channel, a central processing unit, etc. If all the
servers in the service facility are busy when a customer arrives at the
queueing system, that customer must queue for service; that is, the customer
must join a queue (waiting line) until a server is available. In Chapter 5 we
study the standard (one might say “ canonical ”) queueing systems and sce
how they can be applied in studying computer science problems. We have
gathered most of the queueing theory formulas from Chapters 5 and 6 and
put them in Appendix C. You will find this appendix to be very useful as a
reference section once you have mastered Chapters 5 and 6. The APL pro-
grams to calculate the values given by the formulas in Appendix Chave been
collected in Appendix B. In Chapter 6 we discuss more sophisticated
queueing system models that have been developed to study computer
systems, particularly on-line computer systems where customers are
typically represented by remote computer terminals. As in Chapter 5, a
number of examples of “real world ” use of the models are presented.

The subject matter of Part III, statistical inference, is rather standard
statistical fare but we have attempted to give it a computer science orienta-
tion. Statistical inference could perhaps be defined as “ the science of draw-
ing conclusions about a population on the basis of a random sample from
that population.” For example, we may want to estimate the mean arrival
rate of inquiries to an on-line inquiry system. We may also want to deduce
what type of arrival process is involved. We can approach these tasks on the
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basis of a sample of the arrival times of inquiries during n randomly selected
time periods. The first task is one of estimation. We want to estimate the
mean arrival rate on the basis of the observed arrival rate during n time
intervals. This is the subject of Chapter 7. In this chapter we learn not only
how to make estimates but also how to make probability judgements con-
cernirrg the accuracy of the estimates.

One of the important topics of Chapter 8 (on hypothesis testing) is
goodness-of-fit tests, the kind of test needed in the second task of the
previous paragraph. In that particular case we might want to test the
hypothesis that the arrival process has a Poisson pattern (recall we said
earlier that this is one of the most popular kinds of arrival patterns because
of its desirable mathematical properties). We discuss the two most widely
used goodness-of-fit tests, the chi-square and the Kolmogorov-Smirnov.
We give several examples of the application of these tests. Chapter 8 also
contains a number of other hypothesis tests of great utility. These tests are
summarized in Table 8.5.1 at the end of the chapter. You will probably find
this to be a useful reference, too, when you have mastered Chapter 8.

This completes the summary of the book. We hope you will find the
study of this book entertaining as well as educational. We have tried to
avoid being too solemn. For example, we chose whimsical names for myth-
ical companies in our examples. We have attempted to make the examples as
practical as possible within the constraints of a reasonably short description.
We welcome your comments, suggestions, and observations.




