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Wisdom is one thing: to know the thought by which
all things are directed through all things.

ἓν τὸ σοφόν, ἐπίστασθαι γνώμην,
ὅκη κυβερνα̃ται πάντα διὰ πάντων.

Heraclitus of Ephesus (535–475 BCE)
as quoted in Diogenes Laertius’s

Lives and Opinions of Eminent Philosophers
Book IX, 1.
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Preface

Quantum computing is a fascinating new field at the intersection of computer sci-
ence, mathematics, and physics, which strives to harness some of the uncanny as-
pects of quantum mechanics to broaden our computational horizons. This book
presents some of the most exciting and interesting topics in quantum computing.
Along the way, there will be some amazing facts about the universe in which we live
and about the very notions of information and computation.

The text you hold in your hands has a distinct flavor from most of the other cur-
rently available books on quantum computing. First and foremost, we do not assume
that our reader has much of a mathematics or physics background. This book should
be readable by anyone who is in or beyond their second year in a computer science
program. We have written this book specifically with computer scientists in mind,
and tailored it accordingly: we assume a bare minimum of mathematical sophistica-
tion, a first course in discrete structures, and a healthy level of curiosity. Because this
text was written specifically for computer people, in addition to the many exercises
throughout the text, we added many programming drills. These are a hands-on, fun
way of learning the material presented and getting a real feel for the subject.

The calculus-phobic reader will be happy to learn that derivatives and integrals
are virtually absent from our text. Quite simply, we avoid differentiation, integra-
tion, and all higher mathematics by carefully selecting only those topics that are
critical to a basic introduction to quantum computing. Because we are focusing on
the fundamentals of quantum computing, we can restrict ourselves to the finite-
dimensional mathematics that is required. This turns out to be not much more than
manipulating vectors and matrices with complex entries. Surprisingly enough, the
lion’s share of quantum computing can be done without the intricacies of advanced
mathematics.

Nevertheless, we hasten to stress that this is a technical textbook. We are not
writing a popular science book, nor do we substitute hand waving for rigor or math-
ematical precision.

Most other texts in the field present a primer on quantum mechanics in all its
glory. Many assume some knowledge of classical mechanics. We do not make these
assumptions. We only discuss what is needed for a basic understanding of quantum

xi
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xii Preface

computing as a field of research in its own right, although we cite sources for learning
more about advanced topics.

There are some who consider quantum computing to be solely within the do-
main of physics. Others think of the subject as purely mathematical. We stress the
computer science aspect of quantum computing.

It is not our intention for this book to be the definitive treatment of quantum
computing. There are a few topics that we do not even touch, and there are several
others that we approach briefly, not exhaustively. As of this writing, the bible of
quantum computing is Nielsen and Chuang’s magnificent Quantum Computing and
Quantum Information (2000). Their book contains almost everything known about
quantum computing at the time of its publication. We would like to think of our
book as a useful first step that can prepare the reader for that text.

FEATURES

This book is almost entirely self-contained. We do not demand that the reader come
armed with a large toolbox of skills. Even the subject of complex numbers, which is
taught in high school, is given a fairly comprehensive review.

The book contains many solved problems and easy-to-understand descriptions.
We do not merely present the theory; rather, we explain it and go through several
examples. The book also contains many exercises, which we strongly recommend
the serious reader should attempt to solve. There is no substitute for rolling up one’s
sleeves and doing some work!

We have also incorporated plenty of programming drills throughout our text.
These are hands-on exercises that can be carried out on your laptop to gain a better
understanding of the concepts presented here (they are also a great way of hav-
ing fun). We hasten to point out that we are entirely language-agnostic. The stu-
dent should write the programs in the language that feels most comfortable. We
are also paradigm-agnostic. If declarative programming is your favorite method, go
for it. If object-oriented programming is your game, use that. The programming
drills build on one another. Functions created in one programming drill will be used
and modified in later drills. Furthermore, in Appendix C, we show how to make
little quantum computing emulators with MATLAB or how to use a ready-made
one. (Our choice of MATLAB was dictated by the fact that it makes very easy-to-
build, quick-and-dirty prototypes, thanks to its vast amount of built-in mathematical
tools.)

This text appears to be the first to handle quantum programming languages in a
significant way. Until now, there have been only research papers and a few surveys
on the topic. Chapter 7 describes the basics of this expanding field: perhaps some of
our readers will be inspired to contribute to quantum programming!

This book also contains several appendices that are important for further study:

■ Appendix A takes readers on a tour of major papers in quantum computing.
This bibliographical essay was written by Jill Cirasella, Computational Sciences
Specialist at the Brooklyn College Library. In addition to having a master’s de-
gree in library and information science, Jill has a master’s degree in logic, for
which she wrote a thesis on classical and quantum graph algorithms. This dual
background uniquely qualifies her to suggest and describe further readings.
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Preface xiii

■ Appendix B contains the answers to some of the exercises in the text. Other
solutions will also be found on the book’s Web page. We strongly urge students
to do the exercises on their own and then check their answers against ours.

■ Appendix C uses MATLAB, the popular mathematical environment and an es-
tablished industry standard, to show how to carry out most of the mathematical
operations described in this book. MATLAB has scores of routines for manip-
ulating complex matrices: we briefly review the most useful ones and show how
the reader can quickly perform a few quantum computing experiments with al-
most no effort, using the freely available MATLAB quantum emulator Quack.

■ Appendix D, also by Jill Cirasella, describes how to use online resources to keep
up with developments in quantum computing. Quantum computing is a fast-
moving field, and this appendix offers guidelines and tips for finding relevant
articles and announcements.

■ Appendix E is a list of possible topics for student presentations. We give brief
descriptions of different topics that a student might present before a class of his
peers. We also provide some hints about where to start looking for materials to
present.

ORGANIZATION

The book begins with two chapters of mathematical preliminaries. Chapter 1 con-
tains the basics of complex numbers, and Chapter 2 deals with complex vector
spaces. Although much of Chapter 1 is currently taught in high school, we feel that
a review is in order. Much of Chapter 2 will be known by students who have had a
course in linear algebra. We deliberately did not relegate these chapters to an ap-
pendix at the end of the book because the mathematics is necessary to understand
what is really going on. A reader who knows the material can safely skip the first
two chapters. She might want to skim over these chapters and then return to them
as a reference, using the index and the table of contents to find specific topics.

Chapter 3 is a gentle introduction to some of the ideas that will be encountered
throughout the rest of the text. Using simple models and simple matrix multipli-
cation, we demonstrate some of the fundamental concepts of quantum mechanics,
which are then formally developed in Chapter 4. From there, Chapter 5 presents
some of the basic architecture of quantum computing. Here one will find the notions
of a qubit (a quantum generalization of a bit) and the quantum analog of logic gates.

Once Chapter 5 is understood, readers can safely proceed to their choice of
Chapters 6 through 11. Each chapter takes its title from a typical course offered in a
computer science department. The chapters look at that subfield of quantum com-
puting from the perspective of the given course. These chapters are almost totally
independent of one another. We urge the readers to study the particular chapter
that corresponds to their favorite course. Learn topics that you like first. From there
proceed to other chapters.

Figure 0.1 summarizes the dependencies of the chapters.
One of the hardest topics tackled in this text is that of considering two quan-

tum systems and combining them, or “entangled” quantum systems. This is done
mathematically in Section 2.7. It is further motivated in Section 3.4 and formally
presented in Section 4.5. The reader might want to look at these sections together.
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xiv Preface

Figure 0.1. Chapter dependencies.

There are many ways this book can be used as a text for a course. We urge
instructors to find their own way. May we humbly suggest the following three plans
of action:

(1) A class that provides some depth might involve the following: Go through
Chapters 1, 2, 3, 4, and 5. Armed with that background, study the entirety of Chapter
6 (“Algorithms”) in depth. One can spend at least a third of a semester on that
chapter. After wrestling a bit with quantum algorithms, the student will get a good
feel for the entire enterprise.

(2) If breadth is preferred, pick and choose one or two sections from each of
the advanced chapters. Such a course might look like this: (1), 2, 3, 4.1, 4.4, 5, 6.1,
7.1, 9.1, 10.1, 10.2, and 11. This will permit the student to see the broad outline of
quantum computing and then pursue his or her own path.

(3) For a more advanced class (a class in which linear algebra and some mathe-
matical sophistication is assumed), we recommend that students be told to read
Chapters 1, 2, and 3 on their own. A nice course can then commence with Chapter 4
and plow through most of the remainder of the book.

If this is being used as a text in a classroom setting, we strongly recommend that
the students make presentations. There are selected topics mentioned in Appendix
E. There is no substitute for student participation!

Although we have tried to include many topics in this text, inevitably some oth-
ers had to be left out. Here are a few that we omitted because of space considera-
tions:

■ many of the more complicated proofs in Chapter 8,
■ results about oracle computation,
■ the details of the (quantum) Fourier transforms, and
■ the latest hardware implementations.

We give references for further study on these, as well as other subjects, throughout
the text.
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Preface xv

ANCILLARIES

We are going to maintain a Web page for the text at

www.sci.brooklyn.cuny.edu/∼noson/qctext.html/

The Web page will contain

■ periodic updates to the book,
■ links to interesting books and articles on quantum computing,
■ some answers to certain exercises not solved in Appendix B, and
■ errata.

The reader is encouraged to send any and all corrections to

noson@sci.brooklyn.cuny.edu

Help us make this textbook better!
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xvi Preface
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